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ABSTRACT 

 

This dissertation details the development and applications of two innovative types 

of optical filament-based impulsive Raman spectroscopy: filament-assisted Raman 

spectroscopy (FAIRS) and spectral-to-temporal amplitude mapping polarization 

spectroscopy (STAMPS). These techniques provide complimentary vibrational and 

rotational information on molecular systems of interest. Both are powerful due to their 

impulsive nature which allows for rapid measurement of entire Raman spectra. However, 

each type of spectroscopy utilizes the filament in a different manner. 

The recently reported vibrational technique, referred to as filament-assisted 

impulsive Raman spectroscopy, employs the pulse shortening and continuum generation 

of filamentation to impulsively excite a massive vibrational coherence in a molecular 

system for simultaneous measurement of all the Raman-active modes. In the first half of 

this dissertation, FAIRS is further developed and applied to a plethora of signature 

molecules. Radioactive decay signature molecules, including nitrogen oxides, ozone, and 

ions are detected via FAIR spectroscopy. Concurrent generation and detection of ozone, 

ionic, and excited-state molecules through filamentation is reported for the first time. 

Production of these species through the strong field chemistry of filamentation and their 

subsequent filament-driven excitation is a mark of sensitivity of FAIRS. Spatial studies 

of combustion species in a natural gas flame are also presented. FAIRS monitors the 

Raman signal intensities of known reactants and products as a function of vertical flame 

position. The appearance of combustion products as a function of flame height is also 

tracked. Spectral fringes overlapping the Raman-active modes are present in all 
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measurements and enable more sensitive detection of low signal intensity species. The 

results described illustrate the potential of FAIRS for threat sensing applications. 

The rotational technique, referred to as spectral-to-temporal amplitude mapping 

polarization spectroscopy, temporally chirps the spectral content of the white-light 

continuum generated during filamentation to map the transient rotational rivals that are 

impulsively excited by a short pump pulse. In the second half of this dissertation, the 

initial development and testing, followed by the applications of STAMPS are described. 

STAMPS proves successful in mapping the rotational wavepacket rephasing of simple 

linear molecules, including nitrogen, oxygen, and carbon dioxide, as well as the more 

complicated asymmetric top molecules, ethylene and methanol. The application of 

STAMPS to the detection of nitrogen oxides and nitrous oxide, which are considered 

signatures of multiple threat substances and events, is demonstrated. A pressure study of 

nitrous oxide reveals dephasing effects as a function of time and pressure. These 

preliminary results also indicate the potential of STAMPS for hazard sensing 

applications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Linear Versus Nonlinear Optical Responses 

The macroscopic polarization (i.e. dipole moment per unit volume) response of a 

material upon interaction with an optical field is dependent on the strength of that electric 

field.1 This optical polarization is comprised of linear and nonlinear components: 

P = P(1) + PNL      (1.1) 

where P(1) is the linear polarization and PNL is the nonlinear polarization.2 The induced 

polarization in the linear regime scales linearly with the electric field strength, as shown 

in the following relationship: 

P(t) = ϵ0χ
(1)E(t)    (1.2) 

where ϵ0 is the permittivity of free space, E(t) is the electric field strength, and χ(1) is the 

linear electronic susceptibility.1 This first order term gives rise to the linear refractive 

index and encompasses optical processes involving a weak incident field such as 

absorption, reflection, and refraction.2  

As the intensity of the applied electric field increases, the polarization is no longer 

directly proportional to the field (i.e. the motion of the electrons is no longer proportional 

to the field strength). As a result, the system exhibits a nonlinear response. In order to 

properly describe the overall polarization of the system, higher terms must be included in 

the nonlinear polarization component, PNL:2 

PNL = P(2) + P(3) + …    (1.3) 

and thus, the overall polarization response of a system can be described as a power series: 
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P(t) = ϵ0[χ
(1)E(t) + χ(2)E(t)2 + χ(3)E(t)3 + …]   (1.4) 

where χ(2) and χ(3) are the second and third order nonlinear electronic susceptibilities, 

respectively.1 Nonlinear effects occurring as a result of the second-order polarization 

include optical processes such as second harmonic generation (SHG) and sum frequency 

generation (SFG).2 The third-order nonlinear term describes four-wave mixing processes 

such as third harmonic generation and coherent anti-Stokes Raman scattering.2 The 

advent of the laser in 1960 introduced light sources with high electric field strengths 

capable of achieving such higher order nonlinear processes.3 Due to its dependence on 

the input electric field intensity, the third-order susceptibility gives rise to the intensity-

dependent index of refraction (i.e. the Kerr refractive index),1 making it the term of 

interest for the filamentation process as well. 

 

1.2 Raman Scattering 

Raman scattering was first observed in 1928 by Raman and Krishnan,4 and 

Raman later won the Nobel Prize for this noteworthy discovery in 1930. Although, 

Landsberg and Mandelstam also experimentally observed this novel scattering effect in 

the same year.5 Raman scattering can be achieved with either pulsed or continuous wave 

(cw) sources via two different optical excitation mechanisms, i.e. Stokes or anti-Stokes 

scattering. The Raman response of a system (IR) is dependent on the Raman cross section 

(R) as well as the irradiation intensity (I0) through the following relationships: 

𝜎R  ∝  
1

𝜆0
4     (1.5)  

𝐼R =  𝜎R𝐼0       (1.6) 
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where 0 is the irradiation wavelength.6 Raman spectroscopic methods have evolved over 

the years as improved radiation sources have become available, however, the basic 

excitation scheme through which a Raman-active mode is accessed remains the same. 

Thus it is essential to understand the most simplistic Raman scattering mechanism. 

1.2.1 Spontaneous Raman Scattering  

The most basic Raman mechanism is spontaneous Raman scattering (Figure 1.1a) 

where radiation of some frequency ω is focused into the medium. In 1962, soon after the 

advent of the laser in 1960, the first laser excited spontaneous Raman scattering was 

accomplished  using a ruby laser.7 In this case ω is the frequency of the exciting laser. If 

a Raman-active mode of frequency ωvib exists and the required laser intensity threshold is 

reached, emission is observed. The emitted radiation will have a frequency of ω - ωvib, 

corresponding to Raman Stokes scattering, or ω + ωvib, corresponding to Raman anti-

Stokes scattering.1  

Since only one frequency is used for excitation, spontaneous Raman spectroscopy 

relies upon a random vacuum photon to dump population into the excited state, as is 

depicted in Figure 1.1a. Therefore, the probability of spontaneous Raman scattering is 

low. Additionally, the long collection time required for spontaneous Raman scattering is 

due to the necessity of creating anisotropy in the polarizability of a medium. The spatial 

correlation function of a collection of randomly oriented gas-phase molecules is 

vanishingly small and thus the Raman scattering cross-section for incoherent 

(spontaneous) Raman scattering is almost negligible.2 The maximum signal intensity in 

spontaneous Raman scattering is equal to the sum of the emitters, N; therefore, the signal 
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scales as Isig  N.1-2 

1.2.2 Stimulated Raman Scattering 

In 1962, a more sophisticated means of Raman scattering, known as stimulated 

Raman scattering, was experimentally observed using a ruby laser.8 Stimulated Raman 

scattering (Figure 1.1b) occurs when two frequencies ω and ωs are temporally and 

spatially overlapped in the medium and when the difference between their fundamental 

frequencies is equivalent to that of a Raman-active mode (│ω – ωs │= ωvib), a vibrational 

coherence at frequency ωvib is generated in the medium and stimulated emission at ωs = 

ω - ωvib (Stokes) or ωas = ω + ωvib (anti-Stokes) is observed. Either a photon from a third 

beam or a photon from the initial excitation beam may stimulate emission. In this 

manner, coherent Raman scattering is achieved.  For a more detailed explanation, the 

mechanism may be separated into two steps: 1) excitation 2) Raman scattering. First, a 

coherent beat between the two electric fields whose difference frequency is equal to the 

frequency of a Raman-active vibrational mode, ωvib, is induced. This resonance with the 

vibrational mode causes the molecular ensemble to oscillate in phase with the fields. 

Second, a third field meeting the phase-matching criteria or a photon from the first field 

can interfere with the coherence to produce a coherent Raman signal, ωs or ωas (known as 

coherent Raman scattering).1  

In the stimulated scattering method, there is no laser intensity requirement and 

tuning the frequencies of the two exciting laser beams can selectively excite specific 

vibrational modes. Since photons from two selected frequencies are used to transfer 

population to the excited stated, rather than relying on a vacuum photon, as in  
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Figure 1.1. Energy level diagrams describing the different types of Raman scattering: (a)  

spontaneous Raman scattering (b) stimulated Raman scattering (c) impulsive 

Raman scattering. Each mechanism can be achieved through Stokes or anti-

Stokes scattering. (a) and (b) are the wave mixing energy level diagram 

representations, and (c) is the photon absorption representation. 
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spontaneous Raman scattering, the probability of excitation increases over incoherent 

Raman scattering. Additionally, the induced macroscopic polarization of a molecular 

ensemble upon this coherent excitation by a laser leads to a large enhancement of the 

Raman scattering efficiency,2, 9-10 offering a spectroscopic sensitivity that is five orders of 

magnitude11-12 (or more)13 larger than that of spontaneous Raman. This greatly reduces 

the time required to collect Raman spectra with high signal-to-noise.11, 14-15 The signal 

intensity for coherent Raman scattering scales as the square of the number of emitters (Isig 

 N2).1-2 

1.2.3 Impulsive Raman Scattering 

Coherent Raman scattering can also be achieved by displacive excitation in which 

the exciting laser pulse is temporally comparable to or shorter than the period of the 

Raman-active vibrational mode (laser < mode). Termed impulsive stimulated Raman 

scattering (ISRS),16 this approach was first reported by Yan et al.10, 17 In this scheme 

(Figure 1.1c) multiple Raman-active modes of a system are simultaneously excited by 

this temporally short pump pulse, creating a vibrational coherence in the medium that is 

then probed. As is consistent with traditional stimulated Raman scattering, two 

frequencies whose difference match a vibrational mode frequency (ωvib) must 

simultaneously excite the medium, a condition that can be fulfilled by several pulses, 

provided they meet the criterion for impulsive excitation, or by one pulse through 

intrapulse frequency pairs whose energy differences are equal to that of the Raman 

transition. To instantaneously excite many vibrational Raman modes, the appropriate 

frequency pairs must be contained within the bandwidth of the initial pulse(s). Therefore, 
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the overall requirements for ISRS are that the exciting laser pulse(s) have a broad 

bandwidth as well as a temporal structure or temporal features shorter than the vibrational 

period of the vibrational modes of interest.18 Consequently, the magnitude of the induced 

vibrational coherence is limited by both the pump pulse(s) bandwidth as well as duration; 

however, theoretically it is possible to make single-shot measurements of entire Raman 

spectra for all the molecules present in a sample given an ideal excitation pulse. Under 

these conditions, the laser pulse impulsively excites the molecules so that they oscillate 

collectively (in phase) after the laser field is gone. A time-delayed probe can then interact 

with the evolving macroscopic vibrational coherence to generate a Raman signal (ωs).
10  

The time-dependent polarization of the medium induced by impulsive excitation 

can be detected in either the time or frequency domain, depending on the duration of the 

probe (probe) with respect to the characteristic vibrational or rotational period of the 

mode. In the case where probe << mode, the intensity of the scattered probe light oscillates 

at the cumulative beat frequencies of all the excited vibration modes.16, 19-20 A Fourier 

transform of the time-delayed probe signal recovers the Raman spectrum.19-20  When 

probe > mode, the probe pulse is modulated by the coherently excited medium, creating 

anti-Stokes- and Stokes-shifted sidebands at probe ± mode. Such a narrowband probe 

allows direct measurement of the Raman spectrum in the spectral domain. If a 

narrowband probe is coupled with an ultra-short, white-light pump source, complete 

spectral domain Raman spectra may be acquired in single measurements. 

 

1.3 Filamentation 
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Optical filamentation is an efficient method to create nearly single-cycle pulses 

for impulsive excitation of all of the Raman-active vibrational modes of a molecular 

signature as well as a convenient method of white-light generation. Gas-phase 

femtosecond laser filaments form through a dynamic balance between Kerr self-focusing 

and plasma defocusing,21-25 These combined effects lead to axial confinement and 

temporal self-shortening of the driving laser pulse.22 If sufficient power remains in the 

pulse after plasma defocusing, the beam will undergo additional focusing and defocusing 

cycles, extending the length of the filament, until the intensity-dependent losses eliminate 

the possibility of exceeding the critical power. During this spatial reshaping, the 

filamentary pulse undergoes considerable temporal and spectral reshaping as well.24-28 

Continuum generation occurs concurrently with pulse shortening, which leads to on-axis 

pulse durations down to a few optical cycles.28-32 Recently optical filaments have been 

employed as pump pulses in Raman spectroscopy14-15, 19-20 since they are ideal broadband 

sources due to the white-light continuum generation and pulse shortening that 

accompanies the filamentation process.29-30, 32 However, the development of 

spectroscopic applications for optical filaments necessitates a knowledge and 

understanding of the main underlying physical mechanisms governing the filamentation 

process, namely, Kerr self-focusing, plasma defocusing, intensity clamping, self-phase 

modulation, and self-steepening. 

1.3.1 Kerr Self-Focusing  

Kerr self-focusing is a nonlinear phenomenon occurring through an intensity-

dependent change in the refractive index initiated when an intense electric field traverses 
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a transparent medium, as represented by the equation: 

n = n0 + n2I(r, t)    (1.7) 

where I denotes the intensity of the laser field, and n0 and n2 are the linear refractive 

index and nonlinear Kerr refractive index of the medium, respectively. The intensity-

dependent refractive index, n2, is related to the third order susceptibility, χ(3), through the 

equation,24-25  

𝑛2  =  
3

4𝑛0
2 ϵ0𝑐

 𝜒(3)     (1.8) 

where ϵ0 is the permittivity of vacuum and c is the speed of light.  

As the leading edge of a laser pulse propagates through the medium, the medium 

experiences an increase in refractive index according to the radial intensity distribution of 

the beam, with the largest increase in refractive index occurring on axis. This radial 

refractive index gradient effectively forms a positive “lens”, which acts to focus the beam 

by imparting curvature of the wavefront. Figure 1.2 demonstrates this optical Kerr effect 

during filamentary propagation. Overall, the intensity-dependent change in the refractive 

index leads to spatial compression of the beam in the diffraction plane, ultimately causing 

wave collapse. However, to achieve this collapse, a necessary power condition must be 

fulfilled.  

Filamentation is only initiated when a laser pulse propagates through a medium 

with peak power higher than the critical power for self-focusing,  

      𝑃crit =  
3.770

2

8𝑛0𝑛2
     (1.9) 

for a Gaussian beam,33 where λ0 is the carrier wavelength. When this critical power 

threshold is satisfied, self-focusing overcomes diffraction and causes wave collapse.  
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Figure 1.2. Illustration of Kerr self-focusing of a laser beam. The radial and propagation  

       axes are represented by r and z, respectively.  

 

However, in the absence of a counteracting effect, such as plasma defocusing, 

catastrophic collapse of the beam on itself may occur.25, 34 

1.3.2 Ionization  

When the self-focused beam becomes adequately intense during the initial 

focusing stage of filamentation, the pulse ionizes the medium and a plasma channel 

forms. Ionization may be achieved via two main mechanisms: 1) Multi-photon ionization 

(MPI) 2) Tunnel ionization. Figure 1.3 depicts these two mechanisms of ionization. Upon 

reaching intensities on the order of 1013-1014 W/cm2 in the filament, multi-photon 

ionization occurs.26 Multi-photon ionization is described by the simultaneous absorption 

of multiple photons, K, until the ionization potential, Ui, is reached or surpassed, where 

the number of photons consumed is approximated by the following proportionality:  

     𝐾 ~ 
𝑈𝑖 

ħ𝜔0
     (1.10) 

with ħ and ω0 representing the Dirac constant and central frequency of the input pulse, 

respectively. Ultimately this multi-absorption event allows for the ejection of an electron 

from the system, as illustrated in Figure 1.3a.24-25 For instance, an 800 nm input pulse  
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Figure 1.3. Depiction of the ionization mechanisms relevant to filamentation. (a) Multi- 

photon ionization. (b) Tunnel ionization. The red dotted line represents the 

electric field as it suppresses the barrier.  

 

requires 8 and 10 photons to ionize oxygen and nitrogen, respectively.35 Ionization via 

the MPI mechanism scales according to the laser intensity as IK,25 

WMPI = σK I
K      (1.11) 

with WMPI and σK representing the MPI ionization rate and ionization cross-section, 

respectively.24 However, the MPI intensity regime is not strong enough to induce 

modulation of the Coulomb potential experienced by the bound electron. Conversely, 

tunnel ionization takes place at higher intensities and involves the tunnel escape of an 

electron across the potential barrier.25 When a sufficiently intense electric field interacts 

with a system, it modifies the Coulomb potential tying the electron to the nucleus in an 

oscillator manner, the time-dependence of which corresponds to the carrier frequency of 

the field. This barrier suppression enables an electron to tunnel through the Coulomb 

barrier if the suppression period is long enough in duration to allow for this electron to 
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escape, as exemplified in Figure 1.3b.36 Electric fields with lower frequencies (longer 

wavelengths) can suppress the potential barrier for longer times, giving the system ample 

time to adjust to the field, thereby yielding a higher probability of an electron tunneling 

through the barrier within one optical cycle. To distinguish between the multi-photon 

ionization and the tunneling ionization regimes, the Keldysh adiabaticity parameter may 

be utilized, which is defined as 

  γ =  𝜔0
√2𝑚𝑒𝑈𝑖

𝑒𝐸p
    (1.12) 

where Ep is the amplitude of the electric field, and me and e are the mass and charge of an 

electron, respectively.37-38 The value of the Keldysh parameter designates whether MPI or 

tunneling ionization takes place. If γ ≫ 1, multiphoton ionization is the dominant 

mechanism, while if γ ≪ 1, tunnel ionization is the prevailing mechanism.24, 37-38 Thus, 

the intensities reached in the filament propagation regime designate multi-photon 

ionization as the foremost method of ionization following the Keldysh theory.38 In air, the 

typical electron density generated in a filament is on the order of 1016 to 1017 cm-3.26, 39-40  

1.3.3 Plasma Defocusing 

Upon formation of a plasma channel, free electrons are generated within the 

plasma, which subsequently lowers the refractive index in a radially dependent 

distribution. This local reduction of the index of refraction is expressed by the following 

equation:25  

    𝑛 ≈  𝑛0  −  
𝜌(𝑟,𝑡)

2𝜌𝑐
      (1.13) 

where ρ(r, t) is the free electron density and ρc is the critical plasma density. The critical 

plasma density is defined as the density above which the plasma is considered opaque  
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Figure 1.4. Illustration of plasma defocusing of a laser beam. The radial and propagation  

       axes are represented by r and z, respectively. 

 

and is represented mathematically via the following expression:24 

     𝜌𝑐  ≡  
ϵ0𝑚𝑒𝜔0

2

𝑒2      (1.14) 

This reduction in the refractive index that occurs as the leading part of the temporal pulse 

ionizes the medium, effectively mimics a negative “lens” and defocuses both the 

transverse profile of the beam as well as the trailing part of the temporal pulse. Therefore, 

plasma defocusing affects not only the spatial profile of the laser, but also the temporal 

profile. Figure 1.4 is a diagrammatic representation of plasma defocusing during 

filamentary propagation.  

Asymmetry in the temporal pulse profile is created as the back of the pulse 

undergoes temporal depletion. Depletion occurs upon interaction of the back part of the 

pulse with the decrease in refractive index induced by the plasma. As the back of the 

pulse traverses the plasma zone, it propagates faster than the front of the pulse causing a 

shift to earlier times as the back almost catches up to the front of the pulse. The result of 

this plasma prompted temporal shift is the development of a steep rise in intensity at the 

back of the pulse.27 This temporal defocusing mechanism contributes to the overall pulse 
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compression effects occurring during filamentation by yielding a blue spectral shift, as 

will be discussed further in the description of the self-steepening effect.41 Plasma 

defocusing ultimately prevents complete collapse of the beam by Kerr self-focusing, 

allowing for the possibility of additional focusing and defocusing cycles and, hence, an 

extension of filament propagation.25  

1.3.4 Intensity Clamping 

The potential intensity reached in an optical filament is not limitless. The electron 

density produced during Kerr self-focusing saturates the response by defocusing the 

beam, and therefore limits the possible peak intensity reached inside the filament.25 The 

intensity at which clamping occurs can be estimated according to the equation:21, 42  

     𝐼 =  
𝜌(𝐼)

2𝑛2𝜌𝑐
     (1.15) 

where ρ(I) denotes the free electron density as a function of intensity, which is 

proportional to the expression:  

ρ(I) ~ σK I
K tp ρat     (1.16) 

where σK, ρat, tp, and I
K represent the ionization cross section, density of neutral atoms, 

pulse duration, and photon intensity (with K denoting the number of photons 

simultaneously absorbed), respectively. Using this proportionality, the clamping intensity 

of a filament formed in air with a 100 fs input pulse centered at 800 nm was estimated as 

1.8 × 1013 W/cm2 by [ref 25].25 

When the input pulse power greatly exceeds the critical power, a filament breaks 

apart into multiple localized filaments.26 The number of filaments, N, created can be 

approximated through the ratio of the input pulse power and critical power:25, 43  



15 

 

     𝑁 ≈  
𝑃𝑖𝑛

𝑃𝑐𝑟
     (1.17) 

Each filament contained within the bundle is clamped at an intensity within the range of 

1013-1014 W/cm2,42, 44 therefore,  increasing the laser power will lead to the creation of 

additional optical filaments.26 However, this maximum achievable intensity range is 

sufficient to incite other effects essential for filamentation such as ionization and phase 

modulation. 

1.3.5 Self-Phase Modulation 

In filamentation, self-phase modulation (SPM) plays a crucial role in continuum 

generation. For example, when propagating in air, an initial pulse centered in the near 

infrared around 800 nm forms a continuum covering the visible range of the 

electromagnetic spectrum upon filament formation.25 Self-phase modulation is the 

generation of new frequencies in a laser pulse resulting from temporal variation in laser 

intensity (and thus temporal variation of the refractive index of the medium). In other 

words, the nonlinearity of the refractive index imparts phase modulation on the carrier 

pulse. This temporal phase accumulation effect with respect to spectral broadening can be 

described by the following model:25 

   𝜔(𝑡)  =  − 
𝜕𝜙

𝜕𝑡
 ~ 𝜔0 – (

𝑛2𝜔0

𝑐
)𝑧

𝜕𝐼(𝑟,𝑡)

𝜕𝑡
    (1.18) 

where z is the propagation distance and ∂I(r, t)/∂t is the slope of the pulse in time. Thus, 

frequencies are created through an intensity-dependent phase shift that is governed by the 

nonlinear refractive index, propagation distance through the medium, and slope of the 

temporal intensity profile. The front part of the pulse (positive temporal slope) is mainly 

responsible for red-shifting/spectral broadening, while the back part of the pulse 
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Figure 1.5. Explanation of self-phase modulation from the perspective of both the  

temporal and spectral domain. The slope of the laser pulse intensity profile in 

the time domain is represented as m. 

 

 (negative temporal slope) contributes to blue-shifting/spectral broadening.27 However, 

the spectral enlargement observed during filamentation is asymmetric toward the UV 

wavelengths around the central wavelength of the input pulse with limited red side 

broadening. Thus, continuum generation during filamentation cannot be solely explained 

by the self-phase modulation effect.24 Figure 1.5 exemplifies the SPM effect in the 

temporal versus spectral domain.  

1.3.6 Self-Steepening  

The intensity-dependent change of the refractive index also prompts an effect 

known as self-steepening.45 Self-steepening is the development of a steep temporal 

descent at the back part of an ultrashort pulse as a result of a change in the group velocity 

of the pulse as a function of intensity.24, 27, 34, 46 For a positive, instantaneous change in the 

nonlinear refractive index, as occurs during Kerr self-focusing in air, the velocity of the 
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Figure 1.6. Representation of the self-steepening effect on laser pulses as a function of  

time during filamentation. The slope of the laser pulse intensity profile in the 

time domain is represented as m. 
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light decreases.25 As a result, the higher intensity portion of the temporal pulse 

experiences a larger phase accumulation than the low intensity pulse wings, which 

experience a normal group velocity, translating to the retardation of most intense part of 

the pulse. Thus, given a Gaussian temporal profile, the trailing edge of the pulse will 

develop a steep edge in the time domain,1, 25, 47  essentially transferring power to the back 

of the pulse and asymmetrizing the pulse profile.24, 48  A pictorial representation of this is 

illustrated in Figure 1.6. When self-steepening is pronounced (i.e. the slope of the trailing 

edge of the temporal pulse approaches infinity), there is an instantaneous intensity change 

that leads to the formation of an optical shock wave.1 Self-steepening increases the rate of 

self-focusing for the trailing part of the pulse compared to the leading part25 and is a 

major source of the large spectral broadening towards the blue side due to the large 

negative slope of the trailing pulse edge, which can be understood in the same way as 

SPM using Equation 1.18.27 The considerable temporal reshaping of the pulse during 

self-steepening is a major contributor to the overall temporal compression of the filament 

pulse. These temporal pulse asymmetries (induced by both plasma defocusing and self-

steepening effects) are ultimately the result of Kerr focusing events and are vital in 

designing the pulse spectrum which is preserved well after the nonlinear stage of beam 

propagation.24  

Filamentation may altogether be summarized as a dynamic competition between 

self-focusing and defocusing effects (forming successive focusing–defocusing cycles) 

that results in space and time coupling. Self-phase modulation is analogous to Kerr self-

focusing in the temporal domain, and as such, is balanced by temporal defocusing effects  
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Figure 1.7. Summary of the physical outcomes of filamentation. (a) Spatial domain  

focusing-defocusing cycles leading to extended high on-axis intensities. (b) 

Temporal pulse shortening and the concurrent white-light continuum 

generation. 
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such as group velocity dispersion, self-steepening, and plasma steepening. These 

temporal effects lead to significant pulse reshaping in both the temporal and spectral 

domain as a function of propagation distance.25 The substantial spectral broadening and 

pulse shortening that transpire during ambient filament formation and ultimately yield a 

white-light continuum and nearly single-cycle pulses are crucial for the impulsive Raman 

detection that will constitute a major focal point of this dissertation. Figure 1.7 

summarizes the outcome of filamentation in the spatial domain (panel 1.7a) and the 

temporal/spectral domain (panel 1.7b). 

 

1.4 Filament-Assisted Impulsive Raman Spectroscopy 

Filament-assisted impulsive Raman spectroscopy (FAIRS) is the nonlinear 

vibrational spectroscopic technique reported in the first half of this dissertation. In FAIR 

spectroscopy, a filament pump beam followed by a time-delayed, narrowband probe 

beam are used to impulsively interrogate gas-phase samples. Overall, FAIR spectroscopy 

utilizes the intrinsic pulse shortening, continuum generation, and high energy density 

offered by optical filaments to achieve impulsive stimulated Raman scattering. The 

minimal number of beams required to efficiently excite all of the vibrational modes of a 

gaseous molecular signature and the prolonged focus of the filament offering the 

potential for remote excitation of that signature, make FAIR appealing for future standoff 

sensing applications. 

 

1.5 Laser-Induced Transient Birefringence  
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The interaction of a strong, ultrashort laser pulse with a material can result in a 

multitude of nonlinear effects, as demonstrated by filamentation. Another important 

effect is the induction of birefringence in a medium that is initially isotropic. Mayer and 

Gires first demonstrated that optical pulses may be used in place of electrical pulses to 

induce such a birefringence.49 A strong linearly polarized electric field may induce two 

optical Kerr contributions to yield a transient birefringence response in a medium: 1) the 

electronic Kerr effect 2) the reorientation of molecular dipoles. However, to fully 

understand the role of a laser in creating a temporary birefringence, one must first 

understand the fundamentals of the birefringence effect. 

1.5.1 Origin of Birefringence 

The use of polarized light is crucial for the success of many experiments and 

forms of spectroscopy. To successfully exploit the properties of the different types of 

polarized light (i.e. linear, elliptical, circular), the use of substances capable of 

distinguishing between or manipulating these differing polarizations is often required. 

Birefringent materials are capable of the latter effect and are thus typically utilized in 

polarized light measurements.  

A birefringent substance is one which has two indexes of refraction. For this to 

occur, the substance must be comprised of long, nonspherical molecules that are arranged 

with the long axes parallel. The direction of the axes of the molecules comprising the 

substance is known as the optical axis. Upon introduction of an oscillating electric field, 

the electrons in such a substance will more readily oscillate in the direction parallel to the 

optical axis than if the oscillating field is perpendicular to the molecular alignment axis.  
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Thus, when linearly polarized light traverses this material it will experience a different 

refractive index when aligned along the optical axis versus when aligned orthogonal to 

the optical axis.50  

An example of the effect of a birefringent material is presented in Figure 1.8. If 

light is linearly polarized at 45° with respect to the optical axis, meaning it is composed 

of an even mixture of S (vertically) polarized and P (horizontally) polarized light, then 

each polarization component will experience a different index of refraction as it passes 

through the birefringent material. If the optical axis of the material is vertically oriented, 

then the S polarized component of the light will interact with a higher refractive index 

than the orthogonally polarized P light, which passes through the substance at an 

orientation 90° with respect to the optical axis. The difference in refractive indexes 

translates to a change in velocity for the orthogonal polarization components of light 

polarized 45° to the optical axis. In this example, the S polarization that traverses the 

larger refractive index axis will travel though the birefringent material at a slower rate 

than the P polarization that is aligned perpendicular to the molecular axis (i.e. the axis 

with a lower refractive index). Therefore, the S and P components are transmitted with 

different velocities. This change in velocity, yields a phase change. When entering the 

material both polarization components are in phase.  While traveling through the material 

the S polarization is retarded more than the P polarization and thus undergoes a larger 

rate of change in phase. Overall, the phase difference between the S light and P light 

exiting the birefringent material will be proportional to the depth of the substance.50  

This is the basis upon which wave plates operate. Wave plates are birefringent  
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Figure 1.8. The effect of a birefringent material on a weak, mixed polarization radiation  

source. The S and P polarization components are compared in the time 

domain before traversing the birefringent medium versus after exiting the 

medium. 

 

materials carefully manufactured to a certain thickness so that polarized light is retarded a 

desired amount. A half-wave plate rotates the plane of linearly polarized light. To convert 

to an orthogonal polarization direction, the linear polarization component is phase-shifted 

by 180° (i.e. ) (a half wavelength). A quarter-wave plate converts linearly polarized 

light to elliptically or circularly polarized light. To create circularly polarized light, a 

phase-shift of 90° (i.e. /2) (a quarter wavelength) between linear polarization 

components is introduced.51  

In this manner a weak, linearly polarized electric field may experience a phase 

change when transmitted through a birefringent material. However, it is also possible for 

a strong linearly polarized electric field to induce birefringence in non-birefringent 

medium. The strong linearly polarized electric field may achieve a transient birefringence 

via two possible mechanisms: 1) electronic orientation 2) molecular orientation.  
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1.5.2 Birefringence Induced by the Electronic Kerr Effect  

The electronic Kerr effect occurs as a result of deformation to the electron cloud 

of the atoms/molecules along the polarization axis of the pump.52 Figure 1.9a and 1.9b 

demonstrate the effect of a weak versus a strong linearly polarized electric field on an 

electron cloud and the subsequent effect that will have on a weak electric field oriented at 

45° with respect to the initial electric field (shown in panel 1.9c). A weak linearly 

polarized electric field does not have the strength to distort the potential experienced by 

the electrons in the system, as shown in Figure 1.9a. Therefore, the system undergoes no 

change in refractive index along the polarization axis of the field. As a result, when a 

second weak electric field that is linearly polarized 45° to the first electric field traverses 

the medium, no phase change is imparted on either of the polarization components (S or 

P). Conversely, a strong linearly polarized electric field may distort the potential 

experienced by the electrons bound to the atoms or molecules of the system, as shown in 

Figure 1.9b. The electron cloud anisotropy that is induced will occur along the 

polarization axis of the field, thus increasing the refractive index along that axis. When a 

second weak probe field (linearly polarized 45° to the first field) travels through the 

system having undergone electron cloud distortion, the extent that each polarization 

component composing the weak field interacts with the medium changes. The component 

traveling in the plane of the increased refractive index will be phase-shifted (i.e. retarded) 

with respect to the perpendicular component. In this manner, the distorted medium acts a 

quarter-wave plate to generate an elliptically polarized field, where the magnitude of the 

elipticity depends on the magnitude of the phase-shift imparted on the weak electric field  
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Figure 1.9. Birefringence induced by the electronic Kerr effect. (a) The effect of a weak  

linearly polarized electric field on an electron cloud and the subsequent effect 

of that electron cloud on a second weak linearly polarized field. (b) The effect 

of a strong linearly polarized electric field on an electron cloud and the 

subsequent effect of that modified electron cloud on a second weak linearly 

polarized field. (c) Polarization composition of a linearly polarized field 

oriented at 45° with respect to the vertical and horizontal axes. (d) The 

relationship between the phase shift imparted between polarization 

components by birefringence and polarization ellipticity. 
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polarization component (Figure 1.9d). This transient phase change between polarization 

components of a weak electric field is often referred to as polarization rotation.53-55  

1.5.3 Birefringence Induced by Molecular Alignment 

The second means of generating a temporary birefringence in a medium occurs 

via alignment of molecular species. A distribution of randomly oriented, nonspherical 

molecules may be aligned along their long, molecular axes through interaction with a 

strong linearly polarized electric field. This optical effect is limited to molecular systems 

that exhibit anisotropy in their polarizability and occurs when the molecules align their 

axis with the highest polarizability along the polarization axis of the pump field.1 The 

polarizability anisotropy of such a molecule may be defined as56  

∆α = α∥ - α⊥      (1.19) 

where α∥ and α⊥ are the components of the polarizability parallel to and perpendicular to 

the molecular axis, respectively. Figure 1.10a depicts the polarizability components of 

nitrogen, in which α∥ = α1 and α⊥ = α2, α3. 

Molecular alignment is achieved through the induction of a dipole moment by the 

electric field, which polarizes the molecule. The magnitude of the dipole moment induced 

on a particular molecular axis is determined by the magnitude of the applied electric field 

and the polarizability of that axis:1 

μ1 = α1E1      (1.20) 

where μ1, α1, and E1 are the induced dipole moment, polarizability (i.e. α∥), and electric 

field component along the main molecular axis, respectively. The overall induced dipole 

moment can thus be defined as57-58 
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Figure 1.10. The correlation between molecular polarizability and electric field-induced  

molecular alignment. (a) The polarizability components for N2 (orange 

arrows). (b) Molecular alignment of N2 based on the polarizability. The red 

dashed arrow represents the direction of the electric field polarization. 

 

   (𝜇ind)𝛼 = ∑ 𝛼𝛼𝛽𝐸𝛽𝛽     (1.21) 

where Eβ is the electric field vector component according to the space-fixed Cartesian 

coordinate frame (x, y, z) and ααβ is the polarizability tensor according to the body-fixed 

coordinate frame (α, β = X, Y, Z) as shown in Figure 1.11. The torque, t, exerted on the 

molecule is proportional to the magnitude of the induced dipole moment and of the 

applied electric field:1  

t = μind x E      (1.22) 

For example, diatomic nitrogen has the largest polarizability along the symmetry axis and 

the two other orthogonal axes have smaller, but equal polarizability values as illustrated 

in Figure 1.10a. Introduction of an electric field applies a torque on nitrogen in the 

direction that will twist the molecule into alignment with the polarization axis of the field 

(path of least resistance with an angle of ), as seen in Figure 1.10b.1 
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Figure 1.11. The space-fixed Cartesian coordinate frame (x, y, z), shown in blue, and the  

         body-fixed coordinate frame (X, Y, Z), shown in red. 
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During molecular orientation, the refractive index along the polarization axis of 

the pump field will increase, temporarily converting the medium into a birefringent 

material. This molecular orientation effect most readily occurs in gaseous and liquid 

media. Time resolved birefringence may arise from two different cases of molecular 

alignment: 1) the initial molecular alignment caused by the pump pulse 2) molecular 

realignment after pulse extinction (i.e. rotational revivals).52 The latter post-pulse case of 

transient birefringence is nonadiabatic in nature and will be the main focus of this 

dissertation; thus, a detailed explanation of the phenomenon of field-free molecular 

alignment is required.  

1.5.3.1 Field-Free Molecular Alignment 

When subjected to an intense, ultrashort laser pulse, Raman-active molecules 

usually experience post-pulse periodic alignment, often referred to as rotational revivals59 

or field-free molecular alignment.60 This laser-induced, field-free, rotational wavepacket 

(WP) alignment was theorized in 1971 by Lin et al.,61  who later experimentally 

confirmed this prediction in 1975 using a polarization-gate geometry (discussed in 

Section 1.6) to detect the transient birefringence induced by CS2 revivals.62 The essential 

requirement for nonadiabatic alignment is the condition Tp << Tr, where Tp is the pulse 

duration of the exciting laser pulse, Tr is the rotational period of the molecule, which is 

defined as: 

     𝑇𝑟  =  
1

2𝐵𝑐
 ,     (1.23) 

where, 

     𝐵 =  
ℎ

8𝜋2𝐼𝑐
      (1.24) 
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in which B is the molecular rotational constant, I is the moment of inertia for the 

respective molecule, h is Planck’s constant, and c is the speed of light. This can be 

understood as the simultaneous excitation of populated rotational states of a molecule to 

higher energy J states through Raman transitions, which prepares a coherent 

superposition of states (a rotational wavepacket). Similar to the vibrational Raman 

technique developed by Odhner et al.,14 the generation of a rotational WP occurs through 

impulsive excitation when this temporal condition is met. During and immediately 

following this excitation, molecules align their molecular axis along the polarization axis 

of the exciting laser pulse (in the case of a homonuclear diatomic molecule). The torque 

applied to the molecule by the electric field can be considered a transfer of angular 

momentum, imparting a kick on the molecule. A homonuclear diatomic molecule that is 

aligned at an angle of ~45° with respect to the pump pulse polarization axis will 

experience the maximum torque and, as a result, will have the maximum angular 

velocity.63 The WP subsequently experiences frequency-spread dephasing64 then 

rephasing at fractional and integer multiples of the rotational period, corresponding to the 

molecules rotating out of alignment after pulse extinction, followed by periodic 

molecular realignment (illustrated in Figure 1.12). There are two types of post-pulse 

rotational orientation which are localized in orthogonal directions with respect to one 

another: 1) alignment 2) planar delocalization. The former case of alignment occurs when 

the angular distribution of a portion of the molecular ensemble is squeezed along the 

pump field polarization axis, as has already been discussed. In the latter case of planar 

delocalization, the angular distribution of a portion of the ensemble is flattened in the  
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Figure 1.12. Depiction of rotational revivals in the wake of a strong linearly polarized  

         pump pulse. 

 

plane perpendicular to the pump polarization axis. Together these two orientation 

situations constitute the measured rotational revival signal.56 Depending on the intensity 

of the driving laser beam, an elevated background in the measured rotational spectrum 

may also emerge between the rotational recurrences due to a phenomenon known as 

permanent alignment. Permanent alignment occurs as a result of the laser pulse 

populating high lying rotational J levels while conserving the magnetic quantum number 

(M) during the interaction, thereby contributing to the excited wavepacket and allowing 

molecules to have a rotational angular momentum greater than the molecular projection 

along the polarization axis of the pump.65-67 Therefore, between revivals the rotational 

wave functions approximately average out to a value greater than zero.68  The 

background contribution from permanent alignment is typically small in comparison to 

the rotational revival signal and can be minimized through use of lower intensity 

excitation pulses. 

The propensity for rotational alignment depends on the anisotropy of the 

polarizability of the molecule, which is a function of molecular structure. Thus, linear, 
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symmetric top, and asymmetric top molecules all vary in polarizability anisotropy. Linear 

and symmetric top molecules have only one molecular axis with a varying polarizability, 

therefore the driving field only applies a torque to that molecular axis, simplifying the 

rotational wavepacket propagation and allowing the WP to fully rephase at times 

designated by the rotational period of the system.56 Linear molecules, in particular, yield 

well defined post-pulse periodic alignment features55, 65, 68-69 due to their more regularly 

spaced (compared to asymmetric top molecules) rotational energy levels at 

E ≈ BJ (J + 1)      (1.25) 

where J is the rotational quantum number.70-71 The three moments of inertia (Iaa, Ibb, Icc) 

follow the trend Iaa ≤ Ibb ≤ Icc. For linear molecules Iaa = 0, Ibb = Icc.
58 Asymmetric top 

molecules have three molecular axes available for rotation that are defined by the Euler 

angles (θ, χ, ) with respect to the polarization axis and propagation direction of the laser 

pulse (Figure 1.11). Each molecular axis has a different moment of inertia and 

polarizability, leading to the non-periodic rotational motion of an asymmetric top upon 

excitation and enabling alignment of the molecule in three dimensions60, 72-75 as the 

torque applied by a strong linearly polarized electric field always affects at least two axes 

of the molecule.56 Typical asymmetric top molecules exhibit long revival periods as a 

result of their large moments of inertia. The rotational WP generated upon excitation of 

an asymmetric top molecule is affected by multiple factors, all stemming from the three 

distinct moments of inertia and all of which disrupt ideal alignment. Contrary to linear 

and symmetric top molecules, the energy of the rotational levels for asymmetric top 

molecules are dependent on three rotational constants, which are inversely proportional to 
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the moments of inertia for each associated molecular axis (A, B, C = 1/2I(aa,bb,cc)),  

yielding rotational energy level spaces that are much less regular.58, 71, 76-77 This rotational 

level aperiodicity complicates the wavepacket evolution, which leads to complex revival 

structures and dephasing of the WP components.71, 75, 78-80 Additionally, the reduced 

molecular symmetry allows for the generation of five superimposable types of rotational 

revivals (J, K, hybrid, C, and A) involving all three molecular axes, ultimately yielding a 

more complex and less intense revival signal. When three or more of these types of 

rotational transients are excited for a molecular species, all three rotational constants of 

the molecule may be extracted in a single measurement, albeit at the expense of the 

revival signal intensity.71, 81 Overall, the evolution of rotational wavepackets in 

asymmetric top molecules is much more complex than for linear or symmetric top 

molecules, and the components of the wavepacket never fully rephase.56 While detection 

of the rotational revivals of asymmetric top molecules is challenging, successful tracking 

of the wavepacket provides information on the moments of inertia of the three molecular 

axes.71 Alignment will recur until dephasing effects (both within the system and through 

interactions of the system with the environment) disrupt the rotational coherence of the 

molecules.  

The decline in rotational revival signal intensity is attributed to two forms of 

dephasing: 1) intramolecular 2) intermolecular (i.e. decoherence). In the single molecule 

scenario, dephasing of the rotational WP components as a function of time results from 

intramolecular effects, such as population relaxation. In the ensemble scenario, 

decoherence is a dephasing effect where the loss of coherence in a system is a result of 
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interaction of the system with its environment. The transient revival features of linear 

molecules may spread out as well as decrease in intensity as a function of time if they 

experience centrifugal distortion.63, 69, 71 A large degree of centrifugal distortion on a 

diatomic molecule, for example, increases the bond length, which in turn decreases the 

energy separation between adjacent rotational states. Centrifugal distortion affects the 

higher rotational levels that are populated by the laser pulse, increasing the rotational 

period as a result of the bond elongation, and thereby temporally dispersing the overall 

revival feature.63, 69 Thus, having a distribution of bond lengths (from centrifugal 

distortion and/or from the population of higher vibrational levels for systems at elevated 

temperatures) effectively chirps out the observed revival signal.63 Heavy asymmetric tops 

experience centrifugal distortion effects similar to linear molecules, due to considerable 

populations occupying high energy J states at room temperature, which again impact the 

WP dynamics by inducing dephasing.71 A decrease in signal is also observed each time 

the wavepacket rephases at a revival time, due to the dispersion of the higher J states 

which leads to subsequent interference among the J components of the wavepacket 

during propagation.69 Population relaxation via radiative and non-radiative processes also 

adds to the intramolecular dephasing of the rotational WP during its evolution. 

Collisional interactions (both within the excited ensemble and with the environment) 

contribute substantially to the decoherence effects (intermolecular) on the WP 

propagation, ultimately diminishing the intensity of the rotational revival signal in a time-

dependent decay. Molecules with a permanent molecular dipole (prevalent in asymmetric 

top molecules) have the potential of undergoing long-range intermolecular interactions, 
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adding another source of decoherence through dipole-dipole interactions and accelerating 

the temporal decay rate of the rotational revival signal intensity.71  The overall time-

dependent decay of the field-free alignment signal may be attributed to the combined 

effects of dipole-dipole interactions within the ensemble, collisional relaxation, 

centrifugal distortion, and population relaxation.71, 82-83 A technique affording rapid 

detection over a large temporal window is desirable to study these various inter- and 

intramolecular dephasing effects on field-free molecular alignment, especially for 

molecular systems with significant temporal spacing between revival features. Exploiting 

the transient birefringence induced by rotational revivals is one means by which this can 

be achieved. 

1.5.3.2 Birefringence Induced by Field-Free Molecular Alignment  

Transient orientation of molecules parallel to (alignment) or perpendicular to 

(anti-alignment) the polarization axis of an intense linearly polarized pump pulse, induces 

anisotropy in the refractive index of the medium similar to the electronic Kerr effect.62 At 

temporal delays corresponding to the revival times of the molecules, a weak probe pulse 

may experience this transient birefringence. The molecular effect experienced by a weak 

probe pulse oriented 45° with respect to the pump pulse polarization is illustrated in 

Figure 1.13 for various pump-probe time delays (∆t). Figure 1.13a represents the effect 

the molecular medium has on a weak probe pulse (45° linear polarization) at pump-probe 

delays not corresponding to a revival time. At any time that does not correspond to a 

rotational revival time (partial or full) the molecular medium is isotropic. Therefore, 

introducing a weak probe pulse to this randomly oriented ensemble of molecules will  
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Figure 1.13. Birefringence induced by strong field rotational alignment. The effect of  

a strong linearly polarized electric field on an isotropic diatomic molecular 

ensemble, and the subsequent effect of that modified ensemble on a second 

weak linearly polarized field at times (a) not corresponding to rotational 

alignment, (b) corresponding to rotational alignment, and (c) corresponding 

to rotational anti-alignment.  
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have no retarding effect on the probe polarization components (S or P), as the refractive 

index of the medium is equivalent in every direction. Figure 1.13b demonstrates 

introduction of a weak probe pulse (45° linear polarization) at post-pulse molecular 

revival times corresponding to parallel alignment to the pump pulse polarization. When 

the molecules are aligned along the pump polarization axis, the refractive index along 

that axis increases yielding a phase-shift in the parallel polarization components of the 

probe pulse as it traverses the oriented molecular ensemble.56, 84  Thus, the probe pulse 

experiences polarization rotation at that temporal delay. Figure 1.13c shows the opposite 

scenario of a weak probe pulse (45° linear polarization) introduced at a molecular revival 

time corresponding to perpendicular alignment (i.e. anti-alignment) to the pump pulse 

polarization. In this case, the refractive index along the axes orthogonal to the pump 

polarization increases and thus the probe polarization components that are also 

orthogonal to the pump polarization axis are retarded. As shown in panels 1.13b and 

1.13c, the opposite components are phase-shifted during alignment versus anti-alignment, 

which results in orthogonal elipticities. So the probe undergoes the opposite polarization 

rotation upon interaction with the transient birefringence arising from alignment versus 

anti-alignment.56, 84 Transient birefringence is a convenient metric that can be exploited to 

monitor the rotational revivals of various molecular ensembles (as well as monitor the 

instantaneous Kerr effect of the system), and is often measured via polarization-gate 

detection.55, 62, 65, 85-90  

 

1.6 Polarization-Gate Transient Birefringence Detection  
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The requirement for polarization-gate (PG) transient birefringence detection is 

that the sample under investigation be capable of experiencing a temporary birefringence 

in the presence of a strong linearly polarized electric field or through post-pulse 

molecular alignment. This transient birefringence of the sample acts as a waveplate. 

Thus, upon interaction with the transient birefringence of the sample, a weak probe field 

(polarized 45° with respect to the pump field) undergoes polarization rotation. By 

implementing an optical scheme able to differentiate small polarization changes, it is 

possible to detect the time-dependent birefringence that is created.56, 62, 91  

The polarization-gate transient birefringence technique was performed in 1969 by 

Duguay and Hansen to study the time-resolved birefringence induced in carbon disulfide, 

nitrobenzene, and methylene diiodide.92  This work, as well as similar reported research,93-

100 utilized the PG scheme to investigate the contributions of molecular orientation and 

the electronic Kerr effect to the overall optical Kerr effect in liquid phase systems. In 

1975, Heritage et al. performed the seminal transient birefringence measurements for the 

first reported detection of rotational revivals.62 In the same year, Heiman, et al. utilized 

the PG geometry as a means to collect vibrational Raman spectra through the Kerr effect 

induced upon resonant excitation of a Raman transition, and thus they termed the 

nonlinear mechanism the Raman-induced Kerr effect (RIKE).101 RIKE spectroscopy as 

well as variations of RIKES experiments were performed in later years expanding upon 

its applications and improving upon the technique.102-104 Shim and Mathies later 

performed RIKES with a femtosecond probe pulse for detection of high resolution 

Raman spectra over a large vibrational range (termed FRIKES).105 In 1976, the PG 
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geometry was also utilized for the detection of spectral emission lines from hydrogen and 

deuterium, for which the technique was termed Doppler-free laser polarization 

spectroscopy.106 Thus, the PG geometry has been used extensively and proven viable for 

various forms of rotational, vibrational, and electronic spectroscopy.  

PG transient birefringence has also been utilized for pulse characterization 

techniques such as third-order intensity autocorrelation measurements107 and frequency 

resolved optical gating (FROG).54, 91, 108-114 PG autocorrelations and PG FROG 

measurements are achieved via an instantaneous third-order nonlinear optical process 

typically induced in a medium with a very fast third-order susceptibility (such as fused 

silica). In the presence of a strong linearly polarized “gate” pulse, this medium undergoes 

the electronic Kerr effect, resulting in an intensity-dependent anisotropic change in the 

refractive index. When the probe pulse is temporally overlapped with this effective 

waveplate, a portion of the probe radiation is polarization-rotated, allowing passage 

through the crossed polarizer to the detector. Birefringence occurs only in the presence of 

the gate pulse, therefore, an autocorrelation is obtained by measuring the energy of the 

probe light transmitted through the analyzer as a function of gate-probe delay and a 

FROG trace is obtained upon spectrally resolving the signal.  

One form of polarization-gate transient birefringence detection is of particular 

importance for the scope of this dissertation: Raman-induced polarization spectroscopy 

(RIPS). RIPS is similar to the first implementation of the PG geometry for rotational 

Raman spectroscopy by Heritage et al.62 In general, RIPS is a type of rotational 

coherence spectroscopy (RCS). RCS encompasses time-domain rotational spectroscopies 
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that rely on inducing a rotational coherence in a medium (with a pump pulse) that is 

subsequently probed to reveal molecular alignment information.81 In Raman-induced 

polarization spectroscopy specifically, a linearly polarized ultrashort pump laser 

coherently excites molecules to create a rotational wavepacket via non-resonant 

stimulated Raman scattering.85, 87-88 During propagation of this wavepacket, rotational 

alignment is driven at times dictated by the rotational constant of the molecule, yielding 

periodic transient birefringence in the medium, which is detected via the PG scheme. 

Two types of detection are utilized in RIPS: 1) homodyne detection 2) heterodyne 

detection. 

1.6.1 Homodyne Detection  

The basic geometry of homodyne detection is represented in Figure 1.14a. The 

signal generation in a homodyne configuration can be expressed by the following 

simplified proportionality following [ref 56] and [ref 115]:56, 115 

     𝑆hom(𝑡)  ∝  ∫ 𝐼𝑝(𝑡 −  𝜏) (∆𝑛(𝑡))2 𝑑𝑡
+∞

−∞
    (1.26) 

where Ip is the intensity of the probe, τ is the pump-probe temporal delay, and ∆n(t) is the 

difference in refractive index between the axes parallel to and perpendicular to the pump 

polarization axis (i.e. the birefringent response of the medium): 

∆n(t) = n(t)∥ - n(t)⊥      (1.27) 

However, since the homodyne signal is represented by a quadratic function, the sign of 

the transient birefringence cancels out and, hence, is not spectroscopically observable.  

1.6.2 Heterodyne Detection  

Heterodyne detection relies on the use of an arbitrarily controlled local oscillator 
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to either constructively or destructively interfere with the signal in order to enhance the 

spectroscopic sensitivity and provide the sign for the birefringence, ∆n(t). Alternatively, 

heterodyne signal detection may be understood as the macroscopic polarization of the 

optical material during transient birefringence inducing a modulation on the local 

oscillator field.116 The basic geometry of heterodyne detection is represented in Figure 

1.14b. The main experimental difference from homodyne detection is the insertion of a 

quarter-wave plate in the probe path after the interaction region and prior to the cross 

analyzing polarizer. The signal generated via a heterodyne geometry can be described 

similarly to the homodyne expression:56, 115 

   𝑆±(𝑡)  ∝  ∫ 𝐼𝑝(𝑡 −  𝜏) (∆𝑛(𝑡)  ±  Ƥ)2 𝑑𝑡
+∞

−∞
    (1.28) 

with Ƥ signifying the local oscillator that provides an additional static birefringence. The 

sign of the local oscillator is determined by the direction the waveplate is rotated. The 

pure heterodyne signal is obtained by subtraction of the negative heterodyne signal from 

the positive heterodyne signal:56, 115 

  𝑆het(𝑡) = 𝑆+(𝑡) −  𝑆−(𝑡) ∝  ∫ 𝐼𝑝(𝑡 −  𝜏) (∆𝑛(𝑡) Ƥ) 𝑑𝑡
+∞

−∞
   (1.29) 

which requires that a local oscillator of the same magnitude, but opposite sign (i.e. 

opposite phase as set by the rotation of the waveplate) be applied for the positive and 

negative measurements to obtain a pure heterodyne signal.   

The PG gate technique is sensitive to transient birefringence arising from two 

nonlinear optical Kerr effects. Thus, ∆n(t) must be described by both an instantaneous, 

electronic Kerr term, ∆nel(t), and a rotational alignment term, ∆nrot(t). The electronic Kerr 

term includes the higher order, nonlinear terms in the expansion of the index of refraction  
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Figure 1.14. The general Raman-induced polarization spectroscopy experimental scheme.  

(a) Homodyne detection. (b) Heterodyne detection, which is almost identical 

to the homodyne geometry, except for the addition of a local oscillator in the 

probe path through insertion of a quarter-wave plate. The polarization 

directions of the pump pulse, probe pulse, and cross analyzer are shown in 

the insets at the right. 
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(i.e. the expansion of Equation 1.7). The rotational term is defined as 

∆𝑛rot(𝑡)  =  
3𝜌

4𝑛0𝜖0
 ∆𝛼 (< 𝑐𝑜𝑠2𝜃 >  − 

1

3
)   (1.30) 

where ρ, ‹cos2θ›, and θ are the gas density, the alignment expectation value, and the angle 

between the molecular axis and the electric field polarization axis, respectively. To fully 

describe the contributions to the time-dependent birefringence of a medium (for both the 

homodyne and heterodyne detection configuration), the sum of both of these terms must 

be substituted into ∆n(t).56, 115 The general equation for the birefringence response may 

therefore be written as  

∆n(t) = (nel(t)∥ - nel(t)⊥) + (nrot(t)∥ - nrot(t)⊥)   (1.31) 

Homodyne and heterodyne PG transient birefringence experiments are sensitive to any 

nonlinearly-generated signal that creates an anisotropy in the medium, however, this 

dissertation will focus on detection of the post-pulse alignment-induced anisotropy in 

gases. 

 

1.7 Spectral-to-Temporal Amplitude Mapping Polarization Spectroscopy 

Spectral-to-temporal amplitude mapping polarization spectroscopy (STAMPS) is 

a nonlinear optical technique based on the polarization-gate scheme and is the focus of 

the second half of this dissertation. The method is based on temporally chirping the 

coherent white-light continuum generated in a laser filament to map the temporal 

dynamics of a rotational wavepacket through transient birefringence and cross-phase 

modulation effects. In STAMPS, the filament is exploited for its spectral range rather 

than the pulse shortening that accompanies white-light generation, as is the case in FAIR 
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spectroscopy. The rotational revivals excited via an 800 nm pump pulse are detected over 

a ~65 ps temporal window by inducing polarization rotation of the chirped broadband 

probe, eliminating the need for scanning the pump-probe delay. 

 

1.8 Scope of the Dissertation 

This dissertation traces the development and application of two Raman 

spectroscopic methods: filament-assisted impulsive Raman spectroscopy (FAIRS) and 

spectral-to-temporal amplitude mapping polarization spectroscopy (STAMPS). The 

former FAIRS technique measures the Raman-active vibrational modes of the 

interrogated gas-phase samples of interest and is presented in Chapters 2 through 4. The 

latter STAMPS technique measures the Raman-active rotational modes of a chosen gas-

phase sample and is presented in Chapters 5 and 6.  

Chapter 2 discusses the potential of FAIRS for threat assessment through 

detection of radioactive decay signature molecules. The impulsively excited Raman 

spectra of pure ozone and nitric oxide, as well as the oxidation product, nitrogen dioxide 

(via the reaction of NO with O2 or O3), are presented. Additionally, a limit of detection 

for the FAIRS apparatus is estimated with an ozone generator to systematically track the 

Raman peak intensity of the symmetric stretched of ozone for varying O3:O2 

concentrations (calibrated via UV-vis spectroscopy). Ozone generated by the strong field 

chemistry occurring within the filament itself is detected and a concentration estimate 

determined. Spectral fringes overlapping the Raman peaks are observed in the 

measurements and investigated as a function of pump-probe temporal delay. The spectral 
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interference is successfully modeled to determine the origin of the effect and simulations 

utilizing the theoretical model prove to be in good agreement with measurements. 

Characterization of filament-generated ozone features is assisted by use of these spectral 

fringes. 

Chapter 3 further examines the potential of FAIR spectroscopy for various threat 

detection applications by measuring ions and excited-state species generated by optical 

filaments. Ambient Raman scattering spectra for all of the spectral regions accessible by 

the spectrometer are acquired. Nitrogen, oxygen, and ozone-based species are 

characterized through use of reference gases to enhance any affiliated modes. The 

reference spectra in conjunction with the measured Raman shifts enable the identification 

of anionic ozone, cationic oxygen, and electronically excited nitrogen produced by the 

filament. The spectral fringes reported in Chapter 2 are again used to aid in the 

identification of the low signal intensity Raman modes.  

Chapter 4 presents the application of FAIR spectroscopy to the detection of 

Raman-active species present in natural gas flames, demonstrating the potential of the 

technique for combustion and explosive sensing. Flame spectra at all of the spectral 

regions accessible by the spectrometer are collected. A natural gas flame with air as the 

oxidizing agent is generated by a Bunsen burner, and the known reactant and product 

Raman features (CH4, CO2, H2O, O2, CO) are monitored as a function of height above the 

burner top. The Raman-active modes are investigated for open versus closed-base flames 

to provide two different temperature environments. Reference gas spectra of nitrogen, 

natural gas, and carbon dioxide along with the measured Raman shifts in the flame 
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studies enable characterization of the detected combustion species. The spectral fringes 

reported in Chapter 2 are again used to assist in the classification of any low signal 

intensity Raman modes. 

Chapter 5 introduces STAMPS and presents fundamental molecular 

measurements to evaluate the utility of the spectroscopic technique. The time-dependent 

rotational response of simple linear, symmetric molecules, including nitrogen, oxygen, 

and carbon dioxide are investigated to evaluate this non-scanning method. A 65 ps 

temporal range is demonstrated by these molecular systems, enabling rapid and direct 

access to the rotational wavepacket evolution occurring within that time window. 

Accurate rotational spectra are obtained through the Fourier transform of these 

measurements. The rotational wavepacket spectra of several small asymmetric top 

molecules (ethylene and methanol) are also successfully collected, demonstrating the 

potential of STAMPS for probing the real time rotational motion of more complex 

molecular systems.   

Chapter 6 demonstrates the potential of STAMP spectroscopy for threat sensing 

applications. The rotational wavepacket evolution is measured for signature molecules 

known to signify numerous hazard sources, from which traditional rotational spectra with 

rotational line spacings matching the calculated values are obtained. The signature 

molecules include pure nitric oxide and nitrous oxide, as well as the nitrogen dioxide 

product formed upon reaction of NO with O2. Nitrogen dioxide is found to narrow the 

temporal range of the measurement due to an electronic absorption band overlapping the 

spectral range of the continuum probe. Using nitrous oxide, a limit of detection study is 
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also performed for the STAMPS apparatus by measuring the integrated intensity of the 

second revival feature of N2O (in a homodyne configuration) as a function of pressure 

(concentration calibrated by UV-vis spectroscopy). The pressure study also reveals 

variable decay rates of the N2O rotational recurrence intensity as a function of time. 

Further, the integrated half, full, and second half-period rotational revivals of N2O are 

each plotted as a function of pressure to reveal a saturation of the integrated signal 

intensity with increasing revival times, perhaps indicating pronounced dephasing effects. 
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CHAPTER 2 

DETECTION OF OZONE AND NITROGEN OXIDES VIA FILAMENT-

ASSISTED IMPULSIVE VIBRATIONAL RAMAN SPECTROSCOPY 

 

2.1 Overview 

The filament-assisted impulsive Raman spectra of ozone, nitric oxide, and 

nitrogen dioxide are presented in this chapter. The Raman response as a function of 

ozone concentration is confirmed to scale as N
2
, where N is the number of oscillators in 

the interaction region. The system described has a detection limit of ~300 ppm for gas-

phase ozone. Ozone produced via the strong field chemistry occurring within the filament 

pump was also detected. The measurements reveal spectral interference in the Raman 

features. Simulations show the spectral fringing results from interference of the Raman 

signal with pump-induced cross-phase modulation. The fringes are used to classify the 

symmetric mode of the low concentration filament-generated ozone. 

 

2.2 Introduction 

When a nuclear decay event occurs in air, the energetic particle emitted can 

interact with O2 to produce atomic oxygen that will react with air constituents to produce 

O3 and NOx.
1-7

 The reaction products thus represent signatures for radioactive decay 

events and, vide infra, the presence of radioactive materials. Ozone and nitrogen oxides 

are also produced by high-voltage discharges,
8-11

 as well as in the stratosphere and 

troposphere via photochemical and atmospheric reactions.
12

 Additionally, combustion is 

a source of O3 and NOx molecules.
13-16

 Thus, the ability to detect ozone and nitrogen 
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oxides is of value for various sensing applications and the detection of multiple 

signatures may be used in the classification of radioactive materials. Coherent Raman 

spectroscopy is a technique that can potentially be used to identify the products of 

radiative decay, as vibrational and rotational motion provides molecule-specific 

information. The gas-phase Raman spectrum of ozone was measured previously using 

spontaneous Raman scattering
17

 and required collection over several days in order to 

obtain an adequate signal-to-noise ratio. The spectrum revealed a symmetric stretch at 

1103.3 cm
-1

 and a bending mode at 702.1 cm
-1

 for ozone.
17

 Coherent Raman scattering 

techniques have proven applicable to a plethora of applications like flame, combustion, 

gas, liquid, and solid diagnoses, as well as in microscopy.
18

 The desire for standoff 

detection, where the measurement system is located away from the potential threat, 

motivates the search for a laser-based technique that minimizes the number of beams 

required to achieve efficient excitation of all the vibrational modes of a molecular 

signature. Laser filamentation offers a simple method to produce few-cycle pulses that 

can impulsively excite even the shortest period vibrational mode of H2 (period of ~8 fs), 

remotely.  

Filamentation is a robust phenomenon that can occur over distances on the order 

of a meter in the lab (e.g. when a mJ-level, sub-100 fs pulse is loosely focused in air by 

an f~1-5 meter lens) and also over tens to hundreds of meters with terawatt-class lasers
19-

22
. Filaments can be launched remotely by decreasing the pulse peak power through 

chirping,
21

 with formation up to 2 km away from the laser source
20

. Pulse shortening by 

filamentation occurs at the point at which the filament is made (concomitant with and 
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roughly in proportion to continuum generation),
23-31

 making it possible to generate an 

ultrashort pulse at remote distances from the laser. The shortened pulse is subsequently 

subject to dispersion, which elongates the continuum pulse rapidly over the course of 

several meters. These properties are promising for applications such as remote detection 

of explosives
32

 and radioactive decay signatures. Coherent Raman spectroscopy has been 

investigated for use in standoff detection applications.
33-37

 However, the intensity of a 

linearly propagating beam is inevitably limited by diffraction over long distances, 

resulting in a lower probability of vibrational excitation with increasing target distance. 

High intensities can be achieved at much longer distances using a filament. Thus, self-

guided filaments are convenient excitation sources for both point detection and remote 

spectroscopy due to the white-light continuum generation, pulse shortening, and high 

energy density that accompany the filamentation process. 

The intrinsic pulse shortening and the potential for remote sensing make optical 

filaments desirable excitation sources for coherent Raman spectroscopy. Multiplexed 

filament-assisted impulsive Raman (FAIR) spectroscopy was introduced in 2009
38

 to 

measure vibrational wavepacket dispersion in N2, which demonstrated that no energy is 

initially distributed into the vibrational degrees of freedom during filamentation and thus 

demonstrated the potential of FAIR for thermometry.
38

 Subsequently, FAIR was used as 

a means of understanding the pulse dynamics occurring during filamentary propagation 

of a pulse by measurement of the Raman-active vibrational modes of the propagation 

medium (air) as a function of position along the filament propagation axis.
39

 FAIR has 

been demonstrated on a number of diatomic and polyatomic molecules, including N2, O2, 
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H2, CO2, chloroform, methylene chloride, cyclohexane, toluene, and pentane.
32, 40-41

 The 

application of FAIR to gas-phase sensing requires the detection of signature molecules 

for a particular target. In the past we have reported the detection of improvised explosive 

device signature and simulant molecules, such as triethylamine, ammonia gas, 

nitromethane, and gasoline.
32

  

In this chapter, the use of FAIR spectroscopy is demonstrated for sensing 

signatures of radioactive decay by investigating the Raman scattering spectrum of 

impulsively excited ozone, nitric oxide, and nitrogen dioxide. An ozone generator is used 

to systematically study the sensitivity of the FAIR apparatus. Further, the concentration 

of ozone generated directly by the strong field chemistry occurring in the filament itself is 

estimated. The Raman signatures of pure nitric oxide and nitrogen dioxide (produced via 

oxidation of NO by O2 or O3) are measured. Spectral interference observed in the Raman 

spectra is studied as a function of pump-probe delay and explained using a simple 

theoretical model, and numerical simulations utilizing the model are in good agreement 

with the experimental measurements. 

 

2.3 Experimental 

2.3.1 Experimental Set-up 

Filament-assisted impulsive Raman spectroscopy was carried out using a 

Ti:sapphire chirped-pulse amplifier producing 2.3 mJ, 50 fs pulses at 800 nm, operating 

at 1 kHz repetition rate. The experimental scheme is depicted in Figure 2.1. The output of 

the amplifier was split by a 95/5 beamsplitter, with the majority directed to filament 
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formation and the remainder used as the probe beam. The pump beam (~2.2 mJ) was 

loosely focused by an f=2-m lens to create a filament. The 2-m lens was mounted on a 

translation stage in order to optimize the overlap between the region of the filament in 

which the shortest pulse occurs with the focus of the probe beam in the interaction region. 

To aid in the stabilization of the filament, an iris with a typical diameter of ~6.85 mm 

was used to aperture out ~12% of the pump beam before the focusing lens. The filament 

plasma channel preceding the interaction region was enclosed by an open-ended tube 

with an ID of 2.6 cm to further eliminate beam instabilities caused by air currents. 

After the beamsplitter, the bandwidth of the 115 μJ probe beam was narrowed 

from ~32 nm to (nominally) ~3 nm using a 4-f filter, yielding a ~5 μJ narrow-band probe. 

A half-wave plate rotated the probe polarization to be orthogonal to the pump 

polarization to minimize the effect of cross-phase modulation (XPM). For most 

measurements, the delay between the filament pump beam and the probe beam was set to 

~1.5 ps to avoid the overlap between sub-pulses in the probe temporal profile (arising 

from the Fourier transform of the rectangular spectral profile caused by the slit in the 4-f 

filter) and the pump pulse, thus minimizing the effects of XPM on the signal. For 

measurements requiring high sensitivity, the pump-probe delay was decreased and the 

probe bandwidth was increased accordingly. An f=50-cm lens was used to focus the 

probe beam in the interaction region, after which the beam was re-collimated with a 

second f=50-cm lens. The beams cross at a small angle of ~3° to maximize the spatial 

overlap volume (~0.19 mm
3
) and signal intensity. The interaction region was enclosed by 

an open-ended metal tee with an ID of 9.6 mm that allowed for introduction of gaseous
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Figure 2.1. Experimental set-up for filament-assisted impulsive Raman spectroscopy. The  

sample cell configuration is magnified in the green inset. 

 

samples, as shown in the inset of Figure 2.1. To increase the concentration of O3, NO, 

and NO2, irises were attached to both the entrance and exit of the metal tee and closed as 

much as possible without clipping the pump or probe beams to limit the escape volume. 

Vacuum lines were placed at each end of the tee to collect the escaping gas. The sample 

cell was evacuated between measurements by attaching a vacuum line directly to the gas 

injection port at the center of the tee. 

A periscope was employed to adjust the beam height after the interaction region 

and a polarizer rejected the (orthogonally-polarized) light scattered from the filament 

pump beam along the probe beam path. A half-wave plate was employed to maximize the 

diffraction efficiency of the probe from the grating in a second, folded, 4-f filter used to 

isolate the spectral region of interest.  Finally, the Raman signal was focused with an f=5-
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cm cylindrical lens onto the slit of a 0.25-m spectrograph equipped with an intensified 

CCD (ICCD) camera for detection. By synchronizing the ICCD with the laser, spectra are 

selectively intensified when the probe pulse is present. The gate is set ~103 ns prior to the 

probe pulse and is intensified for ~780 ns. The synchronized detection enhances the S/N 

by rejecting noise in the 1 ms between shots. The gain specified for the spectra presented 

provides a measure of the relative potential applied to the intensifier, which amplifies the 

current from photoelectrons.  A photon hits the CCD producing a current from an 

electron or several electrons, which is amplified by the intensifier providing photon 

counts. 

Ozone samples were provided by a Del Ozone LG-7 Corona Discharge 

Laboratory Ozone Generator, producing ozone concentrations up to 3.93 % by weight 

when supplied with 1 liter per minute (L/min) of pure oxygen and 3.90% by weight at 1.5 

L/min of pure oxygen, both corresponding to ~25 parts per thousand (ppt) of ozone. The 

ozone concentration at each generator setting for the input oxygen flow rates used in this 

experiment was determined via UV-vis spectroscopic measurements. Nitric oxide (99.5% 

purity) was introduced into the sample cell, where reactions with oxygen in the air 

produced nitrogen dioxide molecules. 

2.3.2 Data Acquisition and Work-up 

 Background subtractions were performed for each individual spectrum acquired 

using the FAIRS apparatus. The references acquired included pump, probe, and room 

lights spectra. The ambient room lights spectrum was first subtracted from the pump, 

probe, and Raman spectra. Then the background corrected pump and probe spectra were 
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subtracted from the Raman spectrum to eliminate any scattered light reaching the 

detector. 

A limit of detection study was performed using the ozone generator. For each 

voltage setting on the generator, an ozone spectrum (corona discharge active) and an 

oxygen reference spectrum (corona discharged off) were measured. The oxygen reference 

was subtracted from the ozone spectrum to eliminate background contributions from the 

probe beam, the pump beam, the ambient light, and the pure oxygen signal.  

 

2.4 Results and Discussion 

2.4.1 Raman Spectra of Ozone and Nitrogen Oxides 

The Raman spectrum of generator-produced ozone collected using FAIR 

spectroscopy is shown in Figure 2.2a. The Raman lines imprinted on the ~5 nm 

bandwidth probe beam reveal the two symmetric Raman-active modes of ozone at 1103.3 

and 702.1 cm
-1

.
17

 The ozone concentration was ~25 ppt ozone in oxygen (~1 L/min O2 

flow rate) and the spectrum shown is an average of 75 spectra with an ICCD exposure 

time of 0.5 seconds and a gain of 195. The acquisition time was 37.5 seconds. The signal-

to-noise ratios for the 702.1 and 1103.3 cm
-1

 features are 16.56 and 226.2, respectively. 

The line positions are consistent with the spontaneous Raman measurement reported in 

[ref 17].
17

 

Pure nitric oxide was also introduced to the sample cell for analysis. The analyte 

was pumped by the filament pulse to excite the Raman-active mode and probed with a ~6 

nm bandwidth pulse. Figure 2.2b displays the measured spectrum with Raman lines at 
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1316 and 1875 cm
-1

 with S/N ratios of 493.4 and 8559.4, respectively. The 1875 cm
-1

 

feature corresponds to the fundamental stretch of NO reported at 1861 cm
-1

,
42

 ~1875 cm
-

1
,
43

 and 1877 cm
-1

 previously,
44

 while the 1316 cm
-1

 feature is attributed to the symmetric 

stretch of NO2 previously reported at 1325 cm
-1

,
45

 indicating the reaction of NO with 

components in the air or O3 from the filament to form NO2. Nitric oxide reacts with 

oxygen in the air entering the open-ended sample cell and with the filament-generated 

ozone) and is rapidly oxidized to nitrogen dioxide via the reactions:  

2NO + O2  2NO2      (2.1) 

NO + O3  NO2 + O2     (2.2) 

To obtain this spectrum, 50 spectra were averaged and the ICCD parameters included a 

gain of 90 and an exposure time of 0.1 seconds, resulting in an acquisition time of 5 

seconds. The slight shifts in the line positions of the nitrogen oxides compared to those 

previously reported may be attributed to minor differences in the spectrometer 

calibration.  

2.4.2 Estimate of FAIR Spectroscopy Limit of Detection 

The Raman response was measured as a function of ozone concentration using the 

symmetric stretch feature. The ozone concentration was varied by changing the discharge 

voltage from 0 to 100 arbitrary units in increments of 10 units for a flow rate of ~1.5 

L/min., (according to the UV-vis spectrum, ~25 ppt of ozone is produced at the 

maximum voltage of “100”).  Figure 2.3a depicts the mechanism for O3 production by 

corona discharge. The relationship between the amount of ozone produced as a function 

of the voltage applied in the corona discharge is nearly linear, as shown in Figure 2.3d. 
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Figure 2.2. (a) Raman spectrum of ozone produced by a generator. Raman modes at  

1103.3 and 702.1 cm
-1

 are observed. A probe pulse bandwidth (FWHM) of 

~5 nm was used. (b) Raman spectrum of NO and NO2. A probe pulse 

bandwidth (FWHM) of ~6 nm was used. The NO Raman mode at 1875 cm
-1

 

and the NO2 Raman mode at 1316 cm
-1

 are observed. 
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Figure 2.3b displays the Raman spectrum of the 1103.3 cm
-1

 ozone line measured 

as a function of ozone concentration. For each concentration shown in panel 2.3b, the 

ICCD gain and exposure time were 120 and 0.1 seconds, respectively, and 50 spectra 

were averaged. Two sets of data with the same gain and exposure time were collected on 

the same day and averaged. An optical background consisting of scattered light from the 

filament and probe beams, as well as cross-phase modulation between the beams, was 

removed by subtracting the generator-off (pure O2 flow) signal from the generator-on 

signal. The mean integrated Raman peak intensity for each ozone generator setting is 

plotted in Figure 2.3c (black circles) along with a quadratic fit to the data (blue curve), 

which shows that the signal scales as N
2
 (where N is the number of oscillators), as 

expected for coherent excitation.
46-47

 At 10 units on the ozone generator, Raman 

scattering from O3 is no longer detected. To investigate ozone production by the 

generator at low voltage settings, a sealed cuvette containing ozone collected from the 

generator at different voltages was analyzed using Fourier transform infrared (FTIR) 

spectroscopy and using UV-vis absorption spectroscopy. The ozone production was 

approximately linear with the voltage settings on the generator, with no ozone detected at 

10 generator units in either the FTIR or UV-vis spectrum. In Figure 2.3d, the square root 

of the average integrated Raman peak intensities was plotted as a function of the mole 

fraction of ozone produced at each generator setting, as determined from the UV-vis 

spectra. The limit of detection of our experimental setup can be estimated by taking the 

square root of the integrated signal intensities ( Isig   N for coherent Raman line) on 

the data to determine the minimum detectable concentration achievable. Data from the 
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Figure 2.3. Ozone Concentration Study. (a) Mechanism of O3 production via a corona  

discharge. (b) Spectral intensity of the symmetric stretch of ozone at varying 

concentrations (O2:O3). The Raman peak intensities of 2 separate data sets 

were averaged together and plotted versus Raman shift. (c) Average 

integrated intensity (represented by black circles) of the 1103.3 cm
-1

 peak in 

(b) as a function of ozone concentration. The blue curve is a quadratic fit of 

the data. (d) Square root of the average integrated Raman peak intensities 

versus the mole fraction of ozone at each generator setting determined by 

UV-vis spectroscopy. A linear fit of the data (shown in green) was performed 

to estimate the limit of detection. Error bars for (c) and (d) are depicted in 

red. 
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lowest settings on the generator (0 and 10 units) was omitted since ozone generation was 

not detected at these settings. The regression yielded a best-fit equation of y = 40363.0x – 

28.6 with a root-mean-square error of 14.7, where y is the square root of the integrated 

Raman peak intensity for ozone and x is the mole fraction of ozone produced at each 

generator setting above 10 units, as calculated using the measured absorption spectra of 

the generator output and the absorption cross sections reported in [ref 48].
48

 From this the 

limit of detection (LOD) was calculated as: 

 LOD = 
√3𝜎

𝑚
                                              (2.3) 

where m is the slope of the linear regression and  is the standard deviation of the signal 

noise, which is 58 counts.  Using this equation yields an O3 mole fraction of 3.27 x 10
-4

, 

which corresponds to a limit of detection of 327 parts per million (ppm) for the camera 

settings used. A nominal gain in sensitivity is achievable by increasing the exposure time 

rather than the gain on the ICCD to increase the S/N. Also, the Raman signal is linearly 

dependent on the probe pulse energy, therefore, the LOD can be further improved 

through use of a higher energy probe beam source.  

2.4.3 Description of Spectral Fringes 

To increase the probe pulse energy, the slit width in the first 4-f filter was 

increased to broaden the probe bandwidth to a FWHM of ~12.5 nm. Upon increasing the 

slit width, spectral interference was observed in the Raman-shifted light, the period and 

amplitude of which decreased with increasing pump-probe time delay (Figure 2.4a). To 

understand the origin of the fringes, the Raman signal was modeled as an impulsively 

excited molecular vibration interacting with an arbitrarily shaped probe pulse following 
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[ref 47]:
47

 

          (2.4) 

where Epr(t) and Epu(t) are the probe and filament electric fields, respectively, K and vib 

are the linear response functions associated with the optical Kerr and vibrational Raman 

nonlinearities, and  is the pump-probe time delay. The vibrational response of an 

arbitrary number of molecules is modeled as a series of underdamped oscillators: 

                                (2.5) 

where (∂/∂q) is the change in the polarizability,  is the frequency of the excited mode, 

m is the mass, and (t) represents the dispersion rate of the impulsively excited 

vibrational wavepacket. The optical Kerr effect is modeled as a phase modulation that is 

proportional to the pump temporal profile following [ref 46].
46

 The Raman spectrum was 

calculated using an experimentally retrieved filament pulse profile
27

 as well as a 

simulated bandwidth-limited 10 fs pulse. The Raman line shapes were essentially the 

same in these two cases, and here we show results obtained using the simulated pulse for 

simplicity. Because the dispersion rate of the wavepacket is not known in this case, the 

relative amplitude of vib(t) with respect to K(t) is manually fitted for each delay.   

There are two forms of coherent signal detected in these measurements: 1) Cross-

phase modulation 2) Raman scattering. The former XPM signal is induced by the strong 

pump on the low intensity leading edge of the probe pulse, which overlaps with the pump 

in time, and is observed as a coherent background in the Raman spectrum (Figure 2.4a). 

Depending on the pump-probe temporal delay, XPM may also arise from overlap of the 
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Figure 2.4. Spectral fringe generation in a Raman spectrum. (a) Explanation of the source 

of cross-phase modulation. (b) Diagram of the origin of temporal chirp in the 

probe pulse profile. (c) Interference effect observed in the Raman spectrum 

upon interaction of the XPM (I) with the temporally chirped Raman signal 

(II). 
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pump with one of the probe sub-pulses created by the 4-f filter slit. The latter Raman 

scattering signal is affected directly by the probe pulse temporal structure. The temporal 

profile of the probe pulse results from a combination of the spectral amplitude shaping 

caused by the slit in the first 4-f filter and temporal chirp arising from propagation 

through optical elements. Any temporal chirp in the probe pulse is manifested in the 

Raman scattered signal (Figure 2.4b). Interaction of a XPM background with a 

temporally chirped Raman scattered signal results in a dispersive interference effect on 

the Raman peaks in the spectral domain, which we term fringes (Figure 2.4c).  

In the simulations, the spectral profile measured after the 4-f filter is used as the 

probe pulse amplitude, while the phase of the probe beam is taken directly from a 

frequency-resolved optical gating measurement of the probe pulse after the 4-f filter.
49

 

The simulation results presented in Figure 2.5b qualitatively reproduce the measurements 

in 2.5a and provide insight into the origin of the interference, as well as its wavelength-

dependent amplitude and the dispersion of the spectral interference fringes. The 

simulations confirm the origin of the spectral modulations to be interference between the 

Raman signal, produced by the interaction of the probe pulse with the vibrationally-

excited medium, and cross-phase modulation. The dispersion of the interference fringes 

is a result of the increasing time delay between spectral components of the probe pulse 

with respect to the XPM-induced bandwidth, which can be considered to be Fourier 

transform-limited in duration compared to the probe pulse due to the short duration of the 

filament pump pulse. The positive chirp from the probe pulse is linearly translated to the 

Raman signal (Figure 2.5c) to create a visible dispersion effect of the spectral fringes. 
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Figure 2.5. The 1103.3 cm
-1

 symmetric stretch of O3 as a function of pump-probe delay.  

(a) Experimental measurements (b) Theoretical calculations, see text for 

details. All data in (a) and (b) are normalized to the gain and plotted on the 

same scale, offset for clarity. The dotted line indicates the average background 

of the heterodyning cross-phase modulation. Data is shown for delays of (i) 0 

fs, (ii) 130 fs, (iii) 266 fs, (iv) 410 fs, (v) 540 fs, (vi) 667 fs, (vii) 800 fs, (viii) 

933 fs, and (ix) 1060 fs. (c) Cartoon of the physical mechanism of chirped 

fringe generation due to interference between (I) cross-phase modulation and 

(II) the Raman-shifted chirped probe pulse. 
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The change in amplitude of the dispersive fringes as a function of wavelength is the 

combined result of the decreasing spectral amplitude of the heterodyning XPM with 

increasing frequency (proportional to -dIpu(t)/dt) and the dispersion of the vibrational 

wavepacket. The effect of wavepacket dispersion on the change in the fringe amplitude is 

probably small; at long time delays the Raman line shape closely resembles the original 

probe spectrum. The fringe structure could potentially be optimized and taken advantage 

of as a means to determine the time dynamics of wavepacket dispersion and thus the 

temperature of the system, as has been done previously using femtosecond CARS.
50-51

 

The fringes can be eliminated with an appropriate choice of the spectral filter used to 

make a narrowband probe
52

 and by controlling the temporal chirp of the probe pulse.  

2.4.4 Application of Spectral Fringes 

To investigate the use of the spectral fringes as a classification tool, the Raman 

spectra of ozone produced by the generator and by the filament alone were investigated at 

two pump-probe delays with the broad (~12.5 nm) probe spectrum. The spectrum of the 

1103.3 cm
-1

 mode of ozone measured with the commercial generator set at 100 units, 

with an input O2 flow rate of ~1 L/min, is plotted in Figure 2.6a and 2.6b (black curves). 

To obtain the black curves in panel 2.6a and 2.6b, a background subtraction of the 

spectrum when the discharge is off (pure O2 flow) was performed for the respective 

delays. At a delay of ~400 fs, three fringes are easily seen in Figure 2.6a. The detector 

requirements were minimal, needing only an exposure time of 0.2 seconds, a gain of 143, 

and averaging of 30 spectra in order to collect a high S/N Raman spectrum. For a delay of 

~530 fs in Figure 2.6b, four fringes are clearly observed with the same ICCD exposure 
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time and averaging, however, the gain was increased to 155.  

Ozone and nitrogen oxides are created during pulse filamentation in air, through 

the interactions of ions, electrons, and radical species of O2 and N2 formed in the regions 

of high, on-axis intensity.
53-54

 For detection of radioactive signatures, it is important to 

assess the contribution from filament-generated species in order to distinguish between 

the background signal and an actual signature. To measure the ozone generated in air by 

the filament, the cell was flushed with argon for several minutes to ensure that there was 

no residual ozone from the generator. After flushing with argon, the vacuum was 

employed to refresh the sample cell with atmospheric air (the vacuum was applied below 

both ends of the sample tee). Subsequently, the diameter of the irises on both ends of the 

metal tee was reduced in order to minimize air flow through the sample region, allowing 

filament-generated ozone to accumulate. After several minutes of filamentation, features 

matching the Raman shifts of ozone appeared. The filament-produced ozone 

measurements were made in atmospheric air without the generator using the same slit 

width and temporal delays as the ozone generator measurements in Figure 2.6a and 2.6b. 

The fringes in the Raman feature were also observed in the air spectra as shown by the 

blue curve in Figure 2.6a and the red curve in 2.6b. To resolve these ozone features 

originating from the filament, the gain on the ICCD was increased to 159 for Figure 2.6a 

and increased to 195 for Figure 2.6b and for both of these delays, an integration time of 

0.2 seconds was again used and 3000 spectra were averaged together. To obtain the blue 

and red curves, a linear fit to the background was subtracted from the filament ozone data 

to account for the background and the difference was magnified by 18 and 10, 
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Figure 2.6. Comparison of ozone generator spectra and filament-produced ozone spectra.  

(a) Spectra at a time delay of ~400 fs, showing 3 spectral fringes. (b) Spectra 

at a time delay of ~530 fs, showing 4 spectral fringes. Spectra in black 

correspond to ozone samples produced by the generator. Spectra in blue and 

red correspond to the ozone generated from the optical filament, where a 

linear background subtraction was performed to artificially eliminate the 

background (due to the reference subtraction of the spectrum with the 

vacuum employed from the filament-generated ozone spectrum) and the 

resulting spectra were magnified by 18 and 10, respectively, so as to make the 

data easier to compare to the ozone generator data. The scale is shown 

relative to the heterodyning background of the generator signal. 
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respectively, to make this data readily comparable to the measurements made using the 

ozone generator. The difference in background level is due to the subtraction of the 

spectrum with vacuum applied to both ends of the sample tee (see inset of Figure 2.1), 

and this condition has a larger background level than the filament-generated ozone 

spectrum. The vacuum lines are placed directly below each of the iris holes at each end of 

the sample tee to remove ozone that has built up in the sample tee in order to collect an 

ozone-free background spectrum. The change in background intensity between the 

vacuum-applied spectrum versus the filament-generated ozone spectrum is caused by the 

added air flux over the interaction region when applying the vacuum, which slightly 

misaligns both beams and adds pointing instability that translates to intensity fluctuations 

in the spectra. At the ~400 fs delay in Figure 2.6a, the triple fringe structure of the 1103.3 

cm
-1

 mode was again observed for the filament-produced ozone measurement. The 

positions of the crests match for the ozone generator and filament-generated ozone 

measurements, indicating that the 1103.3 cm
-1

 feature is the same Raman mode of ozone 

in both cases. At the ~530 fs in delay in Figure 2.6b, the fringe structure was also 

observed, and the fringes again align with those of the generator feature. In this figure, 

the troughs of the fringes have negative values as a result of the linear subtraction of the 

average cross-phase modulation background from the signal. The concentration of ozone 

produced by the filament in the sample tee was estimated for Figure 2.6a and 2.6b using 

the ratio of the fringe intensity (the peak to peak amplitude of a crest and trough) between 

the generator ozone and filament ozone feature. The difference in gain between the 

generator and filament data was corrected using the ICCD sensitivity reference data for 
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the counts/photon as a function of gain provided by the manufacturer. The proportionality  

Fil

Gen

Fil

Gen

C

C

S

S
                                                     (2.6) 

can be used to extract the filament-generated ozone concentration from the calculated 

ozone generator concentration at the maximum setting for an O2 flow rate of ~1 L/min 

(~25 ppt) and the signal intensity ratio, where SGen and SFil are the signal intensities of 

ozone from the generator and filament, respectively, and CGen and CFil are the ozone 

concentrations produced by the generator and filament, respectively. A concentration of 

~6 ppt was calculated for the filament-generated ozone in both Figure 2.6a and 2.6b. This 

estimate is higher than previous measurements of ozone generated by filamentation,
53-54

 

and this may be attributed to the accumulation of ozone in the sample cell over the 10-

minute acquisition time rather than measuring ozone generated in a single laser shot.  

Broadening the bandwidth of the probe beam increases the sensitivity of the 

technique in several ways. The wider slit allocates more probe radiation for detection, 

while enhancing the background originating from cross-phase modulation as well. This 

background heterodynes the Raman signal as is evident by the dispersive fringe features 

in Figures 2.5 and 2.6, providing a possibility of enhanced sensitivity, as is shown by 

previous Raman scattering experiments.
32, 55-57

   

 

2.5 Conclusion 

Ozone generated by corona discharge and by chemical reactions occurring in a 

laser filament was detected using filament-assisted impulsive Raman scattering 

spectroscopy. The Raman spectrum of nitric oxide and nitrogen dioxide was also 
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measured. The detection of these signatures of radioactivity, together with previously 

reported detection of several components of explosives,
32

 demonstrates the potential of 

this technique for sensing a wide range of hazardous materials.  

The generation and subsequent detection of transient species such as ozone in the 

filament itself presents an example of the sensitivity of this vibrational spectroscopic 

technique. Filament-generated photoproducts can also act as in situ molecular references, 

allowing for calibration and alignment of an apparatus and providing a baseline for 

sensitivity. The spectral fringes observed in the Raman spectrum when using a broader 

probe bandwidth have been shown to originate from the interference between the Raman 

signal and pump-induced cross-phase modulation through numerical simulations where 

each effect is produced simultaneously via two separate mechanisms. The fringes are of 

use for classifying low intensity Raman modes, demonstrating the sensitivity of FAIR 

spectroscopy.  
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CHAPTER 3 

DETECTION OF FILAMENT-GENERATED IONIC AND EXCITED-STATE 

SPECIES VIA FILAMENT-ASSISTED IMPULSIVE VIBRATIONAL RAMAN 

SPECTROSCOPY 

 

3.1 Overview 

Filament-assisted impulsive Raman spectra of gaseous species produced via 

ambient filamentation are presented in this chapter. Ionic compounds, including O2
+
 and 

O3
-
, as well as electronically excited nitrogen are generated through the strong field 

chemistry occurring in the filamentation process. Spectral fringing, resulting from 

interference of the Raman signal with cross-phase modulation, is used to confirm the 

Raman nature of the low intensity spectral signal produced by filament-generated ionic 

and excited-state species. 

 

3.2 Introduction 

Ionization of ambient molecules in air can signify a variety of physical and 

chemical processes.  The gamma, beta, and alpha particles emitted during radioactive 

decay can ionize O2 and N2 in air to produce their cations that can then further react with 

air constituents to yield additional species, such as O3 and NOx.
1-8

 Ions of oxygen and 

nitrogen are also created by high-voltage discharges.
9-12

 In the troposphere, ions are 

formed by air-borne alpha, beta, and gamma radiation emitters or by cosmic rays.
13-16

  

The N2
+
 and O2

+
 ions that are formed then undergo chemical and ion exchange reactions 

with other atmospheric constituents to form ions such as H
+
 (H2O)n , NH4

+
 (H2O)m, O2

-
, 
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and NO3
-
 and HSO4

-
 core ions.

13-14
 Photoionization by UV radiation is the dominant 

source of atmospheric ions in the mesosphere.
15

  Combustion is another source of 

ambient ions.
17-20

 Techniques enabling detection of ambient ions are of interest for 

various sensing applications and the detection of multiple molecular signatures may 

classify the ionization source.   

Raman scattering can provide rotational and vibrational information about gas 

phase signatures.
21-22

 Impulsive Raman scattering is an especially powerful a form of 

coherent Raman scattering in which the exciting laser pulse is temporally shorter than the 

period of the Raman-active vibrational mode(s) (laser < mode) of a molecular ensemble, 

creating a vibrational coherence through simultaneous excitation of virtually all the 

vibrational modes of the system.
23

 Filamentation offers a convenient means of producing 

impulsive driving pulses with the potential for remote sensing. Since high on axis 

intensities can be attained at much longer distances using laser filaments,
24-27

 the 

probability of remote nonlinear vibrational excitation increases as compared to linearly 

propagating beams. Standoff  detection of explosives
28

 and radioactive decay signatures
29

 

can be achieved by coupling filamentation with coherent Raman spectroscopy.  

Filament-assisted impulsive Raman (FAIR) spectroscopy employs a filament 

pump beam followed by a time-delayed, narrowband (~7.2 nm) probe beam to 

impulsively interrogate gas-phase samples. Previously, FAIRS was used to investigate 

diatomic and polyatomic molecules, such as N2, O2, H2, CO2, pentane, methylene 

chloride, chloroform cyclohexane, and toluene,
28, 30-31

 as well as signature molecules of 

explosives, including ammonia gas, nitromethane, triethylamine, and gasoline.
28

 Most 
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recently, detection of radioactive decay signatures, namely ozone, nitric oxide, and 

nitrogen dioxide, have been reported through use of the FAIR technique (see Chapter 

2).
29

 The use of a filament pump in coherent Raman spectroscopy also enabled insight 

into the strong field chemistry occurring within filamentary plasma channels with the 

detection of filament-generated ozone.
29

  

Identification of molecular ionization products can be achieved via coherent 

Raman spectroscopy. Detection of neutral and excited-state plasma products has been 

accomplished using coherent anti-Stokes Raman spectroscopy (CARS) to interrogate 

electric discharges
32-39

 and laser-produced plasmas.
40-41

 Detection of ionic plasma 

products formed by discharge and laser-induced plasmas has also been accomplished 

using CARS.
41

 However, filament-induced ionization has only been studied by tracking 

fluorescence in both point
42-46

 and standoff
47

 detection schemes. Using a filament beam 

as a Raman excitation source in the FAIR measurement enables concurrent generation 

and detection of the ionic species created during filamentation.  

During plasma generation in air, a plethora of reaction and ionization pathways 

are possible based on the typical tropospheric composition including 78% nitrogen, 21% 

oxygen, 0.93% argon, varying levels of water vapor (<3%), carbon dioxide (0.034%), and 

trace species
48

 including hydrogen, ozone, methane, xenon, and neon. The overwhelming 

levels of nitrogen and oxygen cause their respective decomposition, recombination, 

electron impact, and ion conversion reactions to contribute the highest concentrations of 

ionic species during atmospheric plasma generation.
46, 49

 The ionization potentials of 

nitrogen and oxygen are 15.5807 eV
50

 and 12.0696 eV,
51

 respectively, with oxygen more 
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readily losing an electron. Due to the complex nature of atmospheric plasma chemistry, it 

is difficult to isolate the particular reactions responsible for production of each ionic 

species.
49

 The most probable pathways for some relevant ionic species (N2
+
, N2

-
, N4

+
, 

O2
+
, O2

-
, O4

+
, O3

-
) are summarized in Table 3.1.

46, 49
 Detection of the ionic species 

generated by a laser filament in air with FAIR spectroscopy could provide insight into the 

strong field plasma chemistry of a filament. 

In this chapter, FAIR spectroscopy is investigated as a means of sensing ionic and 

excited-state signatures by detecting the Raman scattering spectrum of impulsively 

excited nitrogen and oxygen species generated during filamentation. Spectral fringes are 

investigated as a means to identify low intensity Raman modes. Pure nitrogen and oxygen 

gas reference spectra are measured to elucidate any ions originating from these neutrals. 

 

3.3 Experimental 

3.3.1 Experimental Set-up 

A Ti:sapphire chirped-pulse amplifier generating 2.4 mJ, 50 fs, 800 nm centered 

pulses at a 1 kHz repetition rate was used to perform filament-assisted impulsive Raman 

spectroscopy. Figure 3.1 depicts the experimental set-up. A 95/5 beamsplitter divided the 

amplifier output so that the bulk of the laser power was used for the filament pump and 

the remaining 5% constituted the probe beam. The ~2.2 mJ pump beam was focused 

loosely by an f=2-m lens to form a filament. The lens position was controlled by a 

translation stage to optimize the overlap between the region of the filament with the 

temporally shortest pulse and the probe beam focal point in the interaction region. To  
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Ionic  

Species 

Mechanisms References 

Type Reactions # 

N2
+
 Photoionization 

Positive ion conversion 

N2 + hv  N2
+
 + e 

N
+
 + N + N2  N2

+
 + N2 

N
+
 + N + O2  N2

+
 + O2 

N4
+
 + N2  N2

+
 + N2 + N2 

1 

2 

3 

4 

 

49 

N2
-
 Electron attachment e + N2  N2

-
  5 52-53  

N4
+
 Positive ion conversion

 
N2

+
 + N2  N4

+ 
6 46 

O2
+
 Photoionization 

Positive ion conversion 

O2 + hv  O2
+
 + e 

O
+
 + O2  O2

+
 + O 

N
+
 + O2  O2

+
 + N 

O
+
 + O + O2  O2

+
 + O2 

O
+
 + O + N2  O2

+
 + N2 

O
+
 + O3  O2

+
 + O2 

N2
+
 + O2  O2

+
 + N2 

N2
+
 + O3  O2

+
 + O + N2 

N4
+
 + O2  O2

+
 + N2 + N2 

7 

8 

9 

10 

11 

12 

13 

14 

15 

 

 

 

 

49 

O2
-
 Electron attachment e + O2 + O2  O2

-
 + O2 

e + O2 + N2  O2
-
 + N2 

e + O + O2  O + O2
-
 

e + O3  O2
-
 + O 

16 

17 

18 

19 

 

49 

O4
+
 Positive ion conversion O2

+
 + O2  O4

+
 20 49 

O3
-
 Negative ion 

conversion 

O
-
 + O2 + O2  O3

-
 + O2 

O
-
 + O2 + N2  O3

-
 + N2 

O2
-
 + O3  O2 + O3

-
  

O
-
 + O3  O + O3

-
  

21 

22 

23 

24 

 

49 

 

 

 

Table 3.1. Summary of possible ionization mechanisms during ambient filamentation. 
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minimize exposure to air currents and hence pointing instability, the filament was 

enclosed by an open-ended tube with an ID of 2.6 cm prior to the interaction region. 

The ~115 μJ probe beam bandwidth was centered at ~808.8 nm and narrowed from ~32 

nm to (nominally) ~7.2 nm by a 4-f filter, resulting in a ~3 μJ narrow-band probe with a 

slight temporal chirp imposed by mismatching the final f distance of the filter. Recently, 

FAIRS was performed with a temporally chirped probe pulse to induce spectral fringing 

of the excited Raman lines through interference of the chirped Raman signal with the 

pump-probe cross-phase modulation background.
29

 For these measurements, the delay 

between the filament pump beam and the probe beam was set to either 934 fs or 1168 fs 

to obtain the desired fringe structure and allow for detection through the heterodyning 

effect of the cross-phase modulation induced at small pump-probe time delays. To avoid 

excessive cross-phase modulation, which would mask the Raman signal, the polarization 

of the probe was set orthogonal to the pump polarization using a half-wave plate. The 

probe beam was focused in the interaction region and subsequently re-collimated with a 

pair of f=50-cm lenses. To maximize the signal intensity through the spatial overlap, the 

beams cross at a small angle of ~3° yielding an overlap volume of ~0.19 mm
3
. A 9.6 mm 

ID, open-ended, metal tee surrounded the interaction region and allowed for introduction 

of gaseous samples (Figure 3.1 inset). For some samples, vacuum lines were positioned at 

each end of the tee to evacuate the gases post-measurement.  

A half-wave plate was used to optimize the diffraction efficiency of the probe 

from the grating in a second, folded, 4-f filter, which selected the spectral region/feature 

of interest by filtering all other regions/features. To selectively block a specific Raman 
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Figure 3.1. Experimental set-up for filament-assisted impulsive Raman spectroscopy. (a)  

95/5 beamsplitter (b) 2-m lens mounted on a  mechanical delay stage (c) 

unfolded 4-f filter (d) half-wave plate (e) electronic delay stage (f) 50-cm lens 

(g) sample cell enclosing the interaction region (h) 50-cm lens (i) folded 4-f 

filter (j) polarizer (k) 5-cm cylindrical lens (l) spectrometer/ICCD. The 

sample cell configuration is magnified in the green inset.  
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line, a spatial beam block matching the spectral width of the Raman line was placed in 

the Fourier plane at the appropriate position. A polarizer rejected the orthogonally-

polarized light scattered from the filament along the probe beam path. Lastly, an f=5-cm 

cylindrical lens focused the Raman signal onto the slit of a coupled 0.25-m spectrograph 

and intensified CCD (ICCD) camera for detection.  

The ICCD was synchronized with the laser, by setting the gate ~101 ns prior to 

the probe pulse and intensifying for ~5.4 ns, which enhances the S/N by selectively 

intensifying spectra in the presence of the probe pulse and thus rejecting noise in the 1 ms 

between shots. The reference gases were provided by Airgas with the following purity 

grades and flow rates: ultra-high purity grade nitrogen at 80 L/min, working grade 

oxygen at 40 L/min, and prepurified grade argon at 15 L/min. Flow rates were set high 

enough to provide a stable and constant flow based on each regulator, without triggering 

large signal fluctuations by the gas currents introduced in the interaction region. Ozone 

samples were provided by a Del Ozone LG-7 Corona Discharge Laboratory Ozone 

Generator, producing ozone concentrations up to 3.90% by weight at 1.5 L/min of pure 

oxygen, corresponding to ~25 parts per thousand (ppt) of ozone.  

3.3.2 Data Acquisition and Work-up 

 Background subtractions were performed for each individual spectrum acquired 

using FAIR spectroscopy. The references acquired included pump, probe, and room 

lights spectra. The ambient room lights spectrum was first subtracted from the pump, 

probe, and Raman spectra. Then the background corrected pump and probe spectra were 

subtracted from the Raman spectrum to eliminate contributions from any scattered light 
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reaching the detector. To distinguish between oxygen-based and nitrogen-based Raman 

features, reference spectra of nitrogen and oxygen were also collected for each of the 

spectral regions investigated. For these references, pure nitrogen and oxygen were flowed 

through the interaction region to enhance any of their respective Raman features. Argon 

references were also used to confirm the Raman scattering nature of the spectral features. 

The gas reference spectra were background corrected for the room, pump, and probe 

lights as well. For ozone generator measurements, an ozone spectrum (corona discharge 

active) and an oxygen reference spectrum (corona discharged off) were acquired for each 

voltage setting on the generator. The oxygen reference was subtracted from the ozone 

spectrum to eliminate background contributions from the probe beam, the pump beam, 

the ambient light, and the pure oxygen signal.  

 

3.4 Results and Discussion 

3.4.1 Raman Spectra of Ozone and Anionic Ozone 

Potential ionic species generated by an ambient laser filament and their associated 

Raman shifts as reported in literature are listed in Table 3.2. Filament-assisted impulsive 

Raman spectra for vibrational modes of O3 and O3
-
 are presented in Figure 3.2. These 

Raman features are contained in the spectral region spanning ~525 to 1225 cm
-1

 and are 

measured with a pump-probe temporal delay of 934 fs. The black spectrum is the ambient 

filament spectrum, vertically offset by 5000 units from 0. There are fringes from 700 to 

800 cm
-1

 superimposed on a broad feature ranging from 650 to 950 cm
-1

. The blue 

spectrum is the oxygen reference measured by flowing pure oxygen throughout the  
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Species Peak (cm
-1

) Mode References 

N2 2331 ν1 54 

N2
-
 ~1800 ν1 55 

N2
+
 2175 ν1 56 

N4
+
 

2283 ν1 56 

2234.5 ν3 56 

O2 1555 ν1 54 

O2
-
 1094 ν1 57 

O2
+
 1876 ν1 54, 57-59 

O3 

701 ν2 60 

1042 ν3 60 

1103 ν1 60 

O3
-
 796 ν3 61 

 

Table 3.2. Summary of potential filament-generated ionic species and atmospheric  

      species and their corresponding mode assignments based on literature reports. 

 

interaction region and consists mainly of a broad feature spanning from 650 to 950 cm
-1

. 

Both spectra were captured with an exposure time of 0.3 seconds and a gain of 60 for an 

average of 50 spectra. The dotted blue spectrum represents the oxygen reference 

spectrum measured with vacuum lines placed below the sample cell (Figure 3.1 inset) to 

increase the flow of oxygen across the interaction region. This spectrum has a vertical 

offset of 10,000 units from 0 and was captured with identical ICCD settings. Both the 

ambient and vacuum-aided oxygen spectra contain fringes centered at 770 cm
-1

 indicating 

that this mode belongs to a species produced by oxygen. Previous plasma studies have 

reported the formation of O3
-
 (Table 3.1, Reactions 21-24),

49
 which has a reported Raman 

shift of about 796 cm
-1

.
61

 The reported Raman shift is near the measured Raman shift in 

Figure 3.2, strongly suggesting that the filament is forming ionic ozone. Potential 
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filament ionization mechanisms include: 1) O
-
 + O2 + M  O3

-
 + M; 2) O2

-
 + O3  O2 + 

O3
-
 ; 3) O

-
 + O3  O + O3

-
. The 770 cm

-1
 mode in the dotted blue vacuum-aided oxygen 

flowing spectrum has distinct fringes compared to the 770 cm
-1

 mode in the solid blue 

oxygen flowing spectrum, indicating that the shape of the featured is dependent on 

vacuum use. Addition of the vacuum lines alters the flow of the oxygen over the 

interaction region which may alter the sample volume that is probed, affect the magnitude 

of ion formation, and alter the alignment of the filament and probe beams as a result of 

the change in gas flux. All of these consequences of the vacuum affect the signal 

intensity. Additionally, changes in the beam alignment may affect alignment into the 

detector and thus alter both background and signal levels. 

  The two symmetric modes of neutral ozone are expected at Raman shifts of 701 

and 1103 cm
-1

.
60

 An ozone reference spectrum, shown in magenta and vertically offset by 

27,000 units in Figure 3.2, was obtained using the ozone generator at the maximum 

voltage and decreasing the ICCD gain to 50. The O3 modes are observed at 1088 and 694 

cm
-1

 and additionally, half of 770 cm
-1

 fringe structure associated with the O3
-
 species is 

detected next to the 694 cm
-1

 bend feature in this spectrum. Detection of O3
-
 is expected 

due to the low O3:O2 ratio (~1:39) of the ozone generator output at the maximum voltage 

for a 1.5 L/min flow rate. The high percentage of unconverted O2 bulk is available to 

undergo laser plasma chemistry to form O3
-
. The neutral ozone that is created by the 

generator may also be ionized through negative ion conversion of O
-
 and O2

-
 (Table 3.1, 

Reactions 23 and 24). Comparing the high energy region of the black air spectrum and 

the magenta ozone spectrum, low intensity fringes matching that of the symmetric stretch  
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Figure 3.2. Raman spectrum of filament-generated species for the low-energy region. The  

ambient filament spectrum (black curve) is compared to gaseous references 

of oxygen (solid blue curve), oxygen in the presence of a vacuum (dotted 

blue curve), and the ozone generator output (magenta curve). The black 

ambient spectrum, dotted blue oxygen spectrum, and magenta ozone 

spectrum have vertical offsets of 5000, 10000, and 27,000 units, respectively. 
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of ozone are observed in the ambient spectrum at 1088 cm
-1

, as has been previously 

reported using FAIRS.
29

 For these measurements, argon was used as a reference gas to 

confirm the Raman nature of the spectral features and nitrogen gas was referenced to help 

determine the parent species of the Raman mode. No spectral features were observed 

upon introduction of N2 or Ar into the sample cell, further, indicating the production of 

O3 and O3
-
 by the filament pump beam in Figure 3.2. 

3.4.2 Raman Spectra of Cationic Oxygen and Excited-State Nitrogen 

The impulsive Raman spectra for the fundamental vibrational mode of O2
+
 and 

the B
3
g excited-state vibrational mode of N2 are presented in Figure 3.3. These features 

are observed in the region spanning ~1400 to 2200 cm
-1

. A comparison between pump-

probe time delays of 934 fs and 1168 fs is made in panel 3.3a and 3.3b, respectively. In 

panel 3.3a, the gray data set is a reference spectrum of the 1545 cm
-1

 oxygen fundamental 

vibration present in atmospheric air and collected with an ICCD exposure time of 0.3 

seconds, a gain of 20, and averaging 100 spectra. In order to utilize the gain and exposure 

time for sensitive detection without saturation of the ICCD, the oxygen fundamental line 

was masked with a beam block in the Fourier plane of the 4-f filter located in the 

detection path. The remaining spectra in Figure 3.3a were measured by averaging 50 

spectra with a 145 gain and 0.3 second exposure time. The spectrum in black (vertically 

offset by 2000 units from 0) is the filament spectrum in air, in which a Raman feature 

centered at 1832 cm
-1

 is evident. The blue spectrum was acquired with oxygen gas 

flowing over the interaction region and shows an enhancement of the mode at 1832 cm
-1

, 

indicating that this feature is likely attributed to an oxygen species. One of the primary  
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Figure 3.3. Raman spectrum of filament-generated species for the mid-energy region. The  

ambient filament spectrum (black curve) is compared to references of 

ambient oxygen (gray curve), flowing oxygen (blue curves), and flowing 

nitrogen (red curves). (a) Pump-probe delay of 934 fs. The black and red 

curves are vertically offset by 2000 and 7000 units from 0, respectively. (b) 

Pump-probe delay of 1168 fs. The blue curve is vertically offset by 800 units 

from 0. The ambient fringed feature is magnified in the insets of (a) and (b) 

along with the oxygen and nitrogen references, and red dashed arrows mark 

the position of the crest in question of the nitrogen reference. 
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reactions in a laser-induced plasma is the initial photoionization of the medium. For 

oxygen, this is represented by Reaction 7 in Table 3.1, where an electron is ejected upon 

absorption of radiation, forming O2
+
 as a product. Additionally, a multitude of possible 

positive ion conversion reactions may contribute to the formation of O2
+
 (Table 3.1, 

Reactions 8-15).
49

 The reported Raman shift for the first cation of diatomic oxygen is at 

1876 cm
-1

,
54, 57

 and ranges from 1819 to 1864 cm
-1

 for the symmetric mode in various salt 

systems
58-59

 nearly matching the Raman shift of the oxygen feature measured in Figure 

3.3. This evidence suggests that filament-ionized O2
+
 has been detected.  

The presence of an underlying Raman-active species formed from nitrogen 

precursor was also investigated. The Raman spectrum for nitrogen flowing into the 

sample tee, is shown in red (vertically offset by 7000 units from 0) in Figure 3.3a, 

revealing a feature centered at 1770 cm
-1

. This is close in energy to the reported values of 

the B
3
g excited-state vibration of N2 at 1734 and 1733 cm

-1
.
54, 62

 Previous measurements 

of the fluorescence emission from laser filaments in air have confirmed the presence of 

this excited nitrogen species through detection of the C
3
u – B

3
g electronic transition,

42, 

44, 46
 further indicating the detection of this species by FAIR spectroscopy. When 

magnifying the ambient 1832 cm
-1

 feature in black, as shown in the inset of Figure 3.3a, 

the low energy end of the fringe structure differs from that of the oxygen feature in blue. 

The center of the lowest energy crest is located at 1735.5 cm
-1

 (marked by a red dashed 

arrow), which instead matches the placement of the lowest wavenumber crest of the 

nitrogen feature in red. Therefore, this excited nitrogen species is likely present in the 

ambient spectrum, but is concealed by the overlapping cationic oxygen feature of higher 
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intensity.  

A pump-probe time delay of 1168 fs was investigated (Figure 3.3b) using a gain 

of 105 to further confirm the suspected ionic and electronically excited species in Figure 

3.3a. The increase in delay between the pump and probe pulses leads to a decrease in the 

periodicity of the fringes for each feature and a decrease in the intensity of each feature, 

as observed in Figure 3.3. The black, blue, and red spectra were again obtained under 

ambient, oxygen flowing, and nitrogen flowing conditions, with the oxygen-rich 

spectrum vertically offset by 800 units from 0.  At a delay of 1168 fs, all of the fringed 

features present at the 934 fs delay in panel 3.3a were again observed at the same Raman 

shifts for the ambient, oxygen, and nitrogen spectra. These detected species produced by 

the filament are magnified in the inset of panel 3.3b to again reveal the difference in the 

lower energy side of the 1832 cm
-1

 fringe structure of the black ambient filament 

spectrum compared to the matching feature in the blue oxygen spectrum. The lowest 

energy crest for the ambient spectrum appears at 1743.5 cm
-1

 (marked by red dashed 

arrow), matching the crest placement of the nitrogen feature (red spectrum). This further 

indicates the presences of the 1770 cm
-1

 mode of excited-state nitrogen in the ambient 

filament spectrum. Both pump-probe time delays in Figure 3.3 strongly suggest the 

presence of filament-generated O2
+
 and B

3
g electronically excited N2 species. 

The Raman signal intensity of the fringed features measured using FAIRS 

decreases with increasing delay. The maximum peak to peak amplitude in the nitrogen 

rich spectra in Figure 3.3 decreases with increasing delay from 9535.23 counts to 1746.44 

counts. The explanation for the decrease in signal intensity is two-fold, the first reason is 
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that increasing the pump-probe delay decreases the magnitude of the overlap of the 

leading edge of probe pulse with the excited vibrational coherence. Second, as the 

temporal distance between the pump and probe pulses increases the cross-phase 

modulation background induced by the intense filament pump on the probe decreases and 

thus the magnitude of the heterodyning effect decreases. Choosing a pump-probe time 

delay that maximizes the overlap of the probe with the excited coherence, while adding 

an appropriate level of cross-phase modulation background for heterodyning optimizes 

the intensity and signal-to-noise ratio of the measured Raman scattering signal.  

 

3.5 Conclusion 

The generation and subsequent detection of transient ions and excited-state 

species created by the plasma chemical reactions occurring within the optical filament 

pump beam were observed via filament-assisted impulsive Raman spectroscopy. The 

observable filament-produced species include B
3
g excited-state N2, O2

+
, and O3

-
. These 

filament-generated products provide additional in situ molecular references (along with 

O3 molecules),
29

 which could be used to calibrate and establish a detection baseline for 

the FAIRS technique. The observation of these ionic signatures, along with detection of 

other radioactive signature molecules and multiple components of explosives signature 

and simulant molecules, as reported previously, 
28-29

 demonstrates FAIR spectroscopy as 

a potential threat sensing technique for a variety of hazardous materials. The cross-phase 

modulation/Raman signal spectral interference fringes were used to classify low intensity 

Raman scattering. Both heterodyning and fringing provide means of improving the 
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sensitivity of FAIR spectroscopy and demonstrate the versatility of this vibrational 

spectroscopic technique. 
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CHAPTER 4 

DETECTION OF NATURAL GAS COMBUSTION SPECIES VIA FILAMENT-

ASSISTED IMPULSIVE VIBRATIONAL RAMAN SPECTROSCOPY 

 

4.1 Overview 

The filament-assisted impulsive Raman spectra of natural gas combustion are 

presented in this chapter. The intensity trends of Raman-active modes involved in the 

combustion process are investigated in a spatially resolved flame study. Two temperature 

environments are examined through use of oxidant-rich and oxidant-lean Bunsen burner 

flames. Known methane, ethane, water vapor, oxygen, carbon dioxide, and carbon 

monoxide Raman modes are monitored in the flame. Potential species detected during 

natural gas combustion include HCO, CH2O, C2H2, H3O
+
, OH, OH

-
, and O2

+
. Spectral 

fringes aid in classifying the low signal intensity flame species. 

 

4.2 Introduction 

Combustion is an exothermic chemical process by which fuel is burned (and 

therefore consumed) in the presence of an oxidizer. A natural gas flame in air is a 

commonly studied system, where natural gas is the fuel (electron provider) and air (i.e. 

79% N2, 21% O2)
1
 is the oxidizer (electron acceptor) in the reaction. Natural gas is 

typically comprised mainly of methane, with trace amounts of N2 and CO2, as well as 

other hydrocarbons whose contribution decreases with increasing chain length. The flow 

rate of the fuel-oxidant mixture affects the type of flame (i.e. size, stability, shape) that is 

ignited. Low reactant flow rates produce laminar flames, whereas high reactant flow rates 
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produce turbulent flames. Based upon the oxidizer availability, three different forms of 

flames can be created: non-luminous, semi-luminous, or luminous. A non-luminous 

flame is a blue flame that is difficult to see against some backgrounds. This blue flame is 

achieved at maximal oxidant supply (i.e. maximal oxygen for a methane flame), and is 

therefore also known as a premixed flame.
2-4

 Conversely, a luminous flame is bright 

yellow in color as a result of a decomposition process (termed pyrolysis), which forms 

carbon particles that incandesce in the flame. This yellow flame is created when the 

oxidant supply is minimized, and is thus also termed a diffusion flame.
2-4

 A semi-

luminous flame falls between a luminous and non-luminous flame and can be blue or 

blue and partially yellow in color. This hybrid like flame forms when the oxidant supply 

is limited, preventing substantial carbon formation such that the incandescence from the 

limited soot particles makes the flame only partially luminous.
2, 4

 Non-luminous flames 

are much hotter than luminous flames, which greatly effects the combustion process. 

There are two types of combustion: complete combustion or incomplete combustion. 

Complete combustion in a natural gas/air flame is characterized by the formation of 

carbon dioxide and water through the reaction:
5-6

  

CH4 + 2O2 + 8N2  CO2 + 2H2O + 8N2    (4.1) 

Stoichiometric reactant mixtures in natural gas flames yield complete combustion as the 

fuel and oxidizer are completely consumed.
6
 Several reported temperatures for 

stoichiometric natural gas flames at atmospheric pressure include 2148 K,
5
 2200 K,

3
 and 

2222 K
2, 6

. Nonstoichiometric flames arise if the system is either fuel-rich (i.e. an excess 

of fuel) or fuel-lean (i.e. an excess of oxidizer).
3, 6

 Fuel-lean flames are often utilized to 
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ensure complete combustion.
3
 Conversely, fuel-rich flames yield incomplete combustion 

due to the lack of oxidant.
3, 6

 Incomplete combustion in a natural gas flame is 

characterized by the formation of products such as carbon monoxide and atomic carbon, 

which can be produced through various reactions including: 

2CH4 + 3O2  2CO + 4H2O     (4.2) 

    CH4 + O2  C + 2H2O     (4.3) 

        4CH4 + 5O2  2CO + 2C + 8H2O    (4.4) 

The general oxidation sequence for methane fuel is:
6-8

  

CH4  CH3  CH2O  CHO  CO  CO2   (4.5) 

The species observed during combustion depend on the flow rate and fuel-oxidant ratio, 

both of which affect the flame type and temperature. 

Bunsen burners control the supply of oxidant during combustion through slot 

holes in the base of the burner barrel. The resulting flames are usually conical in shape 

and are considered premixed (when the air holes are open) since the gaseous fuel injected 

at the base of the burner acts as a jet to entrain the air entering through the ports and form 

a homogeneous mixture. To maximize the oxidant levels the holes are left open, allowing 

for ample mixing of the fuel and oxidant gases prior to combustion. Well-mixed reactants 

enable an extremely rapid and more complete combustion, which ultimately yields a 

hotter, non-luminous (i.e. premixed) flame with the high-temperature zone localized 

close to the top of the burner. The brighter inner cone is the initial flame front where 

combustion of the premixed reactants occurs. The dimmer outer sheath is where further 

burning occurs upon interaction of the mixture with ambient air surrounding the flame 
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surface, which acts to stabilize the flame. Conversely, to minimize the oxidant levels the 

holes at the burner base are completely sealed, preventing prior mixing so that only 

ambient air, mixing at the flame surface, is consumed as the oxidant during combustion. 

Limiting the oxidant supply to the ambient molecules at the tip of the burner leads to 

incomplete combustion due to the inadequate mixing and spreads out the area over which 

combustion occurs, producing a cooler, luminous (i.e. diffusion) flame.
2-5

  

Common neutral and radical observables in methane combustion include O2, OH, 

H2, H2O, CH3, CH4, CO, CO2, HCO, CH2O, CH, and C2H2.
2, 4, 7-9

 Combustion is also a 

potential source of NOx molecules,
2, 10-12

 ozone,
13-14

 and ions, with methane flames 

creating such ionic species as H3O
+
, O2

+
, CHO

+
, C2H3O

+
, H2O

+
, CHO3

-
, CO3

-
, O2

-
, and 

OH
-
.
13-18

 Thus, a technique capable of spatially characterizing the many potential 

combustion products is valuable for sensing applications as the detection of multiple 

signatures may be used to classify the type of combustion as well as the relevant reaction 

paths.  

Successful probing of combustion events is of great importance. Some of the 

commonly investigated metrics include temperature, luminescence, and species 

concentrations within flames. Mass spectrometry is one technique that has been used to 

investigate combustion species in flames.
13-14, 17, 19-20

 A multitude of optical techniques 

have also been previous employed to study combustion processes, such as optical 

emission tomography,
11

 laser absorption,
21-25

 laser-induced fluorescence (LIF),
21, 26-30

 

resonance-enhanced multiphoton ionization (REMPI),
31-33

 and degenerate four-wave 

mixing (DFWM).
34-38
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Coherent Raman spectroscopy is another diagnostic method that is often used to 

identify the reactants and products of combustion, by probing their specific vibrational 

and rotational motion, and to perform thermometry. Gas-phase combustion has been 

studied previously using coherent anti-Stokes Raman scattering (CARS) spectroscopy in 

the nanosecond,
10, 39-42

 picosecond,
43-45

 and femtosecond
46-50

 excitation regimes.
51

 Typical 

fs-CARS implementations for flame diagnostics require the use of three laser beams, 

although single-shot fs-CARS thermometry measurements have been accomplished with 

this geometry via a fs pump chirped-probe scheme.
47-49

 Two-beam CARS spectroscopy 

on flames has recently been demonstrated with a broadband pump/Stokes beam used for 

Raman excitation.
52-55

 However, all of the aforementioned coherent Raman spectroscopic 

methods are limited to a point geometry. 

The intrinsic pulse shortening and the potential for remote sensing make optical 

filaments desirable excitation sources for coherent Raman spectroscopy, with the ultimate 

goal of rapid, remote gas-phase sensing of hazardous materials. Filament-assisted 

impulsive Raman (FAIR) spectroscopy has successfully detected improvised explosive 

device signature and simulant molecules, such as triethylamine, ammonia gas, 

nitromethane, and gasoline.
56

 FAIRS has also measured vibrational wavepacket 

dispersion in N2 from a flame environment, illustrating the potential of FAIR for 

thermometry.
57

 These prior investigations demonstrate the potential of FAIRS for gas-

phase flame diagnostics, such as spatially resolved reactant and product sensing and 

temperature measurements.  

This chapter demonstrates the use of FAIR spectroscopy for sensing signatures of 
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natural gas combustion by investigating the Raman scattering spectrum of the 

impulsively excited fuel and oxidant reactants and potential combustion products. Two 

temperature settings are investigated by performing FAIRS measurements on the natural 

gas flame from and an open-base and a closed-base Bunsen burner. The intensities of the 

Raman-active combustion species are monitored as a function of vertical position in the 

flame. The appearance of Raman modes as a function of flame position is also tracked. 

The spectral fringes at two pump-probe time delays are utilized for Raman mode 

confirmation. Nitrogen, carbon dioxide, and natural gas references (not combusted) are 

collected to identify Raman-active vibrational modes of reactant species.  

 

4.3 Experimental 

4.3.1 Experimental Set-up 

A Ti:sapphire chirped-pulse amplifier producing 2.3 mJ, 50 fs pulses at 800 nm, 

operating at 1 kHz repetition rate was used to perform filament-assisted impulsive Raman 

spectroscopy. The experimental scheme is shown in Figure 4.1. The regenerative 

amplifier output was split by a 95/5 beamsplitter, with the majority used to create a 

filament pump beam and the minority used as the probe beam. The ~2.2 mJ pump beam 

was focused with an f=2-m lens to form a filament. To overlap the spatial region of the 

filament coinciding with the shortest pulse duration with the focus of the probe beam in 

the interaction region, the 2-m lens was mounted on a translation stage. The filament was 

enclosed by an open-ended tube with an ID of 2.6 cm prior to the interaction region to 

remove beam instabilities from air currents. 
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Figure 4.1. Experimental set-up for filament-assisted impulsive Raman spectroscopy for  

the purpose of combustion probing. (a) 95/5 beamsplitter (b) 2-m lens on a  

mechanical delay stage (c) unfolded 4-f filter (d) half-wave plate (e) 

electronic delay stage (f) 50-cm lens (g) interaction region (h) 50-cm lens (i) 

half-wave plate (j) folded 4-f filter (k) polarizer (l) 5-cm cylindrical lens (m) 

spectrometer/ICCD. The bunsen burner and the refence gas sample cell 

configurations are magnified in the green insets on the left and right, 

repectively. 
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After the beamsplitter, the bandwidth of the ~115 μJ probe beam was narrowed 

from ~32 nm to typically ~7.5 nm using a 4-f filter, yielding a ~5 μJ narrow-band probe 

with a small amount temporal chirp imposed by mismatching the final f distance of the 

filter. Recently, FAIRS was performed with a temporally chirped probe pulse to induce 

spectral fringing of the excited Raman lines through interference of the chirped Raman 

signal with the pump-induced cross-phase modulation background.
58

 For these 

measurements, the pump-probe temporal delay was set to either 934 fs or 1185 fs to 

obtain a two different fringe structures and to allow for more sensitive detection through 

the heterodyning effect of the cross-phase modulation induced at small pump-probe time 

delays. At the 934 fs delay, Raman scattering was accomplished with a probe beam 

centered at 808.8 nm and narrow to ~7.5 nm of bandwidth. Raman scattering at the 1185 

fs time delay was achieved with a probe beam centered at 812.5 nm and narrowed to a 

bandwidth of ~7.7 nm. The probe polarization was rotated orthogonal to the pump 

polarization with a half-wave plate to decrease the background contribution of cross-

phase modulation. A pair of f=50-cm lenses was used to focus the probe beam in the 

interaction region and subsequently re-collimate the beam. The crossing angle of the 

beams was minimal at ~3° to maximize the spatial overlap and signal intensity. A Bunsen 

burner was mounted to two perpendicularly oriented translation stages, each with a 1 inch 

translation maximum, to allow for vertical movement of the flame and optimization of 

the horizontal flame position at the interaction region. The mounting of the Bunsen 

burner is illustrated in Figure 4.2, which also depicts the placement of the burner with 

respect to the laser interaction region. To acquire spectra of reference gases, an open- 
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Figure 4.2. Bunsen burner experimental set-up and illustration of flame probing via  

filament-assisted impulsive Raman spectroscopy. The color scheme utilized 

for the presentation of the spatially resolved flame measurements is shown in 

the top, left inset. 
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ended, 9.6 mm ID metal tee was used to enclose the interaction region and insert the 

gaseous samples (Figure 4.1 inset).  

A half-wave plate maximized the diffraction efficiency of the probe from the 

grating in a second, folded, 4-f filter, which selected the spectral region/feature of interest 

by filtering all other regions/features. To selectively block a specific Raman line, a beam 

block matching the spectral width of the Raman line was inserted at that line position in 

the Fourier plane. A polarizer rejected any orthogonally-polarized, scattered light from 

the filament traveling along the probe beam path. Finally, an f=5-cm cylindrical lens 

focused the Raman signal onto the slit of a coupled 0.25-m spectrograph and intensified 

CCD (ICCD) camera for detection. Spectra were selectively intensified in the presence of 

the probe pulse by synchronizing the ICCD with the laser. The gate was set ~100 ns prior 

to the probe pulse and was intensified for ~36 ns.  

The working grade nitrogen and oxygen reference gases were provided by Airgas. The 

natural gas in the lab, supplied by Philadelphia Gas Works (PGW), fueled the flame at 

flow rate of ~5 mL/min. Chemical analyses data provided by PGW for the natural gas 

supplied to the lab report average compositions of ~95.71% methane, ~3.46% ethane, 

~0.17% propane, ~0.39% nitrogen, and ~0.24% carbon dioxide, with potential trace 

contributions from butanes, pentanes, and hexanes. FAIRS measurements in the flame 

were collected for the two temperature extremes where the base of the Bunsen burner was 

completely closed (cooler flame) or open (hotter flame), as shown in Figure 4.3. 

4.3.2 Data Acquisition and Work-up 

Raman signal from natural gas Bunsen burner flames was measured for the cases  
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Figure 4.3. Comparison of non-luminous versus semi-luminous natural gas flames  

obtained with an open-base and closed-base Bunsen burner, respectively. The 

regions of each type of flame are labeled. 
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of oxidant-rich flames (open base) and oxidant-poor flames (closed base). The full 

spectral range of the spectrometer was utilized for each type of flame to investigate the 

Raman-active species consumed and produced during combustion. Measurements were 

performed at nine vertical positions in the center of the flame, starting at the top of the 

burner and moving upward in increments of 3 mm (0 – 24 mm stage travel). For each 

measurement, background references of the room lights, pump beam light, and probe 

beam light were also recorded. The final spectrum was obtained by first subtracting the 

contribution from the room lights from the raw spectra and from the pump and probe 

beam reference spectra. Then the corrected pump and probe background references were 

subtracted from the raw flame spectrum to yield a final flame spectrum free of ambient 

and scattered light contributions. For each of the spectral regions investigated, reference 

spectra of pure nitrogen, oxygen, and natural gas were also acquired (average of 20 

spectra), to aid in assignment of the Raman features. These gas reference spectra were 

also background corrected for the room, pump, and probe lights. For all flame 

measurements, 50 spectra were averaged and the ICCD exposure time was kept constant 

between the open and closed-base acquisitions for each spectral region. An exposure time 

of 0.4 s was used for the flame data in Section 4.4.1, while 0.3 s was used for the flame 

data sets in the remaining sections of the Results and Discussion. When comparing the 

open-base to the closed-base spectra, the spectra acquired with the higher gain on the 

ICCD were intensity corrected to allow for direct comparison to the lower gain settings 

spectra. Intensity corrections accounting for differences in laser power between data sets 

were also applied. 
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4.4 Results and Discussion 

4.4.1 FAIRS of Natural Gas Flames: 3350 – 3850 cm
-1

 Region 

Potential combustion species are listed in Table 4.1 at the end of the Results and 

Discussion section, along with their associated Raman shifts according to literature. 

Water vapor is one of the products of complete combustion, therefore the H2O symmetric 

stretch in a natural gas flame was monitored for fuel-lean (hotter) versus fuel-rich 

(cooler) conditions. Figure 4.4a and 4.4b shows the spectral region from 3350 to 3850 

cm
-1

, with the symmetric stretch of water centered at 3660 cm
-1

. Both the open (panel 

4.4a) and closed (panel 4.4b) base spectra were collected with a gain of 200 and a pump-

probe delay of 1185 fs. The open-base spectrum in panel 4.4a reveals that the signal 

intensity of the water mode decreases with increasing flame height above the burner. 

Upon reaching 6 mm above the burner top, another Raman mode at ~3530 cm
-1

 appears 

and subsequently increases in intensity with the increasing flame position, suggestion this 

corresponds to a combustion product. This feature is close to the reported energy of 3548 

cm
-1

 for the OH radical fundamental vibration,
59

 and 3556 cm
-1

 for the OH
-
 

fundamental.
60

 The ~3530 cm
-1

 feature is also close in energy to the H3O
+
 1 vibrational 

mode, reported at 3560 cm
-1

,
61

 and the H3O
+
 3 mode, reported at 3530 cm

-1
,
62

 3536 cm
-

1
,
63

 and 3510 cm
-1

.
61

 Previous experiments have confirmed the production of both 

hydroxyl radicals and hydronium ions in methane-air flames,
8, 13, 16-18

 suggesting that the 

assignment of the 3530 cm
-1

 mode to either of these two molecules is a reasonable 

conclusion. An addition feature centered at ~3398 cm
-1

, is present in the spectra closest to 

the burner surface (0 – 9 mm), indicating that it corresponds to a species that is consumed  
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Figure 4.4. Raman spectra of natural gas combustion in the 3350 to 3850 cm
-1

 region as a  

function of vertical flame position for a 1185 fs pump-probe delay. (a) Open-

base Bunsen burner FAIRS measurements. (b) Closed-base Bunsen burner 

FAIRS measurements. (c) Peak-to-peak signal intensity versus vertical flame 

position for open-base combustion. (d) Peak-to-peak signal intensity versus 

vertical flame position for closed-base combustion. The key in the top right 

lists the color associated with each stage position. 
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during the combustion process. The feature could potentially correspond to formation of 

acetylene (C2H2) which has a reported Raman shift of 3374 cm
-1

 for the 1 vibrational 

mode.
64

 This ~3398 cm
-1

 feature appears to be anti-correlated with the ~3530 cm
-1

 

feature, suggesting that the former species could potentially be converted into the latter 

species during natural gas combustion. 

Figure 4.4b also shows the H2O stretch signal intensity decreasing as the position 

above the Bunsen burner increases when the slots at the base are closed. The ~3530 cm
-1

 

feature (potentially associated with a hydroxide species or hydronium ion) is visible at a 

low signal intensity in the spectra farthest from the burner (15 – 24 mm), providing 

further evidence that this is a combustion product and also indicating that its generation 

requires a hotter flame environment with higher oxidizer levels. Conversely, the ~3398 

cm
-1

 mode (potentially acetylene) is higher in intensity and distinguishable up to the 15 

mm position. A closed base provides a fuel-rich environment, so the higher signal 

intensity of the ~3398 cm
-1

 feature compared to the open-base measurements indicates 

that this is either a reactant feature or a species that relies on the reactant concentrations, 

and is therefore is consumed, causing the mode to disappear at higher flame positions. As 

in panel 4.4a, the ~3530 cm
-1

 and ~3398 cm
-1

 Raman features are inversely correlated 

indicating possible species conversion. 

Figure 4.4c and 4.4d display the peak-to-peak intensity (i.e. crest-to-trough 

intensity) of the water mode as a function of flame position for the open and closed-base 

scenario, respectively. Panel 4.4c shows that the intensity remains almost constant up to 

the 12 mm vertical position, after which it decreases linearly. This suggests that the 
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concentration of H2O remains almost the same in the primary reaction zone of the flame 

and subsequently decreases as it reaches the hottest part of the flame. Panel 4.4d reveals a 

linear decrease in signal intensity as a function of position for the closed base which is 

consistent with the lack of conical structure for this semi-luminous flame, as depicted in 

Figure 4.3. 

4.4.2 FAIRS of Natural Gas Flames: 2450 – 3400 cm
-1

 Region 

Natural gas is comprised mainly of methane (~95.71% in these experiments) 

therefore, monitoring the consumption of this fuel during the combustion process 

provides insight into methane’s role in that process for various types of flame 

environments. Figure 4.5 depicts the 2450 to 3400 cm
-1

 spectral region for open-base and 

closed base natural gas combustion measured at a pump-probe temporal delay of 1185 fs. 

No ICCD gain was utilized, therefore, no intensity corrections were required for the data 

sets. Figure 4.5a represents the Raman spectra acquired for hotter flame environment of 

an open-base flame. A very intense peak at 2921 cm
-1

 is detected, which when compared 

with the natural gas reference spectrum (panel 4.5c) containing a matching Raman 

feature, is clearly a vibration associated with a fuel species. Since methane is the major 

constituent of natural gas and the 1 mode of CH4 has a reported Raman shift of 2914 cm
-

1
,
64

 the intense feature in Figure 4.5a is certainly due to this fundamental vibration. The 

identically energy shifted CH4 peak is also present in the closed-bases spectra of Figure 

4.5b. When comparing the signal intensities of the open versus closed-base spectra as a 

function of vertical position in the flame in Figure 4.5d, no drastic changes in the rate of 

methane consumption are observed. The signal intensities of both forms of the natural gas  
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Figure 4.5. Raman spectra of natural gas combustion in the 2450 to 3400 cm
-1

 region as a  

function of vertical flame position for a 1185 fs pump-probe delay. (a) Open-

base Bunsen burner FAIRS measurements. (b) Closed-base Bunsen burner 

FAIRS measurements. The keys in (a) and (b) list the colors assigned to the 

stage positions. (c) Natural gas reference Raman spectrum. (d) Comparison of 

signal intensity versus vertical flame position between open and closed-base 

combustion. The open circles signify the open-base intensities, while the 

squares represent closed-base intensities.  
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flame seem to decrease in an exponential decay. Though the closed base is richer in fuel 

than the open base, the intensities for each flame type at a set stage position are nearly the 

same. Perhaps this is a result of the overwhelming strength of the Raman-active mode 

masking the difference in fuel concentration between the two flames.   

4.4.3 FAIRS of Natural Gas Flames: 1975 – 2850 cm
-1

 Region 

The Raman spectrum spanning 1975 to 2850 cm
-1

 was measured at a pump-probe 

temporal delay of 943 fs for a “hot” versus “cool” natural gas flame, and is shown in 

Figure 4.6a and 4.6b, respectively. To allow for sensitive detection of low signal level 

Raman signatures, the nitrogen fundamental vibration at 2330 cm
-1

 was blocked in 

Fourier plane of the 4f filter prior to the detector using a spectral mask matching the 

width of the Raman line. The measurements in panel 4.6a and 4.6b were performed with 

ICCD gains of 190 to 140, respectively, going from the open to closed-base spectra, so 

the open-base data was intensity corrected to a 140 gain. Reference spectra of nitrogen, 

natural gas, and carbon dioxide are presented in Figure 4.6c, 4.6d, and 4.6e, respectively, 

providing insight into several of the detected Raman modes. The spectra presented in 

panel 4.6a reveal vibrational features present in an oxidant-rich flame. The 2563 cm
-1

 

centered feature is also present in the natural gas reference and corresponds to the 24 

vibrational mode of CH4.
64

 This overtone is at maximum signal intensity at the 0 mm 

starting position and becomes less intense with increasing height, disappearing at the 18 

mm stage position. The disappearance of the fuel mode implies that methane is being 

efficiently consumed in the reaction, as is expected in a flame with ample oxidizer levels. 

In Figure 4.6a, another natural gas feature is blue shifted from the overtone at 2734 cm
-1
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Figure 4.6. Raman spectra of natural gas combustion in the 1975 to 2850 cm
-1

 region as a  

function of vertical flame position for a 934 fs delay. (a) Open-base burner 

FAIRS spectra. (b) Closed-base burner FAIRS spectra. (c) N2 reference 

spectrum. (d) Natural gas reference spectrum. (e) CO2 reference spectrum.  



129 

 

and is confirmed by the matching mode present in the panel 4.6d reference. This feature 

is probably a hydrocarbon vibrational mode.  The same trend follows as this reactant 

mode is also consumed during combustion as evident by it vanishing at a height of 9 mm 

above the burner top. Around 2120 cm
-1

, a Raman-active feature overlaps the pedestal of 

the filtered nitrogen fundamental. As shown by the N2 reference in panel 4.6c, much of 

the structure is due to the ro-vibrational branches of nitrogen. However, this is also close 

in energy to the expected Raman shift of carbon monoxide at 2145 cm
-1

.
65

 Examination 

of this fringed featured as a function of flame position reveals that the overall structure 

changes with the sharp peaks broadening and red shifting at higher vertical flame 

positions. These structural changes to the fringes suggest the presence of an underlying 

feature that is most apparent farther from the burner surface, which could potentially be 

attribute to the CO fundamental.  

Figure 4.6b presents similar spectra as those in panel 4.6a, however, measured in 

a cooler flame environment since the air slots at the burner base were covered. All of the 

modes observed in panel 4.6a are again detected, however, the higher fuel percentage 

leads to more intense reactant features at 2563 and 2734 cm
-1

, which do not vanish until 

reaching positions of 21 and 18 mm above the burner top, respectively. The carbon 

dioxide reference spectrum in panel 4.6e also displays multiple Raman-active modes in 

the range of ~2500 to 2850 cm
-1

, however the features do match the fringe shape of those 

in Figure 4.6a or 4.6b so their contribution is considered negligible. Additionally, as a 

result of the limited supply of air, the suspected CO vibrational stretch is larger in signal 

intensity at the higher flame positions and thus more obvious amongst the nitrogen ro-
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vibrational structure. A cooler flame increases the probability of incomplete combustion, 

therefore, it is expected that such species as CO would be present in higher 

concentrations.  

In order to further investigate the presence of carbon monoxide in these natural 

gas flames, the second-order diffraction spot from the spectrometer grating was directed 

into the ICCD to acquire spectra of greater resolution. Figure 4.7a and 4.7b display the 

1850 to 2250 cm
-1

 spectral region containing the nitrogen S and P branches at each of the 

3 mm incremented flame height positions. The ICCD gain was changed from 140 to 80 

from the open to the closed-base acquisitions, therefore, the open-base spectra were 

intensity normalized to the 80 gain setting. The spectral range extends farther into the red 

than the low resolution measurements of Figure 4.6, allowing observation of part of an 

additional coherent feature at ~1855 cm
-1

 appearing at high flame positions. The feature 

is only present in the open-base spectra (panel 4.7a) and decreases with increasing height 

above the burner, vanishing at the 18 mm height, so it is likely assigned to a species that 

is dependent on oxidant supply. The first cation of oxygen has a reported Raman shift of 

1876 cm
-1

,
65-66

 and has reported ranges from 1819 to 1864 cm
-1

 in various salt systems.
67-

68
 Cationic oxygen could be produced by combustion

17
 or by the filament itself (see 

Chapter 3). As the oxidizer supply is consumed during combustion the intensity of the 

Raman mode could be expected to decreases, which is consistent with the measured 

disappearance of the feature with increasing vertical position in Figure 4.7a. Although, 

the 2 HCO vibration, which has a been reported at vibrational energies of 1863 cm
-1

,
69

 

and 1871 cm
-1

,
70

 could also be the origin of this ~1855 cm
-1

 feature. HCO would be  
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Figure 4.7. Higher resolution (second-order diffraction) Raman spectra of natural gas  

combustion in the 1850 to 2250 cm
-1

 region as a function of vertical flame 

position for a 934 fs pump-probe delay. (a) Open-base burner FAIRS spectra. 

(b) Closed-base burner FAIRS spectra. The keys list the colors assigned to 

the stage positions. 
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expected to decrease along with the oxidizer supply as it is part of the oxidizing sequence 

of CH4 (Equation 4.5). The higher spectral resolution Raman spectra of Figure 4.7 show a 

more drastic change in the fringe structure of the nitrogen ro-vibrational region as a 

function of increasing height and the suspected underlying mode is much more apparent. 

Similar to Figure 4.6, the difference between the open versus closed-base conditions on 

these Raman features shows that the nitrogen ro-vibrational branch structure is more 

pronounced in an oxidant-rich flame while the potential carbon monoxide feature is more 

intense with a more regular fringe structure in an oxidant-poor, lower temperature flame. 

Overall, the evidence provided by Figure 4.7 further confirms the likelihood of CO 

production during this natural gas combustion.  

The measurements presented in Figures 4.6 and 4.7 were also repeated at a pump-

probe time delay of 1185 fs, and this data is displayed in Figures 4.8 and 4.9 The spectral 

region was slightly shifted to span 2025 to 2925 cm
-1

 for the low resolution measurement 

(i.e. first-order diffraction in the spectrometer) and 1900 to 2300 cm
-1

 for the high 

resolution measurements (i.e. second-order diffraction). For the low resolution 

measurements, the closed-base spectra were intensity normalized from an ICCD gain of 

200 to a gain of 175 to match the open-base gain setting. For the high resolution 

measurements, the intensities of the closed-base spectra were normalized to a gain of 110 

from a gain of 135. The Raman features and intensity trends noted at a 934 fs delay as a 

function of flame position and flame type are reproduced at this 1185 fs delay. Although, 

there are slight variations in the Raman shifts of the modes for Figure 4.8a and 4.8b as a 

result of minor modifications of the spectrometer calibration. The CH4 24, the other  
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Figure 4.8. Raman spectra of natural gas combustion in the 2025 to 2925 cm
-1

 region as a  

function of vertical flame position for a 1185 fs delay. (a) Open-base burner 

FAIRS spectra. (b) Closed-base burner FAIRS spectra. (c) N2 reference 

spectrum. (d) Natural gas reference spectrum. (e) CO2 reference spectrum. 



134 

 

natural gas reactant, and the hypothesized CO mode instead have measured shifts of 

2582, 2748, and 2145 cm
-1

, which are offset by ~15 to 25 cm
-1

 from the measured shifts 

in Figure 4.6. The nitrogen, natural gas, and carbon dioxide references in Figure 4.8c, 

4.8d, and 4.8e again support the mode assignments. Similar to the 934 fs measurements 

in Figure 4.7, the high spectral resolution Raman spectra at 1185 fs (Figure 4.9a and 

4.9b) also reveal a clear change in the fringe structure with increasing height and the 

overlapping (presumably CO) mode is again more obvious especially in comparison to 

the pure nitrogen reference spectrum in panel 4.9c, which shows only sharp peaks and no 

clear fringe structure. 

4.4.4 FAIRS of Natural Gas Flames: 1450 – 2250 cm
-1

 Region 

The region from 1450 to 2250 cm
-1

 is shown in Figure 4.10 for a pump-probe 

delay of 1185 fs. The open and closed-base spectra were collected at ICCD gains of 40 

and 105, respectively. Therefore, the closed-base data sets were intensity corrected for 

direct comparison with the open-base data sets. The most prominent Raman feature is the 

oxygen fundamental vibration centered at 1558 cm
-1

. In panel 4.10a, the open-base 

spectral measurements reveal that this oxygen stretch mode decreases in signal intensity 

as a function of increasing stage height, however, the signal plateaus at ~6000 counts 

upon reaching the 16 mm position above the top of the Bunsen burner. The O2 line is not 

expected to disappear entirely since ambient oxygen is omnipresent and constantly 

diffuses into the surface of the flame where it takes part in secondary combustion 

reactions. In the baseline, the highest energy spectral feature at 2165 cm
-1

 corresponds to 

the overlapping Raman features in the lower energy pedestal of the nitrogen fundamental,  
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Figure 4.9. Higher resolution Raman spectra of natural gas combustion in the 1900 to  

2300 cm
-1

 region as a function of vertical flame position for a 1185 fs pump-

probe delay. (a) Open-base burner FAIRS spectra. (b) Closed-base burner 

FAIRS spectra. (c) N2 reference spectrum. 
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as seen in Figures 4.6 – 4.9 and described in Section 4.4.3. Panel 4.10c displaying the 

nitrogen reference further confirms part of the origin of this Raman mode. The inset of 

Figure 4.10a magnifies the other low intensity features in the baseline of the spectra, 

revealing the 1855 cm
-1

 O2
+
 or HCO mode previously observed in the open-base, high 

resolution spectra in Figure 4.7. The same trend is observed in Figure 4.10a as in Figure 

4.7a, with the mode disappearing at a flame position of 15 mm above the burner.  

Surrounding this suspected oxygen or HCO species is a broad coherent fringe structure. 

The natural gas reference spectra in panel 4.10d exposes that this feature corresponds to a 

natural gas reactant mode. The feature is positioned at the reported Raman shift of the 

methane 4 - 3 combination band at 1720 cm
-1

,
64

 suggesting this is the correct mode 

assignment. As expected, the fuel mode decreases with increasing vertical flame position 

indicating that CH4 is being consumed during combustion. At the 12 mm stage position, 

the mode is no longer observed.   

Figure 4.10b shows the closed-base Raman spectra for this 1450 to 2250 cm
-1

 

region. The oxidant-lean flame yields a lower signal intensity oxygen stretch mode that 

becomes less intense as a function of increasing heights in the flame (similar to the 

oxidant-rich flame), but plateaus at ~350 ICCD counts. The oxygen intensity plateau in 

the cooler combustion environment also signifies that ambient oxygen is probably mixing 

into the flame through its surface. As was also shown in Figure 4.7b, panel 4.10b reveals 

that the potential cationic oxygen or HCO feature is not detected in a natural gas flame 

with a limited air supply. However, an oxidant-lean flame is richer in fuel implying that 

the methane 4 - 3 band should have higher signal intensity for this flame environment. 



137 

 

 

 

 

 

Figure 4.10. Raman spectra of natural gas combustion in the 1450 to 2250 cm
-1

 region as  

a function of vertical flame position for a 1185 fs pump-probe delay. (a) 

Open-base Bunsen burner FAIRS spectra. (b) Closed-base Bunsen burner 

FAIRS spectra. (c) N2 reference spectrum. (d) Natural gas reference 

spectrum. The key at the top right lists the colors assigned to each stage 

position for (a) and (b). 
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Figure 4.10b confirms this expectation, since the mode is more intense than its 

counterpart in the hotter flame of panel 4.10a. The fuel feature is no longer 

distinguishable at the 12 mm flame position, which is the same threshold as that observed 

for Figure 4.10a. 

4.4.5 FAIRS of Natural Gas Flames: 850 – 1600 cm
-1

 Region 

  The lowest energy spectral region investigated here for natural gas flames spans 

850 to 1600 cm
-1

 and is displayed in Figure 4.11. A pump-probe time delay of 934 fs was 

used for these measurements. The closed-base spectra (gain of 110) were normalized to 

the open-base spectra (gain of 50) through an intensity correction. The oxygen 

fundamental stretch falls within this range as well and exhibits similar correlations 

between signal strength and flame position for the open and closed-base conditions as in 

Figure 4.10a and 4.10b. The plateau in O2 signal occurs at ~6050 ICCD counts and 

~1730 ICCD counts for panels 4.11a and 4.11b, respectively. For the open-base 

measurements (panel 4.11a), a feature centered at 979 cm
-1

 has a maximum intensity at 

the initial stage position (closest to the burner) and diminishes with increasing stage 

travel. The apparent consumption of the mode in conjunction with a comparison to the 

natural gas reference spectrum (Figure 4.11c) indicates that this feature corresponds to a 

fuel vibration. The natural gas utilized in this experiment contains ~3.46% ethane, which 

has a 3 C-C stretching vibration at 995 cm
-1

.
64

 This is close in value to the observed shift 

of the fuel mode in question, providing evidence that the 979 cm
-1

 fuel feature represents 

the C2H6 vibration. Upon reaching the higher flame positions the 979 cm
-1

 ethane Raman 

mode is minimized in signal intensity, revealing an underlying feature centered at 1034  
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Figure 4.11. Raman spectra of natural gas combustion in the 850 to 1600 cm
-1

 region as  

a function of vertical flame position for a 934 fs pump-probe delay. (a) 

Open-base Bunsen burner FAIRS spectra. (b) Closed-base Bunsen burner 

FAIRS spectra. (c) Natural gas reference spectrum. (d) CO2 reference 

spectrum. The key at the top right lists the colors assigned to each stage 

position for (a) and (b). 
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cm
-1

. This coherent fringed structure first appears at a height of 6 mm above the burner, 

implying that it is a product formed during natural gas combustion. Several known 

methane combustion species have vibrational modes near in energy to this 1034 cm
-1

 

feature. The 2 band of H3O
+
 has a reported energy of 1095 cm

-1
,
61

 and the 2 band of 

HCO has been reported at 1089 cm
-1

,
70

 and 1087 cm
-1

.
69

 However, HCO is part of the 

oxidation sequence of methane during combustion (Equation 4.5), so this feature would 

be expected to disappear upon approaching the complete combustion zone of the flame. 

Therefore, the hydronium ion seems to be a more probably assignment for this unknown 

1034 cm
-1

 feature, especially since it has been found to persist in this higher region of the 

flame.
17

 Red shifted from the oxygen fundamental line is a very broad coherent fringed 

structure around 1348 cm
-1

. The carbon dioxide reference spectrum in Figure 4.11d 

shows that this broad feature is comprised of the 22 and 1 modes of CO2, previously 

reported at Raman shifts of 1286 and 1388 cm
-1

.
64

 The CO2 signal intensity only 

decreases slightly with increasing stage position above the burner. There also appears to 

be a low intensity feature at 1189 cm
-1

, that diminishes with increasing height above the 

burner. This decrease in signal implies the presence of a combustion species that is 

potentially dependent on the oxidant concentration in the flame. The 1189 cm
-1

 Raman 

shifted species is close in energy to both the 1167 4 vibrational mode and the 1249 6 

mode of formaldehyde (H2CO),
64

 which is another common species in natural gas 

combustion. It is reasonable to argue that this species would disappear with higher 

vertical flame positions as it is further oxidized according to the methane oxidation 

sequence in Equation 4.5. 
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When comparing the observed modes in the oxidant-rich flame of Figure 4.11a to 

those observed in the oxidant-poor flame of Figure 4.11b, the known O2, C2H6, and CO2 

Raman-active modes are found to coincide in energy shift. The vibrational assignment of 

the Raman modes was also reconfirmed through comparison with the natural gas and 

carbon dioxide references in Figure 4.11c and 4.11d. Tracking the intensity of the ethane 

mode for the closed-base flame in comparison to the open-base reveals that the ethane 

vibrational mode is higher in intensity for the closed base, which is expected due to the 

higher fuel content. The correlation of decreasing intensity with increasing stage travel 

for this C2H6 Raman feature is consistent with panel 4.11a. Also, the masked, unknown 

mode (potentially H3O
+
) that appears at 1034 cm

-1
 has a greater signal intensity compared 

to the matching feature in panel 4.11a, which suggests that a cooler flame temperature 

facilitates the production of this species. Conversely, the fringes at 1189 cm
-1

 (potentially 

attributed to H2CO) for the closed-base spectra have a lower signal strength than the 

corresponding structure in the open-base spectra, possibly signifying this flame species 

relies on a more substantial oxidizer supply. This provides additional support for the 

assignment of the 1189 cm
-1

 feature to formaldehyde, as H2CO formation during 

combustion relies on the oxidation of CH4 according to the sequence in Equation 4.5. 

 

4.5 Conclusion 

In this chapter, natural gas combustion was spatially probed via FAIR 

spectroscopy for two different temperature flames achieved through use of an open 

versus closed-base Bunsen burner. FAIRS proved capable of distinguishing intensity  
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Species Peak (cm
-1

) Mode References 

N2 2331 ν1 65 

O2 1555 ν1 65 

O2
+
 1876 ν1 65 

CH4 

2914 ν1 64 

2600 2ν4 64 

1720 ν4 - ν3 64 

C2H6 995 ν3 64 

C2H2 3374 ν1 64 

CH2O 
1167 ν4 64 

1249 ν6 64 

HCO 
1087, 1089 ν2 69-70 

1863, 1871 ν3 69-70 

CO 2145 ν1 65 

CO2 
1286 2ν2 64 

1388 ν1 64 

H2O 3657 ν1 64 

OH 3548 ν1 59 

OH
-
 3556 ν1 60 

H3O
+
 

3560 ν1 61 

1095 ν2 61 

3510, 3530, 3536 ν3 61-63 

 

Table 4.1. Summary of potential natural gas combustion species and their corresponding  

      mode assignments based on literature reports. 
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trends for the Raman-active combustion species as a function of vertical position in the 

flame. Positively identified signature molecules of natural gas combustion include CH4, 

C2H6, H2O, O2, CO2, and CO. The intensities of the fundamental vibrational modes of 

H2O and CH4 were tracked to monitor the combustion process. The unknown combustion 

products detected in various parts of the flame could potentially be assigned to HCO, 

CH2O, C2H2, H3O
+
, OH, OH

-
, and O2

+
, based on their vertical location within the flame, 

signal intensity as a function of flame position, preferred flame type (i.e. temperature), 

and measured Raman shift. The spectral fringes overlapping the Raman modes were 

again utilized for identifying low intensity Raman modes, enabling sensitive FAIRS 

measurements in the flame. The detection of these signatures of combustion, together 

with previously reported detection of explosive
56

 and radioactivity (Chapters 2 and 3) 

signature molecules demonstrates the potential of this impulsive vibrational Raman 

technique for sensing an array of hazardous materials and processes. 
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CHAPTER 5 

SPECTRAL-TO-TEMPORAL AMPLITUDE MAPPING POLARIZATION 

SPECTROSCOPY OF ROTATIONAL TRANSIENTS OF LINEAR AND 

ASYMMETRIC TOP MOLECULES 

 

5.1 Overview  

In this chapter, a new implementation of pump-probe polarization spectroscopy is 

presented where the revivals of an impulsively excited rotational wavepacket are probed 

over a long temporal window without the need for delay scanning. Experimental 

measurements and a theoretical framework for spectral-temporal amplitude mapping 

polarization spectroscopy as applied to impulsive rotational motion are presented. In this 

technique, a femtosecond laser pulse is used to prepare a rotational wavepacket in a gas 

phase sample at room temperature. The rotational revivals of the wavepacket are then 

mapped onto a chirped continuum (400 – 800 nm) pulse created by laser filamentation in 

argon. Nearly single-shot time-resolved rotational spectra are recorded over a 65 ps time 

window. The transient birefringence spectra are simulated by including terms for 

polarization rotation of the probe as well as cross-phase modulation. Measurements and 

simulations are presented for the cylindrically symmetric N2, O2, and CO2 molecules. The 

collisional decay time of CO2 was also calculated from these rotational wavepacket 

measurements. The long time window of the method allows measurement of rotational 

spectra for asymmetric top molecules, and here we present measurements for ethylene 

and methanol.  
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5.2 Introduction  

Laser-induced, field-free rotational wavepacket alignment was predicted in 1971,
1
 

and first observed experimentally in 1975 by the same group
2
 using a polarization-gate 

geometry to detect the transient birefringence induced by CS2 revivals. In general, 

molecules experience post-pulse periodic molecular alignment, often referred to as 

rotational revivals
3
 or field-free molecular alignment,

4
 when subjected to an intense, 

ultrashort laser pulse. Coulomb explosion imaging,
5
 transient birefringence,

6
 spectral 

interferometry,
7-8

 spatial focusing/defocusing,
9, 10

 and degenerate four-wave mixing,
11-14

 

are among the methods that have been developed and used to study field-free molecular 

alignment. Most of these methods involve scanning the temporal delay between pump 

and probe pulses to investigate molecular motion in the wake of the pump pulse. This 

requires precise optical alignment over the desired scan length to avoid spatial walk-off 

when scanning the delay time. In addition, making such measurements can be data 

intensive and time consuming, especially for molecules whose revival times are on the 

order of tens to hundreds of picoseconds after initial excitation.
14-17

 

Single-shot measurements of the rotational wavepacket motion can also be used 

to probe the time-dependent response. Several methods for conducting single-shot 

measurements of rotational revivals have been developed thus far.
7-8, 18-19

 Zamith et al. 

performed transient birefringence measurements where the rotational alignment initiated 

by a weak, unfocused pump beam was detected with a 50 fs probe pulse chirped to 500 

fs.
19

 Spectral interferometry studies were conducted in which a pump pulse excites a 

rotational wavepacket that is detected using a pair of chirped probe pulses.
7-8

 A spatial 
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imaging technique was applied to the measurement of rotational revivals by Loriot et 

al.,
18

 who monitored the spatial birefringence induced on an unfocused probe beam 

during its interaction with the rotational wakes generated by an orthogonally focused 

pump beam.  

In this chapter, a new method of rotational spectroscopy using impulsive 

excitation is presented. The technique is based on chirping the coherent white-light 

continuum generated in a laser filament to map the temporal dynamics of a rotational 

wavepacket through birefringence and cross-phase modulation. We investigate the 

temporal rotational response for N2, O2, CO2, ethylene, and methanol over a time period 

of 65 ps in two non-scanning measurements, affording direct access to the temporal 

evolution of a wavepacket in a relatively small molecule. Probing the rotational motion in 

real time is otherwise difficult, as the rotational transitions have low frequencies and 

normally require narrowband, or long laser pulses to resolve in a single measurement. 

 

5.3 Experimental 

5.3.1 Experimental Set-up 

The transient birefringence of various gaseous samples was measured using a 

polarization gate pump-probe scheme, as illustrated in Figure 5.1. A Ti:sapphire 

amplifier, producing 2.5 mJ, 52 fs (with a Fourier-transform limit of 38 fs) pulses at a 1 

kHz repetition rate and having a nominal central wavelength of 800 nm, was used to 

generate a strong pump beam (up to 575 J) and a weak probe beam (>1 J). The probe 

beam was generated by loosely focusing a 750 J pulse with an f = 2.07-m lens to 
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generate a filament in an open-ended tube. Argon was leaked into the tube at a sufficient 

rate to displace the air and lower the threshold required for filamentation. Filamentation 

in argon results in blue-side spectral broadening to ~300 nm with a well-behaved spectral 

phase in the visible and ultraviolet portion of the spectrum (i.e. no rapid variations in the 

phase in these spectral regions). A small portion of the white-light continuum generated 

through the filamentation process was isolated with an optical blank and used as a 

broadband probe. To reduce spectral interference between the pump and probe pulses 

around the fundamental (800 nm) a short pass filter was used to remove radiation with 

wavelength longer than 750 nm. The probe was temporally chirped by an 8.3 cm-long 

block of SF11 glass to extend over ~65 ps and collimated by a telescope. A Glan-laser 

polarizer ensured the linear polarization of the probe pulse before the interaction region 

and added additional dispersion to the probe pulse. The pump beam size was reduced to 

match the probe beam waist and was sent through a half-wave plate and Glan-laser 

polarizer to ensure linear pump polarization as well as to control the pump pulse power. 

A second half-wave plate after the Glan-laser polarizer was used to set the pump 

polarization at an angle of 45º with respect to the probe. A computer-controlled delay line 

in the pump beam path facilitated long scans over the duration of the chirped probe pulse 

to measure the group-delay of the probe pulse in the interaction region.  

Both beams were focused by a 25-cm spherical mirror into an open sample cell in 

the shape of a “T”, where they crossed at a small angle (~3º), and were subsequently 

collimated by a second 25-cm spherical mirror. The pulse duration of the pump was 

estimated to be ~120 fs FWHM at the sample due to dispersion in the polarizing optics.  
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Figure 5.1. STAMPS experimental scheme. (a), (c), (n), and (p) half-wave plate (b)  

beamsplitter (d) 2-m lens  (e) SF11 glass block (f) optical blank (g) short pass 

filter <750 nm (h) beam expander (i) and (o) polarizing cube (j) and (r) 25-cm 

spherical mirror (k) mechanical delay stage (l) beam reducer (m) electronic 

delay stage (q) sample tube (s) quarter-wave plate (t) polarizing cube (analyzer) 

(u) 800 nm color glass filter (v) 10-cm lens (w) spectrometer.  
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N2, O2, CO2, and ethylene were directly introduced into the cell, and methanol was 

introduced by flowing argon through the liquid sample and transporting the vapor to the 

interaction region. External heating was used to eliminate evaporative cooling of 

methanol. For N2, O2, CO2, and ethylene, an effective
20

 pump intensity range of 2.7  

10
12

 W/cm
2
 to 3.9  10

12
 W/cm

2
 was used, however, methanol detection required higher 

intensities. The effective pump intensity was the intensity I/1.7 to account for volume 

averaging effects in the noncollinear pump-probe geometry used in this investigation. 

Any portion of the probe beam undergoing transient polarization rotation in the 

interaction region passed through the Glan-laser polarizer acting as a cross analyzer and 

was then focused by a 10-cm lens into a spectrometer (Ocean Optics, USB4000-VIS-

NIR). Neutral density filters, along with a color glass filter (KG.5, Schott) that strongly 

attenuates 800 nm light, prevented saturation in the spectrometer. A zero-order quarter-

wave plate (designed for 800 nm) was inserted between the collimating lens and the cross 

analyzer to produce a local oscillator from the probe field to add either constructively or 

destructively to the birefringence signal for heterodyne measurements. The quarter-wave 

plate exhibited a nearly linear response over the continuum wavelength range as 

determined by measuring the extinction ratio of the probe through the crossed polarizers 

with the wave plate at 0°.  

5.3.2 Data Acquisition and Work-up 

Prior to sample analysis, the group delay of the probe pulse was measured by 

cross-correlating the pump and probe pulses in argon in situ and detecting in a homodyne 

configuration. As outlined in Figure 5.2, the polarization gate sample spectra were 
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acquired with and without the pump beam in the presence of the local oscillator. For each 

sample, the pump-on spectrum was divided by the pump-off spectrum to yield an 

intensity normalized signal spectrum. Conversion of the frequency domain signal to the 

time domain was achieved by mapping the frequency axis onto the time axis using the 

measured group delay of the probe pulse.  

 

5.4 Theory 

The frequency-resolved heterodyned signal, Ihet(), measured in the detection 

configuration described in the previous section is proportional to: 

  



Ihet()
Re[ELO()Es

*()]

Epr()
2

    (5.1) 

in analogy with the time-domain expression for the integrated heterodyne birefringence 

signal,
21

 where ELO() = e
i

Epr(), Epr(), and Es() are the Fourier components of the 

local oscillator (derived from the probe), the incident probe, and the signal electric fields, 

respectively.
21-22

 Unlike scanning pump-probe transient birefringence measurements, the 

spectral density of the probe pulse changes as a function of time, requiring that the 

heterodyne signal be normalized by the probe spectral density in order to properly 

reconstruct the amplitude of the birefringence signal. The signal, Es(), can be 

approximated as: 

 s el rot pr

0

( ) ( ) ( ) ( ) i tciz
E n t n t E t e dt

n c











     (5.2) 

where: 
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z is the propagation distance in the interaction region, 
c  is the carrier frequency of the 

probe pulse, n2 is the nonlinear refractive index at 
c , Ipu(t) is the temporal intensity 

profile of the pump pulse,  is a scaling constant for the relative responses of the 

electronic and rotational Kerr responses, and R(t) is the rotational response function 

calculated by summing over the molecular rotational transitions excited through the 

Raman process.
23-26

 Note that with respect to the weak probe field, the response in 

Equation 5.3 is instantaneous and linear. Thus, no nonlinear propagation of the probe 

need be taken into account. We have neglected dispersion in the nonlinear refractive 

index, as considerable growth of n2 occurs at much higher frequencies than measured 

here
27

 (see [ref 27] and references therein). All simulations are normalized with respect to 

amplitude, leaving the relative contributions of the instantaneous and delayed responses 

through  and the temperature and collisional dephasing time in the rotational response 

function as adjustable parameters. The relative contributions of the instantaneous and 

delayed responses for N2 and O2 were taken from [ref 24],
24

 while for CO2 is taken 

empirically to be 0.9. We have neglected the grating-induced contribution to the signal 

that results from optical interference between the pump and probe pulses coupled through 

the Kerr, rotational, and plasma generation effects, as this contribution is only manifested 

when the pump and probe pulses are degenerate, which is not the case here.
22, 28-29

 We 

have also disregarded the vibrational contribution to the change in refractive index, as the 
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Figure 5.2. Diagrammatic representation of the procedure used to process the STAMPS 

signal and convert from the spectral domain to the temporal domain. (a) The 

pump-on heterodyned spectra are subtracted ((+heterodyne) – (-heterodyne)) 

and subsequently divided by the pump-off spectrum to yield a pure heterodyne 

(background-free) spectrum. (b) The spectral signal is then mapped onto the 

temporal domain using the measured probe pulse group delay. (c) Example of 

CO2 orientation along the polarization axis of the pump. 
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pump pulse at the sample is long compared to the vibrational periods of the molecules 

under study. The birefringence is modeled by substituting Equations 5.3 and 5.4 into 

Equation 5.2, then substituting 5.2 into Equation 5.1, and using the probe pulse spectrum, 

measured in the spectrometer, and the probe pulse phase extracted from the group-delay 

measured by cross-correlating the pump and probe pulses in argon. The pump pulse is 

simulated using a chirped 45 fs Gaussian pulse with bandwidth centered at 800 nm. 

 

5.5 Results and Discussion 

5.5.1 Rotational Revivals of Linear, Symmetric Top Molecules 

Spectral-temporal amplitude-mapping polarization spectroscopy (STAMPS) 

measurements of nitrogen, oxygen, and carbon dioxide are shown in Figure 5.3a, 5.3b, 

and 5.3c, respectively. Unlike previous scanning birefringence measurements of 

rotational revivals in nitrogen and oxygen, the STAMPS response has additional 

modulations at the times anticipated for fractional revivals as shown by the solid black 

lines in Figure 5.3a and 5.3b. The theoretical signal calculated using Equation 5.1 is 

shown as the red lines in Figure 5.3 and is in good agreement with the data for all 

molecules measured, confirming that both birefringence and cross-phase modulation 

(XPM) must be taken into account, in the form of the local oscillator phase, in order to 

correctly interpret the STAMPS signal. The change in refractive index induced by the 

rotational revivals alone can be calculated directly in the time domain and is shown as 

blue dashed lines in Figure 5.3. 

To further elucidate the origin of the STAMPS signal response, Figure 5.4 shows  
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 Figure 5.3. Measurements and simulations of the STAMPS signal in nitrogen (a), 

oxygen (b), and carbon dioxide (c). The corresponding Fourier spectra are 

shown in (d), (e), and (f), respectively. Experimental data: black lines, 

simulated line shapes: red lines, calculated induced phase modulation from 

rotational revivals: dotted blue lines. 
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the relative contributions of XPM and birefringence to the total signal of nitrogen, 

isolated by calculating the in-phase and out-of-phase contributions of the local oscillator, 

respectively. Cross-phase modulation clearly dominates, but cannot account for the signal 

alone. The presence of cross-phase modulation in the signal is due to the large spectral 

chirp of the probe pulse and can be qualitatively understood in terms of the uncertainty 

relation.
30

 When the temporal feature being imprinted on the chirped probe contains a 

structure whose Fourier transform contains more frequency components than are present 

in the probe pulse itself at that point in time, local spectral broadening occurs, which 

interferes with adjacent spectral (temporal) slices. This suggests that longer-duration 

rotational revival structures, requiring fewer Fourier components to describe the signal in 

the time domain, will result in less modulation in the retrieved STAMPS signal. 

Therefore, less modulation will be observed in larger molecules (for a given probe pulse 

chirp), because larger molecules rotate more slowly and have slower transients. To test 

whether the degree of interference present in the signal depends on the rotational revival 

time we measured the STAMPS response for CO2. The STAMPS measurement of carbon 

dioxide (Figure 5.3c) is nearly indistinguishable from the induced refractive index change 

(blue dashed line) calculated from the rotational response, with the exception of the 

instantaneous Kerr response at zero delay, which still leads to noticeable modulation of 

the signal due to the short duration of the pump pulse.  

The Fourier transform of the STAMPS measurement also affords insight into its 

information content compared with pump-probe scanning polarization spectroscopy 

measurements. Figure 5.3d, 5.3e, and 5.3f show the Fourier transforms of the curves  
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Figure 5.4. Comparison of the induced change in the refractive index of nitrogen (a) with 

the relative contributions of (b) the XPM contribution, (c) the birefringence 

contribution, and (d) the simulated (green dashed line) and measured (black 

solid line) signals, where the simulated signal is the sum of the XPM and 

birefringence contributions. 
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shown in 5.3a-c for nitrogen, oxygen, and carbon dioxide, respectively. The Fourier 

spectrum largely reflects the expected rotational Raman spectrum. The interference from 

XPM filters the amplitudes of the spectral components, but does not contribute additional 

components to the frequency domain spectrum. This allows for the evaluation of the 

inter-level spacing from the measured rotational spectra, which for nitrogen, oxygen, and 

carbon dioxide are measured to be 7.98, 11.49, and 3.12 cm
-1

. These values agree well 

with the calculated values of 7.99, 11.50, and 3.12, respectively.
31, 32

 

The refractive index change caused by the rotational revivals is the main 

component of the heterodyne signal for CO2 and the effect of the revivals on the 

individual frequency components of the probe beam may be measured via multiple 

detection methods. Positive heterodyne measurements of the rotational revivals of carbon 

dioxide are shown in Figure 5.5b, as detected by focusing into a spectrometer versus 

spectrally dispersed and focused by a cylindrical lens onto a CCD (panel 5.5a). The same 

experimental apparatus, is utilized (Figure 5.1), however, the detection path deviates for 

the CCD measurements, as shown in Figure 5.5a. In both detection schemes, the periods 

of anisotropic alignment corresponding to periodic rotational revivals of CO2, as opposed 

to natural isotropic alignment, are clearly distinguished. To center a specific revival on 

the CCD in panel 5.5a, the pump-probe delay was adjusted by the mechanical stage in the 

pump path to move that revival to the required spectral region of the probe spectrum. The 

shape of the images (in terms of intensity) acquired by the CCD for the quarter-period 

and half-period rotational revivals of carbon dioxide match the shape of the 

corresponding revivals detected in the spectrometer. These measurements further  
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Figure 5.5. Comparison of CO2 rotational revival shapes from STAMPS measurements in 

a spectrometer versus a CCD. (a) Abridged set-up (Figure 5.1) emphasizing 

the alternate detection geometry within the dashed black rectangle. Detection 

components: (a) transmission grating (b) 800 nm color glass filter (c) 10-cm 

lens (d) spectrometer (e) 25-cm cylindrical lens (f) CCD. The green dashed 

line marks the Fourier plane of the focused spectrum. (b) Positive heterodyne 

STAMPS signal in CO2 measured via USB spectrometer (black curve) and 

CCD (intensity images).  
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demonstrate that rotational wavepacket generation, dephasing, and rephasing are directly 

mapped onto the probe spectrum in STAMPS. 

5.5.2 Demonstration of the Temporal Range of STAMPS and Calculation of 

Collisional Dephasing 

The full STAMPS measurement of CO2 is shown in Figure 5.6, demonstrating a 

temporal measurement range of 65 ps. This molecule has been studied previously using 

both scanning
33

 and single-shot
7
 phase-sensitive geometries. In agreement with previous 

measurements
6, 12, 34-35

 we observe a rotational period of 42.8 ps for CO2, with a quarter 

rotational period of Tpartial = Tr/4 ≈ 10.7 ps. The decrease in signal intensity of the CO2 

revivals as a function of delay is mainly the result of collisional dephasing, which 

destroys the coherence of the wavepacket. The decline in signal may also arise from 

linear filtering due to the fact that different wavelengths contained in the probe pulse are 

focused to different beam waists in the geometry used (a result of the spatial distribution  

of spectral components generated in the filamentation process).
36

 The collisional 

dephasing time was calculated by taking the magnitude-square of the heterodyne signal 

and integrating the revival peaks (Figure 5.6), which yields a dephasing time of d~14.6 

ps. The dephasing time used in the simulation to match the heterodyne signal intensity 

(Figure 5.3) was d = 15.1 ps, which is in reasonable agreement with the calculated value. 

Both of these dephasing times are significantly shorter than the reported value of 

collisional dephasing in CO2 at STP, previously measured to be 30 ps.
11

 This presumably 

is due to the decreased sampling volume in the blue wavelengths in the filament probe 

beam in comparison with the red wavelengths and may also partially be explained by the 
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 Figure 5.6. (a) Measured STAMPS signal of CO2 demonstrating a temporal 

measurement range of 65 ps. (b) Magnitude-square of the signal shown in (a) 

(left scale) and the natural log of the integrated peak intensities and the linear 

fit of the log values (right scale). The dephasing time calculated in this 

manner is 14.6 ps. 
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fact that the measurement is made in a flow cell, where the local pressure is somewhat 

higher. 

5.5.3 Rotational Revivals of Asymmetric Top Molecules 

STAMPS was also used to investigate the rotational response of two asymmetric-

top molecules, ethylene (C2H4) and methanol (CH3OH). Ethylene is nearly a symmetric 

top molecule, but is classified as an asymmetric top (having D2h symmetry), because it 

has a minor rotational axis defined by its four hydrogen atoms. Thus, its rotational 

evolution pattern is expected to resemble that of a symmetric top case, superimposed by 

fast transients related to rotation with respect to the minor axis. The STAMPS 

measurement of ethylene is shown in Figure 5.7a and is consistent with previously 

reported measurements.
4, 37-40 

J- and C-type rotational transients are observed in an 

 Figure 5.7. (a) Measured STAMPS signal of ethylene and (b) the Fourier transform of  

the signal shown in (a). Inset: an ethylene molecule in the laboratory-fixed 

frame with respect to the Euler angles. 
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asymmetric top like ethylene. J-type transients correspond to rotation of the major 

molecular axis toward the direction of laser polarization, which is the only type that 

exists for linear molecules and symmetric tops. C-type transients correspond to rotation 

about the c-axis and are only observed in asymmetric top molecules.
38, 41

 The molecular 

axes (X,Y,Z) of ethylene are defined and the molecule is represented with respect to the 

Euler angles of rotation in the laboratory-fixed frame (x, y, z, the z-axis being along the 

polarization of the pump laser field, and the x-axis being along the pump wavevector) in 

the inset of Figure 5.7a. The STAMPS signal of ethylene exhibits strong interference 

because the transients contain structures that change rapidly in time, as noted previously. 

Still, the Fourier transform of the signal, shown in Figure 5.7b, provides insight into the 

rotational constants and rotational line spacing of ethylene. The inter-level spacing is 

measured to be 3.69 cm
-1

, which is in agreement with a calculation of 3.68 cm
-1

 for the S-

branch transitions using the effective rotational constant 



˜ B  = 0.911 cm
-1

 reported by 

Gallaway and Barker.
42

 For nearly symmetric top molecules, the effective rotation 

constant is defined as 



˜ B  = ½ (B + C).
32

  

As a prototypical measurement of a molecule with even lower symmetry, 

STAMPS was also used to investigate the rotational response of methanol and the result 

is presented in Figure 5.8a. In order to achieve detectable signal levels in methanol vapor, 

the effective pump intensity was increased to 1.6  10
13

 Wcm
-2

.
 
 The small signal is due 

to the low Raman scattering cross-section, in part a consequence of a non-cylindrical 

shape (as shown in the inset to Figure 5.8b), and also the lower concentration of methanol 

in the detection region due to the method of vapor delivery. Methanol is considered 
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Figure 5.8. (a) Measured STAMPS signal of methanol with revivals shown at x5 (blue)  

and (b) the Fourier transform of the signal shown in (a). Inset: a methanol 

molecule plotted with respect to the Euler angles. 

 

slightly asymmetric, having a Cs symmetry (assuming a staggered configuration), and as 

such it does not mimic a symmetric top molecule as well as ethylene. The significantly 

lower STAMPS signal intensity of methanol in comparison with ethylene partly results 

from its lower relative symmetry. The three available rotational axes of methanol 

preclude complete rephasing of the rotational wavepacket after the initial alignment. To 

the best of our knowledge the field-free molecular alignment of methanol has never been 

experimentally measured, so to evaluate the temporal accuracy of the revival structures, 

we again utilize the Fourier transform of our measurement, shown in Figure 5.8b. The 

dominant line spacing is found to be 3.21 cm
-1

, which matches the calculated spacing of 

3.21 cm
-1

 determined using the effective rotational constant 



˜ B  = 0.8032 cm
-1

 reported by 

Borden and Barker,
43

 confirming the accuracy of the measurement.  
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We note that it is possible to achieve 3D alignment of asymmetric top molecules 

by varying the ellipticity of the exciting laser pulse or using multiple excitation pulses 

with different polarizations.
4, 39, 44 

Three-dimensional alignment of asymmetric molecules 

using an elliptically polarized pump pulse was first performed adiabatically
44-45

 and has 

subsequently been demonstrated using non-adiabatic excitation
4
. Elliptically polarized 

pulses facilitate alignment along the major axis of the molecule as well as a minor 

molecular axis, leading to higher signal intensities and allowing for control of the 

transient realignments. Underwood et al. theoretically investigated the utility of using 

elliptically polarized excitation pulses versus double pulse excitation and calculated that 

excitation by two time-delayed, orthogonally polarized pulses yields better resolved 

transient features.
39

 Therefore, a combination of multi-pulse excitation and manipulation 

of the pump pulse polarization could prove to be another method of increasing the 

STAMPS sensitivity. 

 

5.6 Conclusion 

In this chapter, nearly-single-shot measurements of rotational coherences over an 

unprecedented 65 ps range have been presented. The pump-probe scheme was employed 

as a means to detect several symmetric linear molecules, including diatomics, and several 

asymmetric top molecules. The capability of the STAMPS method to make rapid 

measurements over such long time scales should prove useful for rapid temperature and 

pressure measurements as well as for other applications in time-resolved spectroscopy for 

tracking chemical events. The added complexity of the spectral modulations that 
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unavoidably accompany the STAMPS measurement complicates analysis, but it has been 

shown here that it is possible to fully reconstruct the signal, providing a possible route for 

extracting the underlying molecular dynamics.  
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CHAPTER 6 

SPECTRAL-TO-TEMPORAL AMPLITUDE MAPPING POLARIZATION 

SPECTROSCOPY OF ROTATIONAL TRANSIENTS OF NITROGEN OXIDES 

AND NITROUS OXIDE 

 

6.1 Overview  

In this chapter, spectral-to-temporal amplitude mapping polarization spectroscopy 

(STAMPS) is employed for rapid acquisition of nearly single-shot, time-resolved 

rotational spectra over a 65 ps time window. STAMPS measurements of linear molecules 

and asymmetric top molecules, including nitric oxide (NO), nitrogen dioxide (NO2), and 

nitrous oxide (N2O) produce accurate rotational spectra with line spacings matching 

calculated values. A pressure study of N2O shows that the coherent rotational Raman 

response scales as N
2
 with increasing N2O concentration, where N is the number of 

rotationally excited molecules in the interaction region. A limit of detection of ~1.35 mM 

for nitrogen dioxide is determined for the STAMPS apparatus.  

 

6.2 Introduction  

The development of technologies for detecting signature molecules of hazardous 

materials, such as radioactive substances and improvised explosive devices (IEDs), is of 

great importance for security issues. Vibrational and rotational spectroscopies provide 

molecule-specific information necessary for the classification of such threat signatures. 

Impulsive spectroscopic techniques are especially desirable, as they enable simultaneous 

excitation of many vibrational/rotational modes in the molecular ensemble under 
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interrogation. Therefore, impulsive excitation can afford rapid detection (< 1s) of spectra 

containing both rotational and vibrational molecular characterization. However, the 

“completeness” of a spectrum is determined by the vibrational/rotational content of the 

excited wavepacket (WP) (i.e. the number of coherently excited states), which depends 

on the temporal profile of the excitation pulse and the relevant molecular cross-sections 

(i.e. absorption, Raman, etc.). In the case of vibrational Raman spectroscopy, an optical 

filament-based technique reported simultaneous measurement of the Raman-active 

vibrational modes of such signatures as O3, NO, and NO2 via impulsive stimulated 

Raman scattering (ISRS).
1
 A complimentary rotational Raman spectroscopy, known as 

spectral-to-temporal amplitude mapping spectroscopy, operating under a similar 

mechanism of impulsive WP generation, was recently reported.
2
 STAMPS probes 

nonadiabatic, post-pulse alignment of molecular species contained within a ~65 ps 

temporal window, allowing for detection of a plethora of systems of interest.  

Rotational revivals occur when a Raman-active ensemble of molecules is 

subjected to an intense, ultrashort laser pulse with duration shorter than the rotational 

period.
3-6

 The magnitude of rotational alignment depends on the anisotropy of the 

polarizability of the molecule, which is a function of molecular structure. Linear 

molecules exhibit especially well-defined post-pulse periodic alignment features.
2, 7-9

  

Typical asymmetric top molecules exhibit long revival periods and complex revival 

structures.
4-6, 10-11

 Alignment will recur until dephasing effects including 1) 

intermolecular effects: dipole-dipole interactions within the ensemble and collisional 

relaxation, and 2) intramolecular effects: centrifugal distortion and population relaxation, 
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disrupt the rotational coherence of the molecules.
11-13

 A technique affording rapid 

detection over a large temporal window is desirable to study these various inter- and 

intramolecular dephasing effects on field-free molecular alignment, especially for 

molecular systems with significant temporal spacing between revival features. Most 

polarization-gate (PG) transient birefringence techniques require scanning the temporal 

delay between pump and probe pulses to detect post-pulse molecular alignment.
8, 14-18

  

Single-shot measurements of rotational revivals through PG transient 

birefringence detection have been previously developed.
2, 19-20

 Single-shot methods of 

monitoring rotational WP motion prove especially convenient for probing the time-

dependent response of molecules with periodic revivals occurring at times in the range of 

tens to hundreds of picoseconds after the excitation pulse.
6, 21-23

 The temporal rotational 

response for N2, O2, CO2, ethylene, and methanol has been measured using a strong pump 

pulse followed by a white-light probe pulse chirped to 65 ps via STAMPS.
2
 STAMPS is 

potentially amenable to controlling post-pulse alignment through wavepacket control. 

Implementing pulse shaping of the pump pulse using a potentially single-shot time–

resolved method like STAMPS could allow for rapid optimization of the feedback loop 

resulting in quick convergence on a desired pulse shape for targeted alignment. Real-time 

combustion probing using STAMPS could enable acquisition of ultrafast rotational state 

resolved spectra for diagnostics such as temperature, ion and radical production, and 

chemical kinetics measurements. The large temporal window provided by STAMPS is 

ideal for a multitude of potential sensing applications.  

Nitrogen oxides and nitrous oxide are of interest for sensing applications as they 
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provide a range of rotation behaviors based on their individual atomic composition and 

asymmetry.  The presence of nitrogen oxides and nitrous oxide in air may result from 

various chemical processes.  The gamma, beta, and alpha particles emitted during nuclear 

decay events in air can generate O2 and N2 cations that can subsequently react with air 

constituents to produce additional molecular species, such as O3 and NOx.
24-29

 Nitrogen 

oxides and nitrous oxide are created by high-voltage discharges as well.
30-32

 

Photochemical and atmospheric reactions in the stratosphere and troposphere generate 

NOx and N2O products.
33

 NOx and NO2 molecules are decomposition signatures of 

explosive devices found in trace amounts in explosive vapors.
34-37

 The explosive 

detonation and flame combustion processes are also sources of nitrous oxide and nitrogen 

oxides.
38-40

 Therefore, techniques enabling detection of nitrogen oxides and nitrous oxide 

are of value for multiple sensing applications. There are many commercially available 

gas phase detectors to measure NOx and N2O levels, as well as other hazardous gases, 

however, the sensors are typically gas-specific rather than universal. Detection of other 

signatures in air, such as ionic and excited-state species, along with NOx and N2O may 

enable classification of the potential hazard sources. STAMPS is a coherent Raman 

technique that can potentially be used to identify multiple signature molecules 

simultaneously by tracking their molecule-specific rotational motion. The periodic 

rotational revivals of nitric oxide, nitrogen dioxide, and nitrous oxide have been 

previously reported, by scanning or small temporal window techniques.
11, 41-51

  

In this chapter, the application of spectral-to-temporal amplitude mapping 

polarization spectroscopy for detecting common signature molecules of various 
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hazardous materials, reaction products and reactants is investigated. The STAMPS 

scheme relies on a chirped white-light continuum generated by a laser filament to map 

the temporal dynamics of a rotational WP excited by an ultrashort pump pulse that is also 

derived from the filament via spectral filtration. The rotational transients of NO, NO2, 

and N2O over a ~65 ps temporal range via two non-scanning measurements are tracked, 

allowing direct monitoring of the corresponding WP evolution. A pressure study on the 

rotational revival intensity of N2O in conjunction with UV absorption measurements is 

used to determine the sensitivity of the STAMPS apparatus. The integrated N2O revival 

intensities are examined as a function of sample pressure to study dephasing effects.  

 

6.3 Experimental 

6.3.1 Experimental Set-up 

The transient birefringence of gaseous samples was measured using a 

polarization-gate pump-probe scheme, depicted in Figure 6.1. A Ti:sapphire amplifier, 

generating 5 mJ, 35 fs pulses centered around 800 nm was used to produce an optical 

filament at a 1 kHz repetition rate which was subsequently split into a strong pump beam 

and a weak probe beam. To form a filament, ~2 mJ of the amplifier output was loosely 

focused with an f = 2.07-m lens in an open-ended tube. Argon was flowed into the tube at 

a rate that adequately displaced the air in the tube. Argon has a higher ionization potential 

(15.7596 eV)
52

 than oxygen in air, which increases the ultimate intensity achieved in the 

filament before ionization occurs and increases the extent of blue-side spectral 

broadening. Prior to the focusing lens, the laser beam polarization was set as vertical (S)  
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Figure 6.1. STAMPS experimental set-up. (a), (o), (q) half-wave plates (b) 2-m lens (c),  

(k) optical blanks (d) SF5 glass block (e) short pass filter (<750 nm) (f) beam 

expander (g) neutral density filter (h) mechanical delay stage (i), (n), (p) 

polarizers (j), (u) 25-cm curved mirrors (l) dichroic mirror (reflect >750 nm) 

(m) beamsplitter (r) electronic delay stage (s) 25-cm lens (t) sample cell (v) 

quarter-wave plate (w) polarizer (analyzer) (x) 800 nm color glass filter (y) 

spectrometer.  
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with a half-wave plate and an iris was used to clip the outermost portion of the beam, 

stabilizing the filament and also enhancing the blue-side spectral broadening. Through 

filamentation a white-light continuum extending from ~400-1000 nm is generated. 

After the filament, a small fraction of the white-light continuum was isolated with 

an optical blank for use as a probe pulse. The probe beam was temporally stretched by a 

13 cm-long block of SF5 glass to a pulse duration of ~65 ps and expanded/collimated by 

a telescope. A short-pass filter was used to remove wavelengths above 750 nm and a 

neutral density (ND) filter further attenuated the power of the probe beam, after which a 

Glan-laser polarizer was introduced to ensure that the probe beam was linearly polarized 

before the interaction region. The remaining infrared light in the filament pulse was 

separated with a dichroic mirror (>750 nm) and used as a pump pulse to excite coherent 

rotational motion in the target molecules. The linearity of the pump beam polarization 

was also ensured with a Glan-laser polarizer. A half-wave plate and Glan-laser polarizer 

pair was used to control the pump pulse energy, after which a second half-wave plate was 

used to set the pump polarization at an angle of 45º with respect to the probe polarization. 

An electronic delay stage in the pump beam path was used to measure the group-delay of 

the temporally stretched probe pulse in the interaction region. 

The probe beam was focused by a 25-cm focal length spherical mirror and 

directed into the sample cell with an optical blank to provide additional attenuation of the 

probe power. The pump beam was focused by a 25-cm focal length lens and directed into 

the chamber at an angle of ~3º with respect to the probe beam. After exiting the chamber, 

the probe was imaged into the spectrometer (Ocean Optics, USB4000-VIS-NIR) by a 25-
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cm focal length spherical mirror. A second Glan-laser polarizer in the probe beam path, 

oriented orthogonally to the first polarizer, was used to reject the majority of the probe 

beam light, allowing only the fraction of the probe having undergone transient 

polarization rotation (through either the instantaneous Kerr effect or molecular 

alignment) into the spectrometer. The required density of the ND filter in the probe path 

was chosen by measuring the extinction ratio of the probe through these crossed 

polarizers. An ND attenuation level that eliminated transmittance through the analyzer (in 

the absence of the pump) without overly attenuating the birefringence signal (in the 

presence of the pump) was selected. A color glass filter was used to reject scattered pump 

light and a zero-order quarter-wave plate placed before the cross analyzer was used to 

generate a local oscillator for heterodyne measurements.  

A port at the top of the sample cell was used for both evacuation of the cell and 

introduction of samples by coupling to a manifold. However, the windows of the vacuum 

chamber have a depolarizing effect on the probe light, allowing transmission of those 

depolarized probe components through the analyzing polarizer. To minimize this effect, 

both the vertical and horizontal dimensions of the sample cell were angle tuned to 

diminish the probe light passing through the analyzer in the absence of the pump and 

quarter-wave plate. A roughing pump was employed to evacuate the sample chamber 

down to ~ -32 psi prior to sample insertion. The manifold allowed for the addition of up 

to two gases into the chamber per experiment, which was utilized when reacting NO with 

O2. Nitric oxide (98.5%) and nitrous oxide (99%) were provided by Sigma Aldrich and 

Matheson, respectively. Working grade oxygen was provided by Airgas.  
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6.3.2 Data Acquisition and Work-up 

Prior to sample analysis, the group delay of the white-light continuum probe pulse 

was measured through a cross-correlation scan of the pump and probe pulses in a 

homodyne configuration. As illustrated in Figure 5.2 of Chapter 5, the polarization-gate 

spectra with and without the pump beam while in the presence of the local oscillator were 

collected. For each sample, the pump-on spectrum was divided by the pump-off spectrum 

resulting in an intensity normalized signal spectrum. The frequency domain signal was 

converted to the time domain by mapping the frequency axis onto the time axis using the 

measured group delay of the probe pulse.  

 

6.4 Results and Discussion 

6.4.1 Rotational Revivals of Nitric Oxide, Nitrogen Dioxide, and Nitrous Oxide 

To observe NO rotational revivals, the sample chamber was filled with 15 psi of 

pure NO and the impulsively excited rotational Raman wavepacket spectrum of nitric 

oxide was measured via STAMPS (Figure 6.2). The pump pulse duration was estimated 

as ~445 fs FWHM at the interaction region as a result of post-filament dispersion in the 

polarizing and focusing optics. The effective pump intensity
53

 used in the NO 

measurements was 6.3  10
11

 W/cm
2
. The NO transient revival times corresponding to 

the fractional and full rotations of the molecule were determined by the equation for the 

rotational period Tr = 1/(2Bc). The rotational constant of NO is 1.696 cm
-1

,
54

 yielding a 

full revival period of ~9.8 ps and a half revival period of ~4.9 ps, which corresponds to 

the experimentally obtained periods measured with STAMPS (Figure 6.2a). The complex 
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Figure 6.2. (a) Measured STAMPS signal of nitric oxide revealing fractional rotational  

revivals spaced ~4.9 ps in time. (b) Fourier transform of the NO rotational 

revival spectrum from which a rotational energy level spacing of ~6.58 cm
-1

 

is measured. 

 

and changing revival structure reflects the heteronuclear nature of the molecular rotor and 

results from the reduced symmetry of the molecule compared to a homonuclear or 

symmetric top molecule. The decrease in the revival signal amplitude reflects dephasing 

of the wavepacket from inter- and intramolecular effects. The Fourier transform of the 

STAMPS signal is shown in Figure 6.2b and represents the inter-level spacing of NO. 

The spacing between the dominant rotational lines is estimated as 6.82 cm
-1

, which is 

close to the calculated value of 6.78 cm
-1

 and corresponds to the energy difference 

between the ∆J ± 2 rotational transitions.  

In the presence of oxygen, NO reacts to form nitrogen dioxide by the reaction 
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2NO + O2  2NO2. The quantitative amount of oxygen required for the complete 

consumption of NO was added to the sample chamber and the formation of NO2 was 

observed by the appearance of the NO2 rotational wavepacket and the disappearance of 

the NO rotational revivals. The final pressure of the nitrogen dioxide produced was ~10 

psi. The effective pump intensity used in NO2 measurements was again 6.3  10
11

 

W/cm
2
. The rotational constant of NO2 is 0.429 cm

-1
,
55

 which translates to a full 

rotational period of ~38.9 ps. Figure 6.3 shows the STAMPS measurement of NO2, 

which exhibits two rotational revivals corresponding to the quarter- and half-period 

revivals of the WP. The observation of only two fractional revivals in the STAMPS 

spectrum results from the strong absorption of the probe pulse in the pure NO2 

atmosphere (1 bar) of the sample cell. Nitrogen dioxide is the main component of smog 

in the atmosphere and has an orange color. NO2 absorbs in the UV-visible range from 

250 nm to 650 nm, as is confirmed by the calculated absorbance spectrum, 

A =  log10(
NO probe ref

NO2 probe ref
)     (6.1) 

in Figure 6.4b. Thus, the white-light continuum probe is strongly attenuated in this 

wavelength region in the presence of NO2 (Figure 6.4a), reducing the STAMPS temporal 

widow from 65 ps to 25 ps and preventing the detection of rotational revivals past 25 ps. 

At low NO2 concentrations we anticipate that the temporal window will be increased due 

to decreasing absorption of the probe light. The white-light probe also provides an 

abundance of potential resonant wavelengths whose absorption could drive population 

from an excited electronic state, from the coherently prepared (by the pump pulse) 

ground electronic state, or from the incoherent ground electronic state (prior to  
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Figure 6.3. Measured STAMPS signal upon consumption of nitric oxide by oxygen to  

produce nitrogen dioxide. The NO2 product partial revivals occur ~9.7 ps 

apart. 
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Figure 6.4. (a) Comparison of the probe spectrum in the presence of NO versus in the  

presence of NO2. The black and orange spectra correspond to the filament 

probe reference in the presence of nitric oxide and nitrogen dioxide, 

respectively. (b) The absorbance spectrum of NO2 calculated by dividing the 

probe spectrum in the presence of NO by the probe spectrum in the presence 

of NO2 and taking the logarithm of the quotient. 
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interaction with the pump pulse). Population transfer during the rotational WP 

propagation is an additional source of dephasing that will decrease the STAMPS signal 

intensity as a function of time.  However, the absorption capability of the white-light 

probe could be utilized to obtain electronic information on UV-visible absorbing species 

under interrogation. The observation of both the reactant and product transient alignment 

features for the conversion of NO to NO2 indicates that STAMPS is a viable technique 

for observing other important reactions, such as combustion reactions.  

Another potential explosive signature is nitrous oxide. N2O is a linear molecule 

and as such has very well defined rotational wavepacket structure, as can be seen in the 

pure heterodyne STAMPS measurement shown in Figure 6.5. For this measurement, 27 

psi of pure nitrous oxide was added to the sample cell. The effective pump intensity used 

 

 

Figure 6.5. (a) Measured STAMPS signal of nitrous oxide displaying partial transient  

alignment features with a temporal spacing of ~19.9 ps. (b) Fourier transform 

of the N2O rotational revival spectrum revealing a rotational energy level 

spacing of ~1.67 cm
-1

. 
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in this heterodyne N2O measurement was 5.4  10
11

 W/cm
2
. The rotational constant of 

N2O is 0.419 cm
-1

,
56

  corresponding to a full revival period of 39.8 ps. The 65 ps 

temporal window allows for the detection of the first three transient post-pulse alignment 

features at the times dictated by the half-revival period, 19.9 ps, shown in Figure 6.5a. 

The Fourier transform of the nitrous oxide STAMPS signal also yields a well-defined 

N2O rotational spectrum (Figure 6.5b), with a measured rotational line spacing of 1.67 

cm
-1

. The line spacing is close in value to the calculated spacing of 1.68 cm
-1

, which 

represents the energy difference between the ∆J ± 2 rotational modes.  

6.4.2 Estimate of STAMP Spectroscopy Limit of Detection 

The strong rotational rephasing capability as well as the ability to absorb at 182 

nm [HITRAN] makes N2O a viable choice for a limit of detection study. Previous 

concentration studies using known mixtures containing a fraction of N2O have 

investigated the capability of Raman-induced polarization spectroscopy (RIPS) to 

accurately extract concentrations of various rotational species both with and without 

overlapping revival times.
18, 57

 Here we use pure concentrations of N2O to obtain a limit 

of detection for the current STAMPS geometry. The rotational revival spectrum of NO2 

was measured in a homodyne configuration (by removing the quarter-wave plate before 

the final polarizer, t, in Figure 6.1) as a function of pressure. The effective pump intensity 

used in the homodyne N2O measurements was 1.1  10
12

 W/cm
2
. This was the highest 

pump intensity possible without introducing an elevated coherent background from 

permanent alignment,
8-9

 which heterodynes the measurements. The edge of the 

absorption band centered at 182 nm was also measured as a function of pressure using a  
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Figure 6.6. Limit of detection study in N2O. The square root of the average integrated  

intensity (N
2
 dependence of coherent rotational Raman scattering) of the first 

half revival of N2O in a homodyne configuration for eight pressures (0 - 35 

psi) is plotted (black dots) as a function of the calculated molarity (via UV-

vis absorption) at each pressure. The green line is the linear regression of the 

data set, which estimates the LOD to be ~1.35 mM N2O. The error bars in red 

correspond to the standard deviation of the integrated revival intensity for the 

four spectra that were that were averaged. 
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homebuilt UV-vis spectrometer consisting of a deuterium-tungsten lamp and a USB 

spectrometer (Ocean Optics, HR4000), from which the concentration of N2O 

corresponding to each pressure was determined. Four STAMPS spectra were acquired 

and averaged for the first half-revival of the rotational WP at each pressure. The square 

root of the average integrated intensity was then plotted (Figure 6.6) as a function of the 

calibrated concentration and a linear regression was performed (ISRS scales with N
2
)
58-59

. 

Error bars corresponding to the standard deviation of the integrated revival intensity of 

the four measurements are depicted in red. A best-fit equation of y = 957.4x – 0.4 was 

obtained from the fit with a root-mean-square error of 0.82, with y and x representing the 

square root of the integrated N2O half revival intensity and the molarity of N2O per 

sample pressure, respectively. The limit of detection (LOD) was calculated as:  

LOD = 
√3𝜎

𝑚
     (6.2) 

where m and σ are the slope of the linear fit and the spectral noise (0.56 arbitrary 

spectrometer counts), respectively, to ultimately yield a LOD of 1.35 mM for N2O, as 

shown in Figure 6.6. For a given pump intensity, the STAMPS sensitivity will vary for 

each molecule that is investigated. Molecules possessing a large polarizability anisotropy 

will yield an intense rotational revival signal, allowing for a lower limit of detection for 

that particle system. Each system is susceptible to a different magnitude of dephasing 

based on the molecular structure, which is manifested in the decay rate of the rotational 

revival signal intensity. Large, polar molecules will be especially limited by the various 

dephasing effects, resulting in a worse limit of detection for such systems. Additionally, 

due to the long full rotational revival periods, large molecules also have fractional 
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revivals with considerable temporal periods, providing ample time for dephasing effects 

to decrease the intensity of the first measurable revival signal. Therefore, an ideal LOD 

can be measured by investigating a molecule that is small, strongly anisotropic in its 

polarizability, and minimally affected by dephasing.  

6.4.3 Integrated Nitrous Oxide Rotational Revival Intensity as a Function of Sample 

Pressure 

The nitrous oxide post-pulse alignment signal intensity decays as a function of 

time. This decay rate is affected by the N2O pressure at which STAMPS measurements 

are performed. Figure 6.7 qualitatively compares the decay of the nitrous oxide integrated 

signal intensity as a function of increasing rotational revivals (i.e. increasing time) for 

each of the sample pressures investigated. Lines are drawn to connect the integrated 

intensity data points going from each revival in order to make the trends more apparent. 

The error bars represent the standard deviation of the N2O integrated alignment intensity 

for the four averaged STAMPS spectra. The first half-period revival (Tr/2), full revival 

(Tr), and second half-period revival (3Tr/2) integrated intensities are shown in panel 6.7a 

for each of the N2O pressures. The decay in integrated signal intensity as a function of 

time becomes seemingly less drastic with decreasing N2O pressure. In panel 6.7b, the 

integrated zero delay feature of nitrous oxide is plotted with the Tr/2, Tr, and 3Tr/2 

integrated rotational recurrences from panel 6.7a for the same N2O pressures. The zero 

delay feature shows a more marked decrease in intensity as a function of pressure, 

however, this feature is the convolution of transient birefringence resulting from the 

electronic Kerr effect and the initial rotational alignment of N2O. Therefore, this feature  
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Figure 6.7. Average integrated N2O rotational revival intensity as a function of increasing  

revival times for a homodyne detection scheme. (a) Average integrated 

intensity of revivals 1 through 3 for each N2O pressure. (b) Average 

integrated intensity of zero delay along with revivals 1 through 3 (same as a) 

for each N2O pressure. The error bars represent the standard deviation of the 

integrated intensity for the four averaged STAMPS measurements. The lines 

drawn between the revival data points are only visual aids, not data fits. The 

insets at the right list the colors assigned to each sample pressure. 
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would require fitting similar to that reported in [ref 60]
60

 to isolate the rotational 

contribution to the change in refractive index. Overall, as the pressure decreases the 

signal intensity for each revival also decreases, as is expected when lowering the sample 

concentration. Although, lowering the pressure also slows the decay rate of the revival 

intensity as a function of time. This is also expected since the dephasing rate of nitrous 

oxide post-pulse alignment is determined by collisional and dipole-dipole interactions, 

both of which decrease in frequency of events when the number of molecules contained 

within a given volume is reduced. These conclusions are merely qualitative due to the 

lack of data points (only three revivals are contained within the STAMPS temporal 

window) to perform sufficient fits of the data sets.  

Evaluating the nitrous oxide integrated intensities as a function of pressure for 

each of the three rotational revival features enables a more quantitative analysis. Figure 

6.8 represents the average integrated intensity (black dots) of zero delay and the first 

three rotational revivals of N2O as a function of pressure. Error bars in red again 

correspond to the standard deviation of the N2O integrated alignment intensity for the 

four averaged STAMPS measurements. The zero delay feature is quadratically dependent 

on pressure as revealed by the quadratic fit of the average integrated N2O intensities in 

magenta (Figure 6.8a). As discussed for Figure 6.7, both the electronic Kerr effect and 

the initial rotational alignment of nitrous oxide contribute to the measured birefringence 

at zero delay. Isolating the rotational alignment contribution is expected to alter the 

quadratic fit. The first half revival of N2O at 19.9 ps is also quadratically dependent on 

pressure, as shown by the quadratic fit in blue of the average integrated revival intensities  
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Figure 6.8. Average integrated N2O rotational revival intensity as a function of pressure  

for a homodyne detection scheme. (a) Average integrated intensity of the zero 

delay feature of N2O versus pressure. The magenta curve is a quadratic fit of 

the data set. (b) Average integrated intensity of the first half revival of N2O 

versus pressure. The blue curve is a quadratic fit of the data set. (c) Average 

integrated intensity of the full revival of N2O versus pressure. The green line 

is a linear fit of the data set. (d) Average integrated intensity of the second 

half revival of N2O versus pressure. The cyan curve is an exponential fit of 

the data set. The error bars in red represent the standard deviation of the 

integrated intensity for the four averaged STAMPS measurements. 
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in Figure 6.8b. However, this blue parabola representing the first alignment recurrence is 

not as steep as the magenta parabola in representing zero delay in panel 6.8a. Integrating 

the full period revival at 39.8 ps and plotting the values versus pressure (Figure 6.8c) 

shows a linear relationship (green line) between signal intensity and pressure at this time 

delay. The last rotational revival contained within the STAMPS temporal window is the 

second N2O half revival at 59.7 ps. The average integrated intensities of this 3Tr/2 revival 

has an exponential dependence on pressure, shown in cyan in Figure 6.8d. Overall, 

Figure 6.8 reveals a saturation of the pressure dependence of the rotational revival signal 

intensity over time, which is another indication of the pressure dependence of the various 

dephasing effects.  

 

6.5 Conclusion 

In this chapter, we have presented the application of spectral-to-temporal 

amplitude mapping polarization spectroscopy for detecting nitric oxide, nitrogen dioxide, 

and nitrous oxide, which are potential signatures of radioactive decay and IEDs. The 

ability of the STAMPS technique to rapidly acquire spectra over long time windows has 

proven useful for pressurized sample measurements as well as for detection of reactants 

and products of chemical events. A systematic pressure study has revealed a limit of 

detection of 1.35 mM for N2O detection. Dephasing of the N2O revival signal intensity 

has also been investigated for a series of sample pressures, qualitatively revealing that 

intermolecular effects, such as collisional relaxation and dipole-dipole interactions, affect 

the decay rate of the post-pulse alignment.  
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The rapid measurement ability combined with the inherently universal nature of 

the impulsive excitation mechanism upon which rotational coherence spectroscopic 

methods operate, make STAMPS an important rotational Raman spectroscopic technique. 

Absorption-based techniques yield congested spectra and are incoherent in nature. 

Spontaneous Raman spectroscopy is also incoherent in nature and has a low cross 

section, yielding low signal intensity spectra. Stimulated Raman spectroscopy, while 

offering improved signal generation as a coherent technique, is mode specific and 

therefore, time-consuming. By providing potentially single-shot measurements of entire 

rotational Raman spectra, STAMPS bypasses the limitations of previous incoherent 

spectral domain measurements and coherent temporal domain scanning measurements. In 

the future, STAMPS could potentially be utilized for ambient sensing applications 

through use of a shaped pump pulse. A shaped pump may selectively excite specific 

molecules in order to filter out unwanted ambient rotational signals that would obscure 

the transient revival signal of signature molecules of interest. 
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CHAPTER 7 

SUMMARY AND OUTLOOK 

 

This dissertation has described the development and application of two novel 

forms of femtosecond laser filament-assisted Raman spectroscopy. Optical filamentation 

has proven to be an invaluable spectroscopic tool due to the spatial, spectral, and 

temporal properties that accompany this nonlinear phenomenon. The focusing and 

defocusing cycles allow high on-axis intensities to be attained over long distances with 

laser filaments. As a result of the intrinsic pulse-shortening (i.e. continuum generation) 

that occurs during the filamentation process, optical filaments are a convenient source of 

broadband, nearly single-cycle pulses for impulsive excitation of all of the Raman-active 

vibrational modes of a molecular signature. Thus, filaments have been employed in this 

research to perform impulsive vibrational and rotational Raman spectroscopy for the 

detection of chemical systems of interest, including explosive and radioactive decay 

signatures.  

The recently created vibrational spectroscopy, known as filament-assisted 

impulsive Raman spectroscopy (FAIRS), has been further developed for the purpose of 

threat detection applications. In FAIRS, the filament acts as an impulsive pump pulse to 

simultaneously excite all the Raman-active vibrational modes of the system. A 

narrowband 800 nm probe pulse subsequently probes the excited vibrational coherence, 

revealing complete Raman spectra. Ozone, nitrogen oxide molecules, ions, and excited-

state species originating from plasma and flame environments have been successfully 

detected using FAIRS. The first reports of concurrent generation and detection of ozone, 
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ionic, and excited-state molecules via filamentation has been detailed. The ability to 

sense the molecular species produced by the strong field chemistry of the filament pump 

has provided another metric of sensitivity for the FAIRS technique. Spatially resolved 

detection in natural gas flames has established the utility of FAIRS for applications 

requiring spatial studies. Spectral fringing of the Raman features has been discovered and 

shown to result from an interference effect between the pump-induced cross-phase 

modulation and the temporally chirped Raman signal. These fringes were utilized in the 

measurements to aid in the identification of low signal level Raman modes. The 

impulsive vibrational Raman measurements presented in this dissertation demonstrate the 

potential of FAIRS for remote sensing of hazardous materials, as optical filaments enable 

standoff excitation of molecular ensembles. An adequately long filament, can generate a 

vibrational coherence at a distance, which in conjunction with coupling the detector to a 

telescope would enable truly remote detection. 

A novel form of rotational spectroscopy, known as spectral-to-temporal amplitude 

mapping polarization spectroscopy (STAMPS), has been developed, tested, and applied 

to the detection of hazardous material signature molecules. In STAMPS, the white-light 

continuum generated by filamentation is temporally chirped (~65 ps) and used to probe 

the post-pulse rotational alignment (i.e. rotational revivals) impulsively excited by an 800 

nm, ~400 fs pump pulse. Rotational revivals occurring within the time window of the 

filament pulse are mapped onto probe spectrum and subsequently converted to the time 

domain. The STAMPS technique was first demonstrated on linear molecules, such as 

nitrogen, oxygen, and carbon dioxide, capturing the rotational revival features at temporal 
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periods matching the calculated rotational periods of those molecules. The rotational 

Raman wavepacket spectra of methanol and ethylene were also successfully measured, 

demonstrating the utility of STAMPS for probing asymmetric top molecules. Traditional 

rotational spectra were acquired by Fourier transforming the temporal STAMPS spectra 

to the frequency domain. These rotational spectra revealed that the rotational line 

spacings were consistent with the calculated values for each molecule, validating 

STAMPS as a rotational Raman spectroscopy. Measurements on signature molecules of 

various hazardous materials and processes including nitrogen oxides and nitrous oxide 

were successfully performed. A pressured study of the nitrous oxide rotational revival 

signal intensity investigated the dephasing effects damping the revival signal as a 

function of time. The preliminary impulsive rotational Raman measurements presented in 

this dissertation demonstrate the potential of STAMPS for threat sensing applications. By 

implementing pulse shaping of the pump, targeted excitation could be achieved which 

would allow for higher sensitivity measurements without unwanted ambient signal. 
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