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ABSTRACT
This dissertation details the nature of subnanosecond laser-induced microplasma
dynamics, particularly concerning the evolution of the electron temperature and
concentration. Central to this development is the advent of a femtosecond four-wave
mixing (FWM) spectroscopic method. FWM (in the form of coherent anti-Stokes Raman
scattering (CARS)) measurements are performed on the fundamental oxygen vibrational
transition. An analytical expression is provided that accounts for the resonant and
nonresonant contributions to the CARS signal generated from the interaction of
broadband pump and Stokes pulses. The inherent phase mismatch is also accounted for,
resulting in quantitative agreement between experiment and theory.
FWM is then used to measure the early-time electron dynamics in the noble gas
series from He to Xe following irradiation by an intense (1014 Wcm-2) nonresonant 80 fs
laser pulse. An electron impact ionization cooling model is presented to determine the
evolution of electron kinetic energies following ionization. Kinetic energies are predicted
to evolve from > 20 eV to < 1 eV in the first 1.5 ns. The initial degree of ionization is
determined experimentally via measurement of the Bremsstrahlung background emission,
and modeled with a modified ADK theory based on tunnel ionization. Combined, these
two descriptions account for the evolution of both the electron temperature and
concentration and provide quantitative agreement with the FWM measurements. The
model is further tested with measurements of the gas pressure and pump laser intensity on
the electron dynamics. The FWM experiments are concluded with a qualitative
discussion of dissociative recombination dynamics occurring in molecular microplasmas.
iv

The microplasma environment is used as a source for the generation of two-level
systems in the excited state manifold of atomic oxygen and argon. These two-level
systems are coupled using moderately intense ~1 ps near-infrared (and near-resonant)
pulses, resulting in Rabi sidebands with unprecedentedly large shifts in excess of 90
meV. A time-dependent generalized Rabi-cycling model is developed to account for the
time-dependence of the laser electric field and subsequently the Rabi frequency. The
Rabi radiation is determined to be coherent and tunable (up to 200 meV), providing a
new method for ultrashort pulse generation. The dependence of the spectral positions of
the Rabi sidebands on laser intensity affords the opportunity to simultaneously determine
the ratios of transition dipole moments for the states accessed.
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CHAPTER 1
INTRODUCTION
1.1 GENERAL CHARACTERISTICS OF PLASMAS
Plasmas are essential to our understanding of the makeup and processes in the
universe and are generally thought to make up more than 99 % of the observable matter
(1) largely in the form of stars and intergalactic clouds (2). An ionized gas-like state of
matter, plasma consists of electrons, ions and often neutral species. The neutrals can be in
the form of atoms or molecules. Even on the terrestrial level plasmas are found to be
quite ubiquitous, naturally occurring in the ionosphere, in lightning discharges, and in
fire. They have also become prevalent in man-made devices such as fluorescent lighting,
neon signs and have even pervaded the way we watch television. Plasmas have become
indispensible to the scientific community in the form of arc lamps implemented for
absorption and emission spectroscopy.
Typical treatments of plasmas generally consider a state that is characterized by
the condition of thermal equilibrium. Under this condition, all constituent species within
the plasma exist at the same temperature. A plasma with a uniform electron temperature
will possess a Maxwell velocity distribution (3), f e v 

 me 

f e v   ne 
2

kT
e 


32

m v2 
exp  e 
 2kTe 

(1)

where ne , me , and Te are the electron density, mass and temperature, respectively, v is
the electron velocity and k is the Boltzmann constant. From the Maxwell distribution
1

one can determine the typical gas-kinetic velocity characteristics such as the most
probable, the average, and the root mean square values. In the state of thermodynamic
equilibrium Eq. (1) becomes valid for the determination of the velocity distribution for
ions and neutrals as well as for the Boltzmann distribution over the excited states in
neutrals/ions as discussed later. Equation (1) points to two particular parameters essential
for plasma characterization; the electron number density and temperature.
The electron density gives rise to another important parameter, known as the
plasma frequency (for an excellent treatment of this parameter see (4, 5))
12

 ne qe2 

 p  
  0 me 

(2)

where q e is the electron charge and  0 is the permittivity of free space. The plasma
frequency is the natural oscillation frequency of plasma electrons on the background of
positive ions. For radiation incident on a plasma, the relative frequency of the radiation to
that of the plasma will determine whether transmission or reflection will occur. This
reflection property has proven useful for the implementation of plasma mirrors in which
specular reflection of intense self-gating beams has been effectively implemented for
improving the spatial (6) and temporal profile (7). Plasma mirrors have been
demonstrated as a highly reflective and durable surface for high-intensity laser beams in
excess of 1019 Wcm-2 (8) that would damage traditional mirrors. Also, this phenomenon
is responsible for the reflection of low frequency radio waves off the ionosphere.
In the limit of thermodynamic equilibrium it is possible to conveniently determine
the relative state population densities of the constituent neutral or ionic species. The
2

densities are thus determined through the well-known Boltzmann distribution, which can
be written in the form (3):
nu  g u 
 E 

exp 
nl  g l 
 kT 

(3)

where. nu  , nl  are the number of atoms (or ions) in the upper and lower states
respectively, g u  , g l  are the degeneracies for the corresponding states and E is the
energy difference between the two states. The Boltzmann distribution, along with
knowledge of the transition probabilities and the spectral emission intensities for the
respective states, can be used for the generation of a Boltzmann plot which has become
an indispensible method for plasma temperature determination (9).
Upon determination of the temperature, the relative number densities of ion states
can be established using the Saha equation (10)
32
nr 1ne  2U r 1  2me kT 
 I  I  



exp  r 1 r 
3

nr
kT 
h

 Ur 

(4)

where nr and nr 1 are the densities of ions with r and r + 1 electrons removed
respectively. U r , U r 1 and I r , I r 1 are the corresponding partition functions and
ionization potentials, respectively. Equation (4) gives the relative number densities of the
ions, irrespective of the degree of excitation.
1.2 MICROPLASMA
1.2.1 NON-EQUILIBRIUM PLASMAS
The Equations (3 and 4) are no longer valid for plasmas where the electron
temperature is vastly different from that of the surrounding medium. Such plasmas are
3

considered to be in non-thermal equilibrium. This non-equilibrium condition is the norm
for a particular class of plasmas known as the microplasma or microdischarge. In the
microdischarge environment a microplasma has been defined by Mariotti et al. (11) as
“… plasmas confined within sub-millimetre cavities in at least one dimension…”.
Microdischarge devices can often be considered a scaled down version of the hollow
cathode discharge (12), but with the additional advantage of operation at atmospheric
pressures and in ac mode (in addition to dc). Additionally, non-Maxwellian electron
energy distributions have been observed in such microplasmas (13). A wide range of
electron densities have been observed from 1012 (14) to 1016 cm-3 (15). Microplasma
physics based on the microdischarge has become a burgeoning field with a multitude of
application ranging from environmental remediation to the synthesis of nanomaterials
(see refs. (11, 12) for reviews of microplasma applications).
1.2.2 LASER-INDUCED MICROPLASMAS
The definition of microplasma given above can also be applied to many laserinduced plasmas. Laser-induced microplasmas, exist under non-equilibrium conditions
(on the subnanosecond timescale) where electron temperatures can readily reach tens of
electron volts (16-18) while the thermal motion of surrounding gas atoms and molecules
corresponds to near ambient temperatures (19). As the electron temperature evolves,
these translational degrees of freedom of the heavier particles of surrounding gas can be
expected to undergo minimal change for several nanoseconds (19). Even under nonequilibrium conditions, the electrons will still establish thermal equilibrium among
themselves. That is, at any given instant, all electrons are assumed to have a Maxwell
distribution (following Eq. (1)), providing a means for the determination of the electron4

neutral collision cross-sections (16, 17), which has proven essential for the determination
of subnanosecond electron cooling dynamics occurring via the process of impact
ionization.
Laser-induced breakdown ionization occurs in two main regimes, with plasma
formation dominated by i) geometric focusing and ii) Kerr self-focusing. Geometric
focusing results in laser focal diameters on the tens of micron scale. The microplasmas
produced by focused high-energy lasers have been demonstrated to possess comparable
diameters, which have been determined using shadowgraphic (20-23) and interferometric
(24-27) imaging techniques. The longitudinal dimensions of these microplasmas were
found to be on the order of the laser confocal parameter. Plasma shockwave
measurements have demonstrated that laser-induced plasmas can remain in the submillimeter regime for several nanoseconds following plasma formation (28). However,
after several microseconds the plasma expansion can reach several centimeters in
diameter (18, 29, 30) as demonstrated with plasmas induced with nanosecond laser
pulses.
Laser filamentation is a related phenomenon where the laser-induced plasma is
generated in atmosphere due to a laser beam undergoing Kerr self-focusing via the
nonlinear refractive index and reaching a balance between the self-focusing effect and the
combined plasma defocusing and diffraction (31). This balancing effect in the
filamentation process allows the filament to propagate from tens of meters (32-34) to
kilometers (35) in length. The long plasma channel makes filamentation an attractive
approach for the control of electrical discharges toward the goal of producing a plasma
lightning rod (36). Recently, filaments in air and other gases have become a novel
5

approach for the generation of sub-10 fs laser pulses (37) resulting from the combined
effects of self-phase modulation (38) and self-steepening (39, 40).
Electron densities in laser-induced plasmas/filaments can vary over several orders
of magnitude (1015 – 1018 cm-3). The filamentation process generally produces lower
electron densities due to the effect of intensity clamping (41) (due to plasma defocusing),
which ultimately limits the laser focal intensity to ~ 1013 Wcm-2 resulting in plasma
electron densities on the order of ~ 1016 cm-3. However, electron densities produced by
geometric focusing of a laser beam are typically much larger, on the order of ~ 1018 cm-3.
Moreover, they can be more easily controlled by varying the external focusing conditions
(42) and incident laser electric field strength (16, 17).
The electron temperature evolution has been observed to depend strongly upon
the pulse duration of the plasma-generating laser. Comparison of the femtosecond laserinduced plasmas (in aluminum) performed by Le Drogoff et al. (9) with those generated
in the nanosecond regime (43) under otherwise similar conditions shows that the
nanosecond plasma reaches higher electron temperatures. This is attributable to inverse
Bremsstrahlung, where the longer duration pulses provide greater interaction time
allowing for increased absorption and hence heating of the plasma. This general trend in
electron temperature as a function of pulse duration has also been demonstrated in solidstate media (28).
1.3 PLASMA FORMATION IN STRONG NONRESONANT LASER FIELDS:
IONIZATION MECHANISMS
Plasma generation initiated by a strong nonresonant electric field, as is typical for
the near-infrared femtosecond lasers used in this dissertation and of laser-induced
6

plasmas and filaments in general, results in an initial electron concentration stemming
from three ionization mechanisms; i) tunnel (44); ii) over-the-barrier (45); and iii)
multiphoton (46). The tunnel ionization process occurs in the quasistatic limit, where the
tunneling rate of the single active electron (all other bound electrons are neglected)
through the barrier created by the superposition of the Coulomb potential (Figure 1, top
panel) and the laser field is greater than the laser frequency. For atomic systems, this
quasistatic regime is signified by the Keldysh parameter (47)  (ratio of the tunneling
time to the laser period), being less than unity. In this regime, the barrier through which
tunneling occurs (Figure 1, middle panel) can be considered static. The tunnel rate has
been successfully determined using the ADK (48) formula and is expressed as (49)

 3e 
W  
 

32

Z 2  4eZ 3 


n *9 2  n *4 E0 

where Z is the ionic charge, n*  Z 2I P 

1 2

2 n*  3 2

  2Z 3 
exp  *3 
 3n E0 

(5)

with I P as the ionization potential and E 0 is

the electric field amplitude. This basic tunnel ionization expression has been extended for
the determination of the total degree of ionization in the inhomogeneous plasma for a
series of noble gases as described in refs. (16, 17) and further detailed in Chapter 4.
For   1 , the over-the-barrier ionization regime is reached (Figure 1, bottom panel)
where ionization occurs with unit probability. The Coulomb potential becomes
suppressed to the point where the electron no longer remains bound and does not need
tunneling to escape. Multiphoton ionization occurs when   1 and is characterized by
the absorption of multiple photons whose collective energy exceeds that of the species
ionization potential. Hankin et al. have derived an expression for the laser-intensity7

Figure 1. Atomic Coulomb potential in the absence of (top panel) and in the presence of a
strong electric field (middle and bottom panels). The middle panel shows the creation of
a barrier through which the electron can tunnel. The bottom panel shows the condition for
the over-the-barrier regime. The solid horizontal line represents the ground state of the
single active electron in the atom.
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dependent ionization rate for multiphoton processes (50). When the number of absorbed
photons reaches and exceeds the requisite number needed to overcome the ionization
potential, the resulting process is known as above threshold ionization (51). ATI can
readily be measured using photoelectron spectroscopy, where discrete peaks are observed
in the energy spectrum separated by multiples of the photon energy.
Unlike atoms and simple diatomic molecules (49), in polyatomic systems the
dimensions of the potential well can no longer be neglected, requiring a revision of the
three aforementioned ionization mechanisms. In a series of papers, the Levis group
extended upon the ADK tunneling model, correcting for the length of the molecules (5256). As the characteristic timescale for motion within the molecular potential well
approaches the order of the laser period, nonadiabatic dynamics begin to be manifest,
even for the condition   1 . This transition from the adiabatic to nonadiabatic regime
has been demonstrated in the molecular ionization and fragmentation for a series of
highly conjugated hydrocarbons. The approach has developed into a theory of
nonadiabatic multielectron dynamics (57-60). An additional laser-field-induced
ionization mechanisms which is important for the plasma electron density is impact
ionization (61). This process, which occurs following the initial ionization, as discussed
in Chapter 4 section 4.5, is expected to have only a minor contribution to the overall
electron density and temperature due to the ~ 80 fs duration of the pulses.
1.4 SCOPE OF THIS DISSERTATION
The electron temperature and concentration dynamics in non-equilibrium plasmas
are studied. Several spectroscopic and interoferometric techniques have been developed
9

(and are reviewed in Chapter 4) to measure the plasma dynamics. Chapter 2 reviews the
essential experimental apparatuses common to measurements throughout the dissertation.
Chapter 2 also discusses the basis of nonlinear optics through the nonlinear polarization.
Chapter 3 details the intricacies in the lineshape for femtosecond coherent anti-Stokes
Raman scattering, taking into account the inherent phase mismatch from the ultrashort
pulses. The knowledge gained from this technique is implemented in Chapter 4 (where
the technique is referred to as four-wave mixing) for the determination of temperature
dynamics occurring in noble gas plasmas on the subnanosecond timescale. Chapter 4 also
includes the determination of the initial electron number density produced from tunnel
ionization during the strong-field nonresonant laser pulse, as reflected in Bremsstrahlung
emission. Chapter 4 concludes with measurements of the electron recombination that
occurs in a series of small molecules. This analysis details the fundamental differences
between the plasma evolution in molecular and atomic media. Our results are compared
to those in the literature for laser-generated plasmas produced and evolving under similar
conditions. Chapter 5 considers a different aspect of the laser-induced plasma: the excited
states of constituent neutral atoms. The nature of coupled two-level systems generated by
a probe laser field in excited atomic oxygen and argon (generated in the plasma) is shown
to result in the production of Rabi sidebands. The Rabi sidebands offer new insights into
the dephasing time of the excited states in the plasma and provide a means for the
determination of excited-state transition dipole moments. Chapter 5 concludes with a
discussion of using the coherent nature of the sideband radiation toward the generation of
ultrashort laser pulses.

10
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CHAPTER 2
EXPERIMENTAL APPARATUS
2.1 OVERVIEW
All the experiments in this dissertation use and implement multiple nonlinear
processes. Those processes relating to the second order polarization, including optical
parametric amplification (via difference-frequency generation) and second-harmonic
generation, will be detailed here. The femtosecond coherent anti-Stokes Raman scattering
(or four-wave mixing) technique, which relies on the third order polarization, will be
detailed in Chapter 3. In order to drive these nonlinearities, intense laser sources are
needed. Femtosecond laser pulses provide an effective means for the generation of these
requisite high laser intensities with only moderately low pulse energies (for an excellent
review of femtosecond laser pulse generation and uses see the review by Rulliere (1)). An
additional advantage of ultrashort pulses is high temporal resolution, which is essential
for the electron dynamics measurements performed in Chapter 4, and the Rabi sideband
interference patterns detailed in Chapter 5. Optical layouts that are specific to individual
experimental setups will be presented in their respective chapters.
2.2 LASER SYSTEMS
2.2.1 OSCILLATOR AND REGENERATIVE AMPLIFIER
Figure 2.1 shows a schematic layout of the lasers used in the three projects that
are investigated (Chapters 3-5). At the heart of the system is a commercially purchased
Kerr-lens mode locked (2, 3) oscillator laser system, purchased as a kit from Kapteyn and
Murnane labs (KMLabs). A Coherent brand Verdi, V-5 Nd:YAG laser, operating in
continuous wave mode with a wavelength of 527 nm and power of ~ 4 W is used to pump
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a titanium-doped sapphire (Ti:sapphire) crystal (gain medium) within the oscillator.
Ti:sapphire offers broad bandwidth and large tunability in the near infrared region of the
spectrum. The oscillator is arranged in a folded cavity design and is set to operate in the
mode locked regime – all frequency components within the cavity possess a constant
relative phase – with a central wavelength of 800 nm, and a spectral FWHM of 40 - 50
nm. The bandwidth is sufficient to support a pulse with a Fourier transform limit of ~ 20
fs (due to dispersion, the actual duration is ~ 30 fs). The system operates with a repetition
rate (pulse to pulse frequency) of ~ 86 MHz at an average power of ~ 400 mW.
The high repetition rate of the oscillator, yields pulses with energy in the
nanoJoule regime, rendering the laser insufficient for simultaneously driving the multiple
nonlinear processes necessitated for our experimentation. In order to produce higher
energy pulses, the method of chirped-pulse amplification is employed (4). The amplifier
used is a Coherent brand Legend-HE. This laser system consists of three stages; a pulse
stretcher, regenerative amplifier and compressor.
The function of the stretcher is to apply a linear temporal chirp to the oscillator
output beam from initial pulse duration of 30 fs to 100 ps. The pulse is stretched prior to
amplification in order to prevent damage to the optical elements. This is accomplished
using three major components: a spherical mirror, diffraction grating and a folding
mirror.
The second stage consists of a double end pumped laser cavity with a Ti:sapphire
crystal as the active element. The crystal is pumped by a Coherent brand Evolution 30.
The fundamental frequency (1064 nm Nd:YLF) of the pump laser is doubled to 532 nm
via second harmonic generation in a lithium triborate (LBO) crystal. The Evolution 30
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Figure 2.1. Schematic of the essential laser systems.
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beam is split 50/50, with each beam, ~ 9 W, pumping either end of the crystal. The
stretched oscillator beam from the first stage is aligned to overlap with the pump beam.
Additionally, synchronizing electronics assure temporal overlap of the pump and seed
beams. The resulting amplified beam has a comparable temporal duration to the stretched
seed input. This yields a situation in which the amplified beam has high energy but low
intensity, assuring that no optical damage occurs during the amplification stage. The
amplifier is allowed to undergo gain until saturation is achieved. Upon saturation, the
cavity is dumped using the combination of a Pockels’ cell (rotates polarization state from
P to S) and a thin film polarizer.
The compression stage compensates for the chirp induced by the stretcher,
effectively reversing the process. The amplified pulse is compressed to a Fourier
transform limit of ~50 fs (FWHM bandwidth of ~ 20 nm). A compressed output power
from the Legend-HE of > 2.4 W, at a repetition rate of 1 kHz, is routinely achieved.
2.2.2 NONLINEAR POLARIZATION
Many laser based experiments necessitate the interaction of multiple laser
frequencies such as those discussed in Chapters 3 and 4 with the implementation of fourwave mixing schemes. Several nonlinear optical techniques exist which provide a means
for additional frequency generation and tuning. Some of the most common techniques
include sum- and difference-frequency generation (SFG and DFG respectively) and selfphase modulation (SPM) (5, 6).
The interaction of electromagnetic radiation with a medium results in a
polarization of the valence electrons. For weak electric field strengths, a linear
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correspondence exists between the electric field and the induced polarization of the
medium that is expressed by (7)



Pt    0 E t 

(1)


where  0 is the permittivity of free space,  is the electric susceptibility and E is the

electric field. Equation (1) represents the field induced polarization in linear dielectrics,
and accounts for all linear optical phenomena, such as reflection, refraction, diffraction,
etc.
When the electric field strength becomes sufficiently large, that is on the order of
the binding interaction between the valence electrons to the atomic nuclei, nonlinear
interactions become important. Classically, all nonlinear phenomena can be expressed as
a power series expansion of the polarization. The polarization then becomes (5)







 2
 3
Pt    0  1 Et    2  E t    3 E t   

(2)

From this expression we see that the first term in parentheses corresponds to the linear
polarization described in Equation (1). The second and third terms correspond to the
second and third order polarization respectively.
From Eq. (2), the relative contribution from each term depends on the electric
field strength and the respective susceptibility. The effect of the magnetic field on the
nonlinear polarization has been considered by Wegener (8). However, for all purposes
within this dissertation the relatively weak interaction with the magnetic field can be
ignored. Boyd has shown that as an approximation for a system with a first order
susceptibility of unity, that  2  ~ 10-12 m/V and  3  ~ 10-24 m2/V2 (5). This necessitates
the high electric fields of (pulsed) lasers for generation of nonlinear phenomena. Even
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higher order processes, such as the coherent hyper-Raman effect (  5  process) (9), are
thus increasingly difficult to realize.
For two collinearly propagating beams with distinct frequencies interfering in a
medium, the resulting electric field is

E t   E1e i1t  E 2 e i2t  c.c.

(3)

where 1 and  2 are the frequencies. By substituting Eq. (3) into the second order
polarization term (from Eq. (2)), we arrive at (5)


2
2
*
P 2  t    0  2   E 1 e 2i1t  E 2 e 2i2t  2 E 1 E 2 e i 1 2 t  2 E 1 E 2 e i 1 2 t  c.c.


 2 0  2   E1 E1  E 2 E 2 


*

*

(4)

The first two terms on the right-hand side of Eq. (4) account for second-harmonic
generation (SHG) of frequencies 1 and  2 . The third and fourth terms describe the
sum-frequency and difference-frequency generation respectively. The remaining
frequency independent term is known as optical rectification. The third order term in the
polarization expansion (Eq. (2)) accounts for four-wave mixing (FWM) phenomena
including third-harmonic generation and CARS. This subject matter will be described in
detail in Chapter 3.
2.2.3 OPTICAL PARAMETRIC AMPLIFIER
Of particular importance to the experimentation presented in this dissertation, is DFG
which provides a means for large tunability and conversion efficiency through optical
parametric amplification. A Coherent brand OPerA optical parametric amplifier (OPA)
was used for the experiments discussed in Chapters 3 and 4. The optical layout is shown
in Figure 2.2. This particular OPA uses ~ 1 mJ of the 800 nm Legend-HE output to
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produce tunable radiation ranging from 1150 nm to 2630 nm. The output of the OPA is
present in two separate fields, the signal (1150 – 1600 nm) and idler (1600 – 2630 nm)
which become degenerate at 1600 nm. Figure 2.3 illustrates the two possible energy level
diagrams describing the DFG process (for a specific signal/idler pair). The arrows
represent photons, with the energy (or frequency) proportional to the arrow length. From
the DFG term in Eq. (4) and the energy level diagram in Figure 2.3 top panel, we see that
the frequency difference between the pump and signal fields,  p   s (  1  2 ), results
in the generation of a third (idler) field at  i . Alternatively, the signal frequency can be
generated from the difference between the pump and idler frequencies (Figure 2.3 bottom
panel).
The total parametric generation efficiency (signal + idler) of the OPerA was
approximately 30 % with the signal having a 50 % greater output than the idler. Typical
performance curves are shown in Figures 2.4 and 2.5 for the signal and idler respectively,
with the maximum power of the idler exceeding 100 J.
The OPerA consists of three main paths (Figure 2.2); white light generation, preamplification and power amplification, all of which spatially overlap in a BBO crystal (Barrium Borate) under type II phase matching conditions. White light generation is
achieved through the process of self-phase modulation (a  3 process) (5) by focusing ~1
% (gray beam path in Figure 2.2) of the 1 mJ Legend-HE beam into a sapphire window
(SW). A continuum spanning the near-IR to UV wavelengths is generated. Contained
within the white light continuum is all the possible signal and idler wavelengths that will
undergo parametric amplification. The white light travels collinearly with ~10 % of the
input pump beam (denoted by the black beam path). The two beams are orthogonally
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polarized using a half-wave plate, and are combined in the BBO crystal. These two beam
paths are spatially and temporally overlapped (using DL1). The angle of the BBO crystal
is adjusted to provide optimum phase matching for a desired signal/idler wavelength pair.
The output contains coherent signal and idler beams. An additional pass of these
signal/idler beams is spatially and temporally (using DL2) combined with the remaining
~ 90 % of the input beam (bold black beam path) in the BBO further amplifying the
beams. The signal and idler are then separated from one another and from the residual
pump beam using dichroic mirrors. Only the idler beam was used for the four-wave
mixing experiments in Chapters 3 and 4.
Calibration of the OPA was performed on the signal by frequency doubling the
output using type I phase matching in the BBO crystal, followed by spectral measurement
using an Ocean Optics brand USB 2000 spectrometer. The signal wavelength was
measured every 50 to 100 nm. The OPerA is equipped with interpolation software that
adjusts the internal stages (DL1 and DL2) and crystal angle for retrieval of the remaining
wavelengths. During experimentation, the USB 2000 spectrometer was used to assure
proper wavelength selection.
2.3 GAS HANDLING EQUIPMENT AND DETECTION
All measurements were performed on gaseous samples contained within an optical
chamber. Two chamber designs were used. In the four-wave mixing experiments of
Chapters 3 and 4 the chamber was constructed from two 2.73 in. outer diameter flanges
with viewports connected using a double sided flange. The viewports were made from
optical quality glass providing a greater than 90 % transmission over the wavelength
range 400 – 2000 nm. The Rabi sideband experiments of Chapter 5 were performed
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Figure 2.2. Schematic of the Coherent brand OPerA optical parametric amplifier (OPA).
BS1, BS2 – beam splitters; DL1, DL2 – optical delay lines; SW – sapphire window; SM
– spherical mirror; WP – half-wave plate; DM1, DM2, DM3 – dichroic mirrors. The
remaining optics are mirrors and lenses.
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Figure 2.4. Typical power tuning curve for the signal output of the OPerA.
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Figure 2.5. Typical power tuning curve for the idler output of the OPerA.
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with two orthogonally directed beams. This optical configuration required additional
viewports. Thus, a cube chamber (Figure 2.6) equipped with four glass viewports was
used. Both chamber designs were equipped with a gas inlet and outlet connected to a
MKS Type 640 pressure controller, providing variable gas flow rates and pressures.
During experimentation, gas flow was maintained, continuously replenishing the sample
within the chamber.
A CVI ½ m Digikrom monochromator was used for spectral analysis of the
emitted signals. The monochromator also aids in the removal of background signal from
the laser source as well as fluorescence emission. The second order of the grating, blazed
for 1200 nm, was used due the greater signal output efficiency and higher spectral
resolution afforded. Signal detection was performed with a PMT or Andor iDus CCD
camera cooled to -50° C. The camera contained a 2-D pixel array (128 × 1024).
Spectrometer calibration was performed using the fluorescence emission from an argon
plasma (see Chapters 4 and 5).
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Figure 2.6. Schematic of the six-sided chamber used for the measurements in Chapter 5.
The viewports are optical quality glass.
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CHAPTER 3
ANALYSIS OF THE LINESHAPE FOR FEMTOSECOND COHERENT ANTISTOKES RAMAN SCATTERING
3.1 OVERVIEW
This chapter is primarily concerned with determining the lineshape for
femtosecond coherent anti-Stokes Raman scattering (CARS). This understanding will be
central to the microplasma dynamics which forms the focus of Chapter 4, where the fsCARS technique will fill the role of detection method.
A theoretical expression is developed for fs-CARS to quantitatively account for
the vibrational lineshape in the presence of a nonresonant signal. We consider the
contribution of all three excitation beams to the fs-CARS process (in both temporal and
frequency space) and present the line shape function for the CARS spectrum resulting
from the continuum of interferences between the broadband pump and Stokes pulses. We
also show that the nonresonant signal can be extinguished at sufficient time delay to
provide an undistorted CARS spectrum. An analytical model is then developed that
accounts for the inherent phase mismatch that becomes manifest in the femtosecond
regime. The theory is compared to measured spectra of the oxygen vibrational transition

G01  556.4 cm-1 for temporal detunings of 0 fs and 700 fs, demonstrating quantitative
agreement. The fs-CARS technique is then used to determine the viability of ozone
production from the interaction of atomospheric oxygen (O2) with an intense
femtosecond laser.
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3.2 INTRODUCTION
Coherent anti-Stokes Raman scattering (CARS) has been widely used since as a
unique tool to investigate molecular vibrational and rotational energy levels ever since
the discover of the technique by Maker and Terhune (1) in 1965. The coherent output of
the signal makes CARS ideal for sensitive measurements of highly dilute solutions and
gas phase samples. The high spatial resolution of the signal is particularly valued for
species with concentration and temperature gradients such as combustion environments
(2-5), where the the simultaneous measurement of multiple species (6-8) has been
performed. cw lasers allow for spectral resolution that is limited only by the linewidths of
the lasers (9). Measurements with high temporal resolution have been made down the
femtosecond regime (for reviews, see refs (10, 11).
A CARS transition occurs where a pump (  p1 ) and a Stokes (  S ) photon
coherently populate a vibrational level (  ) and a second pump photon (  p 2 ) undergoes
anti-Stokes Raman scattering with this level to produce the CARS ( CARS ) photon where

CARS   p1   p 2  S

(1)

Equation (1) yields the energy conservation for the CARS process. Figure 3.1 (upper
panel) shows the energy level diagram for CARS excitation in which the pump photons (

 p1 and  p 2 ) are of identical energy. The CARS process comes from the third order term
in the polarization expansion discussed in Chapter 2 (Eq. (2)). The classical form of the
CARS polarization for excitation beams with parallel polarization propagating along the
z axis is expressed as (12, 13)





( 3)
( 3)
, z   3 0 CARS
PCARS
E p1E p 2 ES* exp i k p1  k p 2  kS  z
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(2)

where the subscripts p and S refer to the pump and Stokes fields respectively, ki  2 i
( 3)
is the magnitude of the wavevector and  CARS
is the third order susceptibility. The form

of the susceptibility is detailed in ref (12) and found to be:
( 3)
( 3)
 CARS
  NR


 0 N

3md dq 0
2
2
   p  CARS   2i p  CARS 
2

(3)

( 3)
where  NR
is the nonresonant contribution to the CARS susceptibility, N is the number of

molecules contributing to the polarization, m is the reduced nuclear mass,  is the
damping constant and

d

dq 0 accounts for the position dependent classical

polarizability. A quantum mechanical treatment of the susceptibility is derived in ref (14)
and expanded upon in section 3.4. The second term on the right hand side of Eq. (3)
indicates that the resulting CARS polarization will be resonantly enhanced when the
quantity  p  CARS (   p  S ) in the denominator corresponds to the transition
frequency (  ) in the system (see Figure 3.1, top panel). The Stokes frequency,  S , that
corresponds to this condition will be called the resonant frequency,  RES , where,

 RES   P   . Additional enhancement of the signal occurs if  p1 corresponds to a one
photon absorption (15-17) into an eigenstate (as opposed to a virtual state) of the system.
A CARS spectrum is acquired by scanning  S about  RES . Thus, the quantity
2   p  CARS   2    p  S  will vary from negative to positive with the result
2

2

that the resonant susceptibility (and hence the resonant polarization) will undergo a pi
phase shift. This pi phase shift is analogous to that which occurs in a driven harmonic
oscillator.
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Even when  S   RES , a CARS polarization is present due the nonresonant
contribution to the susceptibility via excitation through virtual states. The Stokes beam
can interact with a virtual level above (  S   RES , Figure 3.1 middle panel), or below
(  S   RES , Figure 3.1 lower panel), the real energy level. The nonresonant signal does
not exhibit a phase shift.
The CARS electric field is found by solution of the wave equation (13) with
inclusion of the CARS polarization term (Eq. (2)) and the condition that neither the pump
nor Stokes field strengths vary during the interaction with the medium. An initial
condition is imposed at z = 0 such that the electric field, ECARS , is zero. The intensity of
the CARS signal is proportional to the square of the generated (CARS) electric field:
2
1

( 3)
I CARS   CARS
I p1 I p 2 I S z 2sinc 2  zk 
2


(4)

where k  k p1  k p 2  k S . The degree of phase matching (momentum conservation) is
determined by the value of k , with the maximum CARS intensity occurring at k  0 ,
maximizing the value of the square of the sinc function. Equation (4) also shows that the
resulting CARS signal scales linearly with the intensity of the three input beams.
The line shape of the CARS spectrum (a plot of the CARS intensity vs.  S ) has
been considered in detail by Bloembergen and coworkers (18, 19) when the laser line
width (  las ) is narrow in comparison to the bandwidth of the investigated transition (   ),
that is  las    . In this case, the measured line shape is asymmetric because of
interference between the electronic polarization due to the resonant and nonresonant third
order susceptibilities.
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Figure 3.1. Schematic showing the CARS energy level diagram for various values of
Stokes detuning. S  RES , (upper panel), S  RES (middle panel) and S  RES
(lower panel). Solid lines correspond to real states and dashed lines to virtual states of the
system.
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Both the resonant and nonresonant CARS processes are coherent, but 180 degrees out of
phase on the low energy side of resonance, causing destructive interference between the
two components. Conversely, constructive interference occurs on the high energy side of
the spectrum.
Ultrashort laser pulses provide a means for generating higher intensities for the
pump and Stokes beams, resulting in larger CARS signal intensities. More importantly,
Raman spectra with high temporal (femtosecond) resolution can be generated. However,
ultrashort laser pulses produce a continuum of additional interfering paths contributing to
the CARS line shape because  las is typically much larger than   . A fine balance exists
between the increased signal intensity and the nonresonant contribution that obscures the
desired resonant signal. The optimal ratio of resonant to nonresonant background signal
has been investigated by Cheng et al. and has been shown to occur for pulses of a few
picoseconds in duration (20). Several methods are currently in use for nonresonant signal
suppression. Longstanding techniques based on the polarization properties of the resonant
and nonresonant signals (21, 22), as well as a temporal method first proposed by Kamga
and Sceats that is based on implementing a time delay between the two pumping pulses
(23) have proven effective. Recently, coherent manipulation of the continuum of
interfering paths in femtosecond CARS has been considered in an elegant series of papers
by Silberberg and coworkers (24-27) to manipulate the resonant and nonresonant
contributions through phase or polarization shaping of one of the excitation beams.
The use of fs lasers to induce the CARS transition has been investigated to
provide multiplex signals when more than one vibrational transition is contained within
the bandwidth of pump and Stokes pulses (26-31). To date, typically, the Stokes beam
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has broad bandwidth and the pump beams are narrow band ps pulses (the line shape has
been worked out for such a configuration) (28). Femtosecond CARS is also under
investigation as a means to perform rapid chemical detection (32), biological imaging
(25, 33, 34), wavepacket dynamics (35, 36), gas phase characterization (4, 37-39) for the
determination of rotational constants as well as for temperature and pressure
measurements. Recently, Lucht et al. demonstrated an alternative means of measuring gas
temperature by measuring the temporal response of Raman rovibrational coherences in
N2 that are excited impulsively (5). In each of these experiments, an expression for the
line shape is essential for deconvoluting the resonant from nonresonant signal.
3.3 EXPERIMENTAL
To perform the fs-CARS experiment, transform limited pulses centered at 800 nm
were generated using a Ti:sapphire regenerative amplifier with a pulse duration of 50 fs,
and a repetition rate of 1 kHz. A schematic of the experimental setup is shown in Figures
3.2 and 3.3 (upper panel). One mJ of the amplified beam was used to pump an optical
parametrical amplifier (OPA). The remaining 1.5 mJ was passed through a narrow-band
optical filter (3 nm and 10 nm FWHM optical filters were used) and split 50/50 to create
two pump pulses with  P  1.55 eV. The 3 nm filter generates pulses with a temporal
duration of 425 fs. The Stokes beam (140 fs) was generated using a BBO crystal for
second harmonic generation, doubling the fundamental of the idler from the OPA. The
OPA idler wavelength was varied to provide all the necessary Stokes photon energies
used in generating the CARS spectrum. The residual component of the first harmonic was
filtered out from the Stokes beam using filter F. An Ocean Optics USB 2000
spectrometer was used to determine the Stokes spectrum for each value of  S generated.

36

The pump beam and the Stokes beam were set to traverse optical delay lines (Figure 3.2)
DL12 and DL13, respectively, equalizing the optical paths of all three beams to reach
temporal overlap. For the temporal response measurements delay line DL12 was scanned
varying the relative delay of pump beam  p 2 with respect to  p1 and  S (Figure 3.4).
The beams were polarized in the horizontal plane. Achromatic lens AL1 (f = 25 cm) was
used to direct the three excitation beams into an optical chamber. Pure oxygen at room
temperature and atmospheric pressure was used as a gas sample. The fundamental
vibrational transition for oxygen occurs at G01  1556.4 cm -1 (40), in this case  =
P

P

0.193 eV, and  RES = 1.357 eV. This corresponds to a resonant Stokes wavelength of
913.7 nm.
As can be seen from Figure 3.3 (lower panel), the law of momentum conservation
does not require wavevectors kP1, kP2, kS, and kCARS to lie in one plane. In our experiment,
kP1 and kP2 lie in the horizontal plane while kS and kCARS – lie in the vertical plane. Such a
configuration of beams is called folded-boxCARS (41-43). The advantage of this method
is that the CARS beam is completely spatially separated from the pump and Stokes
beams. For given directions of kP1, kP2, and kS, the direction in which kCARS is generated is
determined using the phase matching conditions. All four beams were collimated by
achromatic lens AL2 (f = 25 cm), after which, the two pump beams and the Stokes beam
were blocked, and the CARS beam passed through an aperture to the monochromator and
is detected by a photomultiplier PMT. To reduce the contribution from scattered light, the
PMT output signal was measured using a lock-in amplifier. The Stokes beam was
chopped with a frequency of 10 Hz. A computer reads the signal from the lock-in
amplifier and drives the monochromator.
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Figure 3.2. Experimental setup (viewed from above). RA – regenerative amplifier; OPA
– optical parametrical amplifier; BS – beam splitters; DL12 and DL13 – optical delay
lines for  12 and  13 respectively; SHG – second harmonic generator; F – filter; P1, P2, P3
– polarizers; AL1, AL2 – achromatic lenses; Ch – chamber; M – monochromator; PMT –
photomultiplier.
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Figure 3.3. Beam configuration for folded-boxCARS. The upper panel shows a three
dimensional view of the beam configuration. The lower panel shows the phase matching
conditions for the folded-boxCARS beam geometry for two values of the Stokes
wavevector (designated k S and k S ).
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Figure 3.4. Schematic showing the sequence of arrival of two pump beams and Stokes
beam. Upper panel: negative delay. Lower panel: positive delay.
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In this way the dependence of the CARS signal intensity on the CARS photon energy
CARS at different Stokes photon energies, are recorded. Analyzing these spectra we

build the Raman spectrum of the desired vibrational mode.
The ozone measurements performed in section 3.5 were generated using two
different techniques; i) an ozone generator operating at a maximum efficiency of ~ 5%;
ii) an intense 75 femtosecond laser pulse ( I  61014 Wcm -2 , 350 mJ) interacting with 1
atm of O2. In order to coherently populate the ν1 vibrational mode of O3 (1101.9 cm-1),
the pump, Stokes and CARS beams had wavelengths of 800 nm (with a 1 nm FWHM (≈
1 ps)), 877 nm and 735 nm respectively. The CARS emission was detected using a
spectrometer equipped with a CCD camera.
3.4 FEMTOSECOND CARS LINESHAPE ANALYSIS
3.4.1 DETERMINATION OF THE POLARIZATION AND LINESHAPE IN
fs-CARS
To incorporate multi-path Raman processes inherent in femtosecond CARS into
the analysis of the line shape, we need sum over all paths contributing to a particular
CARS emission frequency. The following theoretical discussion is based on that of D.
Romanov as found in ref. (44, 45).
Since the ~ ns lifetime of the excited states are much longer than the ~ 100 fs
duration of the pulses employed, one can forgo the density matrix formalism and obtain
higher-order polarizabilities directly from the time-dependent Schrödinger equation (12).
In particular, the third-order polarizabitily pertinent to the CARS process is given by the
following general expression (all the three participating waves are linearly polarized
along the same directions):
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Here, E p1   , ES   , and E p 2   are the pump, Stokes, and probe pulses,
respectively. We further assume that all three pulses are transform-limited, and that the
spectral shape of the pump and probe pulses are identical:
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Within the experimentally justified assumption,   R , this results in the
following analytical expression for the CARS signal intensity at zero delay between the
pump and the Stokes pulses as a function of detunings and spectral bandwidths:
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(9)

where the parameters A and B are constants that represent the resonant and nonresonant
contribution to the polarization, respectively,

 C  (CARS   S  2 P ) / 

and

 S  ( S     P ) /  represent the normalized CARS frequency and the normalized

Stokes detuning, respectively, and the parameters  and  are given by the pump and
Stokes linewidths:   1    FWHM P 

2

 (2   )4ln 2

,    FWHM S FWHM P  .
2

From the experimental point of view, Eq. (9) gives either the spectrally resolved CARS
signal at fixed Stokes detuning  S , or the dependence of the CARS signal intensity on
Stokes detuning at fixed CARS .
To begin the construction of the fs-CARS spectrum we show the spectrallyresolved femtosecond CARS signals ( CARS spectra) at several Stokes detunings for the
oxygen vibrational mode G01  1556.4 cm -1 for  S   RES and S  RES (where
P

P

RES  P   ) in Figure 3.5, upper and lower panel respectively for a probe spectral
bandwidth of 10 nm FWHM. Representative energy level diagrams for the Stokes
detuning of  S   RES and S  RES are shown in Figure 3.1 middle and bottoms panels
respectively. The vertical dashed line in Figure 3.5 corresponds to the resonant CARS
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photon energy CARS  2 P   RES = 1.743 eV. The magnitude of this peak cannot be
taken as the magnitude of the CARS signal at the corresponding Raman shift due to a
significant contribution from the nonresonant feature in each spectrum. The nonresonant
component alters the resonant feature in both position and magnitude as a result of
complex interferences, and thus contributes differently from spectrum to spectrum.
Figure 3.5 reveals significant differences between nonresonant excitation when

 S   RES and when  S   RES . For  S   RES , the shoulder corresponding to the
nonresonant peak exists in all spectra independent of the value of the difference

 S   RES . When  S   RES , the resonant and nonresonant signals are in phase and
constructively interfere.
When  S   RES , the resonant and nonresonant signals are out of phase and
destructively interfere. Figure 3.6 shows the spectrally resolved CARS signal under
similar condition as in Figure 3.5 but with the probe beam spectral width reduced to 3 nm
FWHM. The interference features on either side of resonance are more easily seen.
Equation (9) can be used to fit the spectra in Figure 3.6. The result of this simulation for
two values of Stokes detuning (-28 and -44 meV) is shown in Figure 3.7. Clearly, Eq. (9)
does not capture all the subtleties present in the CARS signal. This is evident in the
overestimated CARS signal (dashed curves) present near resonance (1.743 eV) as well as
in the broad nonresonant features at higher energy. The nonresonant features also exhibit
a shift toward higher energy.
3.4.2 PHASE MISMATCH
In order to account for the discrepancy observed in Figure 3.7 between experiment and
theory in the CARS signal, a more detailed analysis of the phase matching conditions
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Figure 3.5. The CARS spectra measured for selected  S detunings with pump beams with
a spectral width of 10 nm FWHM.a) S  RES ; b)  S   RES . Spectra are shifted in
vertical directions for clarity. Figure 3.1 shows the corresponding energy level diagrams
of the CARS process.
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Figure 3.6. The CARS spectra measured for selected  S detunings with pump beams with
a spectral width of 3 nm FWHM. a)  S   RES ; b)  S   RES . The spectra are shifted for
clarity. The vertical dashed line corresponds to the resonant CARS photon energy

CARS  2 P   RES =1.743 eV expected from the v1  v0 transition.

46

Intensity, arb. units

6
5
4
3
2
1
0

S-RES,meV
-28
-44

1.70

1.75

1.80

1.85

CARS, eV
Figure 3.7. The CARS spectra for two values of the stokes detuning (-28 and -44 meV).
Circles represent experimental results (see Figure 3.6); Dashed curves are the theoretical
fit using Eq. (9).
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that occur in fs-boxCARS must be included. The following theoretical discussion is a
continuation of the theory developed by D. Romanov presented in section 3.4.1.
We will consider the phase matching conditions for fs-boxCARS as outlined in
Figure 3.3 upper and lower panels. The two pump beams of frequency  P that impinge
the focusing lens (AL1) lie in the horizontal plane and are separated by a distance d; the
Stokes beam of frequency  S is incident at a distance h above the plane of the pump
beams. Both AL1 and AL2 lenses have the same focal distance, f.
The finite diameter of the beams ( 2r0 ) and finite duration of the pulses are two
major sources of phase mismatch in fs-boxCARS. The finite diameter leads to mismatch
of the directions of the participating wavevectors k S and k 'S shown in Figure 3.3 lower
panel. This detuning of the Stokes wavevector as a function of angle is ~ r0 h . The finite
(and short) temporal duration of the pulses leads to a relatively broad frequency
distribution and thus causes considerable detuning of the wavevector magnitudes within a
given laser pulse. For the same Stokes beam, this detuning is ~  S / c S . The phase
mismatch tolerance to the frequency deviations and the corresponding phase mismatch
attenuation of the output CARS signal will be determined by the interaction length and
the transverse beam profiles.
To account for CARS output signal distortion due to phase mismatching, we
assume that the experimental alignment condition provides perfect phase match for
infinitely narrow beams having carrier frequencies  P1   P 2   P 0 and  S   S 0 . This
corresponds to the following relation between j S 0 and j P 0 , the angles of incidence for
the excitation beams at the focal spot (see Figure 3.3 lower panel):
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tan j S 0  

tan j P 0 
g


 
; g   2 P 0  1
 S 0


1

(10)

Small deviations of the frequencies and the angles from their phase-matching
values bring about the phase mismatch in the CARS wavevector, according to the energy
and momentum conservation rules,

P1  P 2  S  CARS ;
k P1  k P 2  k S  k CARS ,
Let us assume that in the plane of the lens AL1 in Figure 3.3 (upper panel), the three
beams are centered at the points satisfying the conditions of Eq. (10); the beams have
transverse Gaussian shape with the same diameter

2r0  d , h and small frequency

deviations, S  S  S 0 , P1  P1  P 0 , and P 2  P 2  P 0 . Then, for the
portions of these beams that have the local Cartesian coordinates xi , yi (i = S, P1, P2)
measured from the respective beam center, the amount of the wavevector mismatch is
obtained as,

 kCARS 

d g  1  P 0   S  P1   P 2  

 g  x1  x2  2 x3    y1  y2  
  (11)
2
c 2
2 2 S 0  S 0
P0


P0 d 

to the first order of the small parameters, xi f and i i 0 . This correction leads to
the relative suppression of the CARS output through the mismatch attenuation factor,
F P1 , P 2 , S  , produced by the averaging (over the spatial variables) of the usual

factor, sin 2  l kCARS   l kCARS  , with the Gaussian profiles of the three beams and thus
2

determined by the interplay of the effective interaction length, l , and the transverse
distribution width of the pump and Stokes beams, r0 .
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For the small-angle experiment setup considered here, l is approximately found
as the intersection of the three Gaussian beams in the focal region. The sine function with
the argument given by Eq. (11) is a fast-oscillating function of the variables, x1 , x2 , x3 ,
y1 , and y2 on the r0 scale; thus we can approximate the averaging integral over these

variables and obtain (for  P1   P 2 ) the following simplified expression for the mismatch
attenuation factor:
2
  d 2  g  12
 S
 
1
F CARS , S  
exp   
 CARS   (12)
  2r0  2 1  3g   2P 0 2  g
r0 2 1  3g 
 


1

where d is the distance between the two pump beams on the focusing lens and g is
defined by Eq. (10). The experimentally measured CARS signal intensity can then be
expressed as
I measured CARS , S   I CARS CARS , S F CARS , S 

(13)

Figure 3.8 shows a comparison of the CARS spectrum with (solid curves fit using
Eq. (13)) and without (dashed curves fit using Eq. (9)) the mismatch attenuation factor
(Eq. (12)). Only two fitting parameters were used to generate the curves in Figure 3.8: A
and B , representing the resonant and nonresonant contributions. The remaining
parameters were taken from experiment. Equation (13) properly accounts for the reduced
amplitude of the nonresonant contribution to the signal as evidenced in the high energy
region of the spectra. Figure 3.9 reveals the predictions of Eq. (13) for the series of
detuning measurements shown in Figure 3.6, and Figure 3.10 shows a 3D map of the

CARS spectra ranging from -80 to 80 meV. For a given spectrum, phase mismatch occurs
due to the large spectral width of the Stokes pulse. Additional phase mismatch is
accumulated as the Stokes central frequency is further detuned from resonance. Both the
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qualitative and quantitative trends in the measurements are captured in the theoretically
predicted spectra.
Figure 3.11 shows the CARS spectrum of the fundamental vibrational transition
of oxygen at G01  1556.4 cm-1. Theoretical curves were simulated using the same set
of parameters, as in Figures 3.8 and 3.9. The experimental and theoretical curves were
generated by integrating over the CARS photon energy (for example, integrating the
curves as depicted in Figure 3.9 for all values of Stokes detuning). The experimental data
(circles) generates a line shape that differs significantly from what could be expected
based on an intuitive picture germane to narrow-band CARS. That is, the nonresonant
background should not diminish to zero at large Stokes detunings, but should rather level
off to some constant value that is caused by nonresonant electronic polarization and is
independent of the Raman shift, according to Eq. (9). The theoretical curve without
mismatch attenuation correction (dashed line) predicts that the nonresonant contribution
to the signal does indeed remain constant with large detuning. Upon application of Eq.
(13), the theoretical curve (solid line) is in excellent agreement with the experimental
data.
5.4.3 SUPPRESSION OF THE NONRESONANT SIGNAL
The virtual states responsible for the nonresonant signals have a much shorter
lifetime than the vibrational eigenstate populated during the resonant CARS process.
Thus, the nonresonant background can be effectively suppressed by delaying the second
pump pulse (Figure 3.4). Figures 3.12 and 3.13 show the CARS spectra taken at different
delay times between the two pump pulses  12 measured at  S  1.393 eV, a photon
B

B
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Figure 3.8. The CARS spectra for two values of the stokes detuning (-28 and -44 meV)
shown in Figure 3.7 with the addition of the mismatch attenuation factor. Circles
represent experimental results (see Figure 3.6); Dashed curves are the theoretical fit using
Eq. (9); Solid curves are the theoretical fit using Eq. (13).
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clarity.
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Figure 3.10. Three dimensional plot of the CARS spectra predicted using Eq. (13).
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Figure 3.11. Integrated CARS spectrum of the oxygen vibrational transition G01 
1556.4 cm-1 for a probe spectral width of 3 nm FWHM. Circles represent the experiment,
dashed line – the theory without the mismatch attenuation correction, solid line – the
theory with the correction. The spectra are normalized (see details in the text).
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energy nearly 35 meV below the resonance (  S   RES = 35 meV) , where the
resonant/nonresonant interaction is most easily seen. Note, that “negative delay” in this
experiment is deemed the case when  P 2 arrives earlier than  P1  S pulses that prepare
the coherence between the ground and first vibrational states (see Figure 3.4 upper
panel). Consequently, “positive delay” occurs when  P 2 arrives later than the  P1  S
pulses (see Figure 3.4 lower panel). The spectra in Figures 3.12 and 3.13 use a pump
pulse spectral width of 10 nm and 3 nm FWHM (centered at 800 nm) respectively. The
spectra shown in the upper panels correspond to negative delay, and the spectra shown in
the lower panels correspond to positive delay. For negative delays, the magnitude of the
resonant signal observed in Figure 3.13 becomes negligible at  12 > 600 fs. The resonant
signal decays more rapidly in Figure 3.12 due to the shorter pulse duration of the pump
beams. For positive delays, the resonant signal maintains a significant magnitude up to
several picoseconds. The population detected in the real state at negative delay depends
only on the time overlap of  P 2 and  S (or  P1 ). At large negative delay the real state
has no population, hence the longer pump pulse duration (3 ps) in Figure 3.13 results in a
negative delay signal that has a longer lifetime. At large positive delay the population
depends on the lifetime and the dephasing time of the real state, which is observed to be
3.4 ps in this experiment (based on Figure 3.13). Thus, starting from some positive delay
(near  12 = 500 fs) the signal strength of the real state depends exponentially on delay.
The lifetime of the virtual state is so short that the nonresonant signal depends only on the
time overlap of  P1 and  P 2 , and thus decreases much more rapidly with positive delay
than the real signal. Vibrational and rotational lifetimes are much longer (ps to ns) and do
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not contribute to the “nonresonant” lineshape observed above and below the resonance
line measured here. At sufficient positive delay, where no appreciable temporal overlap
between  P1 and  P 2 remains, only the resonant component will contribute to the CARS
signal, and the magnitude of this signal can be used directly to construct the CARS
spectrum of the real vibrational transition.
Figure 3.14 displays the measured CARS spectra of the oxygen vibrational mode at

G01  1556.4 cm -1 taken at  12 = 700 fs (squares) and at  12 = 0 fs (circles), with a pump
P

P

pulse width of 3 nm FWHM. These CARS spectra were constructed in exactly the same
manner as described above for Figure 3.11. The CARS spectra in Figure 3.14 are
normalized. The spectrum labeled  12 = 0 is identical to the data and simulation (dashed
curve) shown in Figure 3.11.
The full width at half maximum of the  12 = 0 CARS spectrum (FWHM =
365cm -1 ) is larger and the shape is distorted in comparison to the CARS spectrum
P

P

recorded at  12  700 fs (FWHM = 300 cm -1 ). Broadening in the  12 = 0 spectrum is
P

P

predominantly skewed to the low-energy end of the spectrum. This shoulder corresponds
to constructive interference between the resonant and nonresonant signals when

 S   RES . The high-energy end of the CARS spectrum is distorted due to destructive
interference between the resonant and nonresonant signals at  S   RES . The magnitude
of the shift in frequency has been previously identified in ns CARS experiments as being
due to the interference between the resonant and nonresonant signals and provides a
(3)
quantitative measure of the nonresonant susceptibility,  nonres
.
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Figure 3.12. Upper panel; CARS spectra for a series of negative delays  12 . Lower panel;
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CARS spectra for a series of positive delays  12 . All spectra are taken at  S  1.393 eV
B

B

(nearly 35 meV below the resonance), with a pump pulse spectral width of 10 nm
(FWHM). Figure 3.4 shows the corresponding sequence of arrival of the two pump
beams and Stokes beam.
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Figure 3.13. Upper panel; CARS spectra for a series of negative delays  12 . Lower panel;

CARS spectra for a series of positive delays 12. All spectra are taken at  S  1.393 eV
(nearly 35 meV below the resonance), with a pump pulse spectral width of 3 nm
(FWHM). Figure 3.4 shows the corresponding sequence of arrival of the two pump
beams and Stokes beam.
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Figure 3.14. CARS spectra of the oxygen vibrational transition G01  1556.4
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the theoretical fit from Eq. (13). Squares are experimental points for  12 = 700 fs
and the solid line is the theoretical fit from Eq. (13) with B = 0.
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I measured CARS , S  (Eq. (13)) can be used to generate the predicted CARS spectra

shown in Figure 3.14 for the case of  12 = 0 (dashed line) and for  12   virtualstate (solid
line). The predicted CARS spectrum for  12 = 0 is shown as the dashed line in Figure
3.14. Although the form of the fs-CARS expression shown in Eq. (13) does not explicitly
have a time dependence, we can approximate long time delays by setting B = 0 (while
keeping the value of A the same as that used for curves in Figure 3.9). This is a
reasonable approximation given the spectral response shown in Figure 3.13 lower panel
for  12 = 594 fs and larger. At this and larger time delays, the nonresonant signal is not
observed. The predicted CARS response when the nonresonant contribution is eliminated
(using a temporal delay) is shown as the solid line in Figure 3.14. The correspondence
between theory and experiment for both the  12 = 0 and the  12 = 700 fs delays suggests
that the expression shown in Eq. (13) captures the essential physics of the fs-CARS
process.
3.5 PRODUCTION AND MEASUREMENT OF OZONE
Our ultimate implementation of the fs-CARS setup was for the detection of the
cyclic isomer of ozone. Cyclic-O3 was to be formed by the interaction of an intense
femtosecond laser pulse with diatomic oxygen. The ground state of cyclic-O3 is expected
to lie ≈ 30 kcal/mol above the ground state of the bent isomer (46-48), resulting in a
greater energy release of upon combustion without the cost of increasing the molecular
mass. The calculated energies of the ground and first several excited states of cyclic-O3
were reported by Elliott et. al (49).
fs-CARS was chosen as the detection method due to vibrational mode specificity.
Matching the difference of the pump and Stokes frequencies to the vibrational frequency
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of a specific mode in the product results in the generation of a signal only in the presence
of a resonance (provided the nonresonant signal is suppressed), indicating the formation
of the desired product. The boxCARS method provides a uniquely directed laser-like
signal free from the fluorescence background. Additionally, boxCARS allows for site
specific (high spatial resolution) investigation of the region where the product is formed.
As a preliminary step, we set out to generate and detect the bent form of ozone in
the manner described above. This experiment provides a good test bed for the sensitivity
needed to make a measurement of cyclic-O3. An intense (  6 1014Wcm 2 ) 75 fs laser
pulse is used to generate a plasma which, similar to electrical discharges, will produce
O3. The CARS setup is nearly identical to that shown and described in Figure 3.2 with the
exception that the pump beams are spectrally filtered to 1 nm FWHM (1 ps) and the
Stokes beam wavelength (877 nm) is set such that  p  S is resonant with fundamental
transition of the ν1 mode (see Table 3.1). The 15 cm-1 bandwidth of the pump beam
should allow us to resolve any contribution from the ν2 mode which is separated from the
ν1 mode by 48 cm-1. The CARS beams intersect in the region of plasma formation. The
narrower spectral width of the pump beams was used to reduce the contribution of the
nonresonant signal (20). All CARS beams remained temporally overlapped.
The laser-induced plasma was generated 13.4 ps prior to detection with CARS.
The generated signal (Figure 3.15) is centered near the expected CARS photon energy of
1.687 eV, corresponding to excitation of the ν1 mode. However, the spectral width is
much broader than would be anticipated given excitation of a single mode. The results
from Figure 3.13 (lower panel) for  12  600 fs in O2 depict a significantly narrower
signal spectral width for CARS pump beams with a larger bandwidth of 3 nm FWHM.
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Table 3.1. The vibrational energies for the three vibrational modes in the ground state of
bent ozone (48).

Energy (cm-1)

Vibrational Mode






1101.9

698.5




1043.9
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1.66

1.68

1.70

CARS, eV
Figure 3.15.  CARS spectrum measured in O2 13.4 ps after irradiation with an intense
B

femtosecond pulse (  6 1014Wcm 2 ). The CARS beam wavelength is set to measure the
ν1 mode of O3. The O3 CARS photon energy is 1.687 eV.
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Figure 3.16. CARS spectra of O3 generated using an ozone generator (black curve) and 10
B

minutes of laser irradiation (gray curve) at  6 1014Wcm 2 . The values indicated by Δ
correspond to the difference in magnitude of the signal in the regions of greatest
destructive and constructive interference.
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This result suggests that the origin of the observed signal lies in the plasma. A discussion
of these plasma dynamics and the relation to the observed CARS signal is presented in
detail in chapters 4 and 5 and in refs (50, 51).
Deferring the nature of the signal present in Figure 3.15 to the following chapters,
we can estimate the concentration of O3 actually produced by the laser pulse. To
determine the production efficiency, a comparison was made between O3 produced in the
laser field (Figure 3.16, gray curve) to that produced using a commercial ozone generator
(Figure 3.16, black curve), which has a known operating efficiency of ≈ 5% efficiency.
The laser generated O3 was produced by irradiating atmospheric O2 for 10 min. in the
sealed optical chamber. The laser was then removed prior to detection with CARS,
ensuring that the plasma related signal (Figure 3.15) was absent.
A quick look at Figure 3.16 indicates that at 5%, the ozone produced by the
generator is near the limit of the detection, and that the laser produced method, which
required 10 min. to generate a barely discernable signal, is far less efficient. Both
measurements are dominated by the nonresonant signal. By taking the difference in
intensity between the points of greatest destructive and constructive interference, labeled
Δ in Figure 3.16, and comparing these values for the two different modes of ozone
production the efficiency of product formation via laser irradiation can be estimated. The
ozone generator signal has a value Δ that is a factor of 22 larger, however, the CARS
signal intensity scales as the square of the number of oscillators. Thus, the estimated
concentration difference is actually a factor of five, and the total number of converted
molecules is 1%. This result indicates that the laser production of cyclic-O3 would be far
below the detection limit of our fs-CARS system.
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3.6 CONCLUSIONS
An analytic expression for three beam femtosecond boxCARS has been shown to
be in agreement with measured spectra for O2. The lineshape for resonant and
nonresonant features is now calculable, and can then be accounted for in the expanding
number of multiplex CARS measurements. This line shape analysis becomes very
important for quantitative analysis when multiple, overlapping lines are present in a
femtosecond CARS spectrum. For correct analysis of the data taken in fs-boxCARS it
has been shown to be necessary to take into account the phase matching conditions to
accurately model both the lineshape of emitted CARS signal and the CARS spectrum
generated from the CARS signal as a function of Stokes wavelength. The appropriate
mismatch attenuation correction was developed theoretically and the theoretical
predictions are in good agreement with experiment. The nonresonant signal has been
completely eliminated using suitable pulse timing. Finally, the detection limits of our fsCARS instrument have been analyzed with emphasis on ozone production efficiencies.
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CHAPTER 4
ELECTRON DYNAMICS IN LASER-INDUCED MICROPLASMAS
4.1 OVERVIEW
In this chapter the femtosecond CARS four-wave mixing technique developed in
Chapter three is used to measure electron temperature dynamics in fs laser-induced
microplasmas. The results of the plasma signal discussed in section 3.5 of the previous
chapter are further explored. Measurements of the electron temperature and concentration
dynamics are then performed with picosecond temporal resolution in the noble gas series
from He to Xe using four-wave mixing (FWM). The measurements are performed from
the onset of plasma formation due to the 80 fs pump laser up to 1.5 ns, and provide a
complement to existing methods yielding the early-time electron dynamics. In this work
plasma formation is dominated by geometric focusing, producing a single short plasma
channel, and is not produced by self-focusing, thus avoiding multiple filamentation
effects. A theoretical model based on electron impact ionization cooling is presented to
predict electron kinetic energies evolving from >20 eV to <1 eV. We also demonstrate
the use of the continuum fluorescence background resulting from Bremsstrahlung
emission as a means to determine the relative concentrations of singly ionized atoms
generated within the plasma. The essence of the ionization and subsequent cooling
process is captured mainly by the ionization potential of the atom, affecting both tunnel
ionization and impact ionization cooling. A detailed description of the theoretical
modeling is provided along with further tests of the model by measuring the pressure and
laser intensity effects on the electron dynamics in the plasma channel. A qualitative
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comparison is then made between the results obtained from noble gas plasma dynamics
and that of molecular systems with similar ionization potentials.
4.2 INTRODUCTION
The interaction of intense, ultrafast lasers with noble gases has resulted in the
discovery of methods to produce high harmonics (1, 2) attosecond pulses (3-5), terahertz
generation (6-8), filamentation (9, 10), and self-phase modulation used to produce high
bandwidth pulses (11). Understanding each of these processes involves the excitation,
ionization, and propagation of electrons in the intense laser field. For example, the
dynamics of high harmonic generation have been modeled using a few simple parameters
(12), to capture the tunnel ionization, subsequent propagation of the electron in the laser
field and recombination with the ion to produce the high harmonic radiation.
In the laser-induced micro-plasma process, the electron concentration and
temperature dynamics continue to evolve long after the initial excitation/ionization has
occurred. A considerable amount of research has focused on determining the electron
concentration in fs laser-induced plasmas including interferometry (13, 14), longitudinal
diffractometry (15), in-line holographic imaging (16-18) electric conductivity (19, 20)
and shadowgraphic techniques. Shadowgraphic measurements are performed either by
measuring the absorption of a probe laser as a consequence of inverse Bremsstrahlung
(21) or the change in the refractive index gradient on a probe (22). Combined
shadowgraphic and interferometric imaging (23) has been employed to determine
electron collision and recombination time, in addition to the electron density. A direct
comparison between the shadowgraphic and interferometric techniques (24) revealed that
the shadowgraphic method provided the highest spatial resolution for micro-plasma
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formation in air with a 150 fs pulse. The aforementioned techniques reveal electron
densities ranging from ~1015 to ~1019 e- cm-3. However, the density and diameter of
plasmas formed within laser-induced filaments exhibit a complicated dependence on
external focusing conditions (25). In addition, other experimental conditions such as
pulse duration and filamentation medium (air, silica, etc.), make direct comparison of
electron density measurements difficult. The effects associated with multiple
filamentation (26) were often not considered.
The Stark-broadening of emission lines provides an additional means to measure
electron density (27, 28), and this method has recently been used to compare the electron
dynamics for femtosecond and nanosecond laser-induced plasmas (29, 30). Spectroscopic
analysis has also been employed to measure the electron temperature dynamics in
plasmas generated with fs duration pulses (29, 30). Several methods have been used
including the Boltzmann relation, and the relative line-to-continuum intensity ratio (31,
32), both of which are based on the condition of local thermal equilibrium. However,
these spectroscopic techniques have only been demonstrated for relatively long time
scales of >10 ns. The electron temperature can also be determined by measuring the
expansion velocity of the shock wave generated by the plasma (33, 34). Measurements of
plasmas produced by ns pulses have been made in air using a cw probe in which the
temporal resolution was limited by the gating of the CCD detection to the nanosecond
timescale (33, 34). Sub-nanosecond electron temperature dynamics have largely
remained unexplored.
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4.3 EXPERIMENTAL

A pump/probe setup is used to study the laser-induced microplasma dynamics. A
schematic of the experimental setup is shown in Figure 4.1. The CARS setup presented in
Chapter 3.3 is here used as the probe, specifically measuring the electron dynamics in the
plasma environment. The optical layout and detection of the signal is nearly identical.
Resonant (vibrational) transitions are not being measured as in traditional CARS
spectroscopy, therefore the more general term four-wave mixing (FWM) will be applied
to the technique for the remainder of the chapter. The laser beams previously designated

 p1 ,  p 2 ,  S and CARS will be referred to as 1 ,  2 ,  3 and  S respectively. The
FWM beams 1 ,  2 , were spectrally filtered to ~1 nm FWHM. The autocorrelation
spectrum, centered at 400 nm (0.5 nm FWHM), is shown in Figure 4.2. Figure 4.3 shows
the autocorrelation ( 1  2 ) where the temporal duration is observed to be ~1 – 2 ps. A
precise temporal duration cannot be obtained due to the highly asymmetric profile. The
consequences of the 7 ps satellite pulse will be discussed in section 5.5.
An intense ( ~ 1014 Wcm 2 ) 80 fs beam was used as the pump for plasma
generation. After passing through the computer-controllable delay line (DL14), this pump
beam was focused by an achromatic lens (L3, 5 cm focal length) to generate the microplasma in a chamber (Ch) filled with the gas sample at a regulated pressure. The pump
and FWM probe beams (traversing optical delay lines DL12 and DL13) were spatially
and temporally overlapped in the interaction region. All three FWM beams as well as the
pump were polarized in the horizontal plane. For the noble gas measurements, the OPA
idler wavelength was set to generate the  S beam centered at 680 nm. The spectral
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region around 680 nm contains a minimal number of fluorescence peaks for all five noble
gases investigated. In the measurements involving molecular species,  S was centered at
711 nm. The emitted FWM signal was collimated by an achromatic lens (AL2) and then
passed through an iris to the monochromator (M) equipped with a cooled CCD array
detector.
4.4 PLASMA DYNAMICS IN NOBLE GASES
4.4.1 DETERMINATION OF IONIZATION RATE VIA BREMSSTRAHLUNG
EMISSION
The shape of the O2 spectrum generated with an intense laser pulse (shown in
Figure 3.15 of Chapter 3) is essentially independent of the CARS/FWM wavelengths
used to measure the signal. Thus, the spectral width and intensity remains constant, with
a change only in the central FWM wavelength (  s ), suggesting that phenomena related
to the plasma generated by the intense laser pulse and not the production of O3 is the
source of the signal. A typical time dependence of the plasma FWM signal is shown in
Figure 4.4. The measurement was made near the O2 CARS wavelength of 711 nm at a
pump (plasma generator) laser power of 340 mW. The features of this time dependence,
characterized by a steep rise followed by a relatively slow decay, are also independent of
the FWM wavelengths (data not shown), providing additional evidence that the plasma
and not the production and decay of ozone is being measured.
Proof that this signal is due to plasma properties and not the formation of O3 was
obtained from experiments performed in the noble gas series from He to Xe (Figure 4.5).
These curves were generated in a similar manner to the O2 curve in Figure 4.4 (with a
pump laser power of 250 mW). The quantity 1  3 (identical to  p   S in Chapter 3)
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Figure 4.1. Experimental setup. RA - Ti:sapphire regenerative amplifier, OPA – optical
parametric amplifier, BS1, BS2, BS3 – beam splitters, DL12, DL13, DL14 - retroreflector based optical delay lines, AL1, AL2, AL3 – achromatic lenses, SHG – second
harmonic generator, Ch – chamber, F1, F2 – optical filters, M – monochromator, CCD cooled CCD array detector.
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Figure 4.2. The autocorrelation spectrum of the 1 FWM beam at zero temporal delay.
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Figure 4.3. The autocorrelation trace of the 1 FWM beam. The feature at 7 ps is due to a
satellite pulse.
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corresponds to a frequency in the infrared region of the spectrum, typical of vibrational
transitions. The noble gases do not exhibit vibrational degrees of freedom and hence
should only possess a time-independent nonresonant background. However, the presence
of a time-dependent signal in Figure 4.5 clearly demonstrates that dynamics initiated by
the intense pump beam are responsible. The noble gases offer an ideal starting point for
understanding plasma dynamics, as there are fewer obfuscating factors, such as molecular
dissociation, recombination, etc., contributing to the output FWM signal. The nature of
the curves in Figures 4.4 and 4.5 will be considered in detail in sections 5.5 and 5.4.2
respectively.
To probe the mechanism of laser-induced micro-plasma formation we first
measured the fluorescence spectra of the plasma in the noble gases after excitation by the
intense pump laser pulse (250 mW, ~ 1014 Wcm-2). The spectra are presented in Figure
4.6 and each features an array of sharp peaks residing on a broad flat background. The
sharp features observed in each spectrum are related to electronic transitions in the
corresponding neutral atom. The broad background is a continuum caused by the
Bremsstrahlung emission (35). The background for each of the various gases is wellapproximated by a horizontal straight line (dashed lines in Figure 4.6) over the small
spectral window measured here. The intensity of the Bremsstrahlung emission depends
strongly on the number and energy of the free electrons that in turn are determined by the
gas ionization potential I p and the power of the plasma-generating beam. Indeed,
doubling the I p (from Xe (12.13 eV) to He (24.59 eV)) leads to a decrease in the
background level of more than 3 orders of magnitude (Figure 4.6). The ionization
potentials of all species investigated are listed in Table 4.1. Increasing the pump laser
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Figure 4.4. The intensity of the FWM signal for O2 plotted vs 14 delay, measured at the
spectral position near the maximum of the FWM signal.
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Figure 4.5. The intensity of the FWM signal for five noble gases is plotted vs. 14 delay,
measured at the spectral position near maximum of the FWM signal.
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power producing the plasma from 30 to 250 mW leads to an increase in the background
signal of more than two orders of magnitude (Figure 4.7). The measured background
levels are consistent with the tunnel character of the strong-field ionization of noble-gas
atoms and can be modeled using ADK theory (36) to calculate the ionization rate of an
atom at any point in space and time as a function of the local electric field amplitude
envelope, E  r, t  .
Upon integration over the laser period and summation over the valence shell, the
celebrated ADK formula (36), following the derivation by D. Romanov as described in
refs. (37, 38), takes the form,
6
W  r, t   N  
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is the effective principal

quantum number. To obtain the total degree of ionization in the interaction volume, we
have to integrate Eq. (1) with the temporal and spatial profile of the electric field
envelope. We assume that the pump laser pulse is transform-limited and that the
transverse, cylindrically-symmetric Gaussian profile is approximately constant over the
entire length l of the interaction volume. Then, the time-dependent local electric field
envelope in the interaction volume is:
 2 
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(2)

where 2  ln 2 

12

is the FWHM, and R is the beam waist radius. Following the approach

used in Ref. (39) for multiphoton ionization by a square pulse, the total degree of
ionization (the ratio of the number of ionized atoms to the total number of atoms in the
interaction volume) is then obtained as,
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and can be expressed as a fast-converging series of incomplete gamma-functions (40),
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Eqs. (4) and (5) predict an exponentially strong dependence of the total degree of
ionization on both the laser field amplitude, E0 , and the ionization potential as expressed
by the effective quantum number, n * .
Figure 4.8 shows the simulation of the Bremsstrahlung background emission intensity
as a function of both the power of the pump beam and IP of the gas using Eq. (4) in
comparison with experimental measurements. In the simulation we assumed that the
Bremsstrahlung emission intensity is proportional to the total degree of ionization, 
because the signal is integrated over 1 ms. Experimental values of the intensity of the
Bremsstrahlung emission (circles) in the upper panel (emission intensity vs. IP) were
extracted directly from the spectra shown in Figure 4.6. The right panel (emission
intensity vs. laser power) shows the experimental points extracted from the spectra
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presented in Figure 4.7. The solid curves in both panels were simulated using Eq. (4) at a
constant value of the laser power, 250 mW (upper panel), and a constant ionization
potential of 15.76 eV (right panel). The agreement between theory and experiment
suggests that the ionization is indeed dominated by the tunnel mechanism and that the
model is capable of predicting quantitatively the ionization probability in atmosphericpressure noble-gas plasmas induced by strong-field laser pulses, as a function of the laser
power and the noble gas ionization potential.
4.4.2 PLASMA COOLING VIA IMPACT IONIZATION
To calculate the electron dynamics after ionization we consider that once the free
electrons emerge from the tunnel ionization, they immediately accelerate to higher kinetic
energies by ponderomotive action of the strong laser field. The ponderomotive energy,

U P , is the average kinetic energy of an electron driven by a field with zero initial kinetic
energy and is given by (41, 42)

UP 

q 2 E02
4m02

(6)

where q and m are the charge and mass of an electron respectively, E 0 is the electric
field amplitude and  0 is the laser carrier frequency. This ponderomotive energy of an
individual electron would return to zero after the laser pulse decreased to zero intensity
(43, 44). However, these laser-field-driven electrons can (and do) effectively scatter from
one another and from the ions, thus nonadiabatically transforming the ponderomotive
energy into the energy of the emerging plasma provided the pressure is high enough. As
inelastic scattering continues after the pulse is over, the electron temperature is
established on a subpicosecond time scale.
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Table 4.1. Ionization potentials of the noble gas and molecular species investigated.
a, ref. (45)
b, ref. (46)
c, ref. (47)
d, ref. (48)

Noble Gas

Ionization
Potential
(eV)a

Molecules

Ionization
Potential (eV)

He

24.5874

Ne

21.5645

Ar

15.7596

N2

15.581b

Kr

13.9996

CO2

13.778c

Xe

12.1298

O2

12.0697d
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Figure 4.6. Fluorescence spectra of the plasma generated in different noble gases by the
250 mW pump laser pulse. Dashed lines represent the broad flat, background, caused by
Bremsstrahlung emission.
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Figure 4.7. Fluorescence spectra of the plasma generated in Ar at different pump laser
powers. Dashed lines represent the broad flat, background, caused by Bremsstrahlung
emission.
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Figure 4.8. Intensity of Bremsstrahlung background emission as a function of the pump
beam power and the gas ionization potential, IP, simulated according to ADK theory. The
upper and right-side panels show the comparison of the theory with experiment. Upper
panel: intensity vs. IP for a pump power of 250 mW (horizontal dashed line in the greyscale map), right panel: intensity vs. power for Ar, IP = 15.76 eV (vertical dashed line).
Experimental data are represented by grey circles, solid curves correspond to the
simulation using Eq. (4).
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The following theoretical account is based on that of D. Romanov as detailed in
refs (37, 38). We can assume that the electrons are characterized by a thermal distribution
function at any step during the subsequent, and slower, process of plasma cooling. As an
approximation, we assume that the energy loss is mainly due to impact ionization of the
remaining neutral atoms. By assuming so, we neglect the possibility of multiple
ionization as well as impact excitation of atoms and ions to higher-lying bound electronic
states. Then, the energy balance in the acts of ionization can be expressed as,
d 3 
dn
0
 nT   I p
dt  2 
dt

(7)

where I p is the ionization potential, T is the electron temperature, and n is the electron
concentration, whose evolution, in turn, is determined by the rate equation,
dn
 v(T ) n  n0  n  ,
dt

(8)

with v(T ) representing the temperature-dependent ionization rate and n0 representing the
initial concentration of neutral atoms. Eqs. (7) and (8) constitute a system of coupled
differential equations for the concerted evolution of T and n . A pivotal role in the
cooling process is played by the ionization rate given by the ensemble average of the
product of energy-dependent ionization cross-secion,   E  , and the electron velocity
value, v :    v . Assuming Maxwellian distribution for the thermalized electrons,
2
 T   2
mT 3



 E

 dE E   E  exp   T  .

(9)

Ip

As seen from Eq. (9), the high-energy tail of the electron distribution is responsible for
creating additional ions from neutrals, because only sufficiently energetic free electrons
(with the kinetic energy E  I p ) are capable of ionizing bound electrons in the remaining
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neutral atoms. When these energetic electrons collide with atoms to create ions, the highenergy tail tends to be depleted, only to be replenished by the ascendance of lowerenergy electrons via thermal equilibration. This process goes on at the cost of lowering
the electron temperature, much like the evaporation cooling to produce ultracold gases
(49-51). Thus, the continuing process of impact ionization both increases the number of
free electrons and further cools their distribution.
To calculate the cooling rate we require the cross section for ionization to be a
function of electron kinetic energy. Although there is ongoing discussion in the literature
as to which semi-empirical expression for   E  would be the best at intermediate values
of energy E  I p ~ I p with which we are concerned, the general agreement is that the
cross section scales with the ionization potential and the number of electrons in the upper
shell, N , as
2

 Ry 
  E   N    aB2  u 
 Ip 



(10)

where aB is the Bohr radius, Ry is the Rydberg energy, and u   E I p   1 . The reduced
ionization cross section of a given atomic species as a function of electron kinetic energy
is represented in Eq. (10) by a dimensionless function,   u  that will be defined
subsequently for the energy regime under investigation. Using Eq. (10) in Eq. (9) leads to
a universal expression for the ionization rate as a function of dimensionless temperature,
 T Ip :
    t0 aB3   ;
3

t0  2 

Ry

 Ry  2
N
 ;
 Ip 



    



1
3

2 e  du


0
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u



(11)

The plasma evolution can then be described by the coupled dimensionless equations for
 and the degree of ionization,  , the ratio of the number of ionized atoms to the total

number of atoms, as functions of dimensionless time,


t
.
t0 n0 aB3

(12)

These equations read,
d
2

        1   
d
3

d
     1   
d

(13)

From these equations, the degree of ionization is expressed in terms of the dimensionless
temperature,  , as,
    0

  0  2 3
 2 3

(14)

where  , in turn, is determined by the equation,

d
2 2

       f ;  f    0     0     
d
3 3







(15)

At this stage, we finally need to specify    by identifying the expression for the
reduced ionization cross-section   u  . We use a simple semiempirical approximation
known as the Lotz formula (52),
 u   

ln  u  1
u 1

,

(16)

where  is a fitting parameter. This approximation results in the functional dependence,



     



 Ei  1   , where Ei  z  is the integral exponential function [39]. Using

this expression for    in Eq. (15),    is obtained implicitly in a quadrature form,
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 1 
   f
  



 0  Ei  



 

(17)

The evolution of the dimensionless degree of ionization,    , and dimensionless
temperature,    , is determined by Eqs. (14) and (17). Ultimately, this evolution
depends on the initial values,   0  as found from Eq. (4), and   0  ~ 1 . The
dimensionalized functions n  t  and T  t  , in turn, determine the response of the plasma
to external fields, and, in particular, the intensity of the four-wave-mixing scattering.
To measure the temperature of the electrons as a function of time, we employ an
ultrafast four-wave mixing method where a dynamic grating is imposed on the plasma by
the probe laser beams and the degree of scattering is measured as a function of time after
initiating the micro-plasma. There are two major mechanisms contributing to the FWM
signal intensity in a plasma, the electron density grating due to the ponderomotive
potential of the 1 ,  2 and  3 beams and the electron temperature grating due to local
heating. For the femtosecond pulses used in our experiments, only the first mechanism is
relevant, and that is well-described in the framework of hydrodynamic plasma equations.
Following Ref. (53), the density grating imposed by two electromagnetic waves with
amplitudes A1 and A2 , directional unit vectors n1 and n 2 , and spectral functions f1  
and f 2   , respectively, is given by

pk
A1 A2
n  , k  

2
T 2 
32 mc  2
2
k 
  p 
m 

2

2

 d  f  f      f    f      
  k  n k     n k      
1

2

1

2

1
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2

(18)

where  p is the plasma frequency. In the setup depicted in Figure 4.1, the two waves of
Eq. (18) are the beams 1 and 3 . As the spectral width of these beams is much smaller
than  p ,

n  , k  

 p2 k 2
T 2 
2

2
k 
 1  3    p 
m 




n(t )
.
T (t )

(19)

Thus, the dependence of the measured intensity of the scattered light on the plasma
parameters may be approximated as:
2

2

  0  

2
3
I   n  0 
2
2
2
   
3


(20)

The evolution of the electronic temperature, T , for the noble gases was
determined as a function of time according to simulation using Eq. (17). The trend,
demonstrated in Figure 4.9, shows that the cooling rate increases from He to Xe. An
order of magnitude decrease in the electron temperature of Xe plasma is observed within
the first 250 ps after the plasma formation. Tracking such rapid dynamics was made
possible in our measurements because the temporal resolution is increased by several
orders of magnitude compared to the previous nanosecond measurements (29, 30, 33,
34). The higher cooling rate of the noble gases with lower values of I p is manifest in the
intensity evolution of the FWM signal generated in the micro-plasma. The experimental
measurement of the FWM signal generated vs.  14 delay (circles) is shown in Figure
4.10. These measurements were performed in the spectral region from 676 to 686 nm
(shadowed region in Figure 4.11) where there is a minimum in the number of
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fluorescence lines for all of the gases investigated. A typical spectrum of the FWM signal
is represented by the black curve shown in Figure 4.11 for Kr at 250 mW (  14  1000 ps).
The spectrum has a Gaussian-like shape, defined by the spectral phase mismatch for fsboxCARS (54, 55). The time-dependent measurements display a rise time that is dictated
by the impact ionization cooling rate.
The increasing rate of plasma cooling from He to Xe corresponds directly to the
rate at which the FWM signal increases. A convenient picture is to consider the FWM
process as diffraction off a grating. Here, the grating is formed by in the interference
pattern of beams (depicted as plane waves in Figure 4.12) with wavevectors k1 and k3
with beam k2 ineleastically scattering off this grating. The direction of this grating is
given by the difference of the wavevectors k1 – k3 as indicated by the bold black arrow in
Figure 4.12 bottom panel. The angle of the signal (kS) diffracted off the grating occurs in
the phase matching direction. As the electrons cool, the ponderomotive grating formed by
beams 1 ,  2 and  3 is established with higher contrast between the regions of
constructive and destructive interference, thus increasing the magnitude of the FWM
signal. After ~250 ps the Xe FWM signal begins to reach a plateau in accordance with
the results obtained in Figure 4.9 where the rate of change for the electron temperature is
seen to dramatically taper off. The magnitude of the FWM signal directly reflects the
degree of ionization within the micro-plasma.
As expected from Figure 4.6, the noble gas species with the lowest I p will
generate the greatest abundance of electrons. Hence, the magnitude of the FWM signal
increases from He to Xe in the plateau region. The calculated FWM scattering intensity
using Eq. (20) is shown for the noble gases investigated as the solid curves in Figure
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Figure 4.9. Time dependence of the electron temperature, T , for the series of noble gases
as calculated with the ionization cooling model. The initial electron temperature is
determined using Eq. (6).
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Figure 4.10. The intensity of the FWM signal for the five noble gases is plotted vs. 14
delay, measured at the spectral position near maximum of the FWM signal (circles). The
FWM signal intensity vs. time as simulated by our theoretical model (solid lines) is also
shown.
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Figure 4.11. The FWM (black curve) and fluorescence (gray curve) spectra of Kr. The
spectral region where the time-resolved signal in Figure 4.10 was accumulated is
shadowed.
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k1
ks
k2
k3

k1
k1-k3
k3
Figure 4.12. Schematic of the FWM process visualized as diffraction. Top panel: The
diffraction grating formed by beams with wavevectors k1 and k3, with beam k2 diffracted
off the grating as ks at the phase matching angle; Bottom panel: The direction of the
grating (bold arrow) is given by the difference between wavevectors k1 and k3.
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4.10. As seen from Eq. (20), each gas has a time dependence for the FWM signal
intensity I that is governed by the time dependence of the dimensionless electronic
temperature   T I p .
The theoretical predictions agree with the experimental data quite well, with the
exception of Ne. This exception is especially notable considering the fact that Ne follows
the trend with respect to the total degree of ionization, as expressed in Figure 4.8,
suggesting that the underlying plasma evolution should not be different from the other
noble gases. The considerable increase of the signal for Ne after 500 ps is presumably
due to the very strong emission lines in close vicinity of the FWM signal detection
window from 676 to 686 nm, as seen in Figure 4.6. These Ne emission lines dwarf all
other emission lines observed, including those for the remaining noble gases. The Ne
lines, at 667.8, 671.7, and 692.9 nm, are immediately adjacent to the observation
window and the broad tails of these lines extend well into the detection region and can
affect the propagating FWM signal. As the plasma cooling evolution proceeds, the
excited states corresponding to these transition lines become populated, leading to
population inversion (56, 57). Then, the FWM signal induces stimulated emission from
the excited state population in the observation window resulting in significant
amplification. This scenario agrees well with the fact that the deviant Ne behavior
emerges later in the process of the cooling evolution. We note that the Bremsstrahlung
data shown Figure 4.6 are accumulated over a period of about 1 ms. On the much shorter
timescales of the FWM measurements probing the micro-plasma evolution (1.5 ns, as
shown in Figure 4.10), the emission line broadening will be much more pronounced,

100

resulting in even more significant tailing into the detection window, further exacerbating
the impact.
We can further test the model by investigating the micro-plasma response as a
function of pump laser power and gas pressure. Increasing the power of the laser
inducing the micro-plasma should alter the electron cooling dynamics because higher
intensities will cause both a higher density and a higher initial temperature of the
electrons produced. Thus, investigations of the dynamics as a function of laser power will
test the predictive ability of the theoretical model. The measurements of the FWM
scattering intensity as a function of delay after the micro-plasma is generated are shown
in Figure 4.13 for Xe at laser powers ranging from 32 mW to 244 mW. The sharp
increase in the magnitude of the FWM signal with laser power reflects the increase in
electron concentration due to the higher probability for laser-induced tunnel ionization.
This is in agreement with the measurement of the Bremsstrahlung emission as a function
of laser power that is presented in Figure 4.7. The rise time of the FWM signal also
depends upon the laser power. The trend of decreasing rise time with increasing laser
intensity is a direct reflection of the electron temperature dynamics. Hotter electrons,
produced at higher laser powers, cool more rapidly due to the increased cross-section for
impact ionization. The results of the corresponding simulation using Eq. (20) are shown
in Figure 4.14. For each given value of the pump laser power, the key parameters that
determine the simulated plasma cooling evolution, n  0  and   0  , were extracted from
the simulation for the data shown in Figure 4.8. The agreement between the theoretical
predictions and the experimental measurements suggests that the theory is able to predict
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Figure 4.13. Experimental measurement of the intensity of the FWM signal for Xe vs. 14
delay, measured at the spectral position near the maximum of the FWM signal for
different values of the pump beam power.
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Figure 4.14. Theoretical determination of the intensity of the FWM signal for Xe vs. 14
delay, for the pump beam power values in Figure 4.13.
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Figure 4.15. A typical normalized intensity time dependence for pressure P = 1.32 atm
showing the parameter t1/2.
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Figure 4.16. Parameter t1/2 as a function of gas pressure in Ar.
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both the temporal and laser-power dependence of the FWM signal intensity for a laserinduced micro-plasma.
The dependence of the FWM signal on the target gas pressure can be gleaned
from the expression for the dimensionless time variable of Eq. (12),   t  t0 n0 aB3  . This
expression reveals that the characteristic cooling time of the plasma dynamics scales
proportionally to the inverse of the gas pressure, P, as reflected in the initial number
density of neutral atoms, n0~ P. We have introduced a parameter 1/2 that corresponds to
the ramp time required for the FWM signal to reach half of its plateau intensity (see
Figure 4.15). According to Eq. (12), the parameter 1/2 should be inversely proportional to
P. Figure 4.16 represents the parameter 1/2 extracted from measurements for Ar at 250
mW versus the gas pressure P and the fit with a simple hyperbolic function 1/2 = A/P
where A is a fitting parameter. In accordance with the theoretical model, the experimental
measurements indicate that the 1/2 parameter does in fact scale hyperbolically with
pressure in the entire interval from ~0.3 atm to 1.32 atm. The time required to cool the
plasma is reduced at higher gas pressures because there is a greater initial concentration
of neutral species, n0 , available to ionize and remove the high kinetic energy portion of
the electron distribution. According to Eq. (8), increasing n0 increases the probability for
electron-neutral collisions, thus allowing for more rapid cooling via impact ionization.
The eventual magnitude of the FWM signal has also been observed to increase with
pressure (data not shown), apparently due to the greater abundance of electrons available
to participate in the FWM.
4.5 PLASMA DYNAMICS IN MOLECULAR GASES
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The O2 FWM signal dependence on 14 delay shown in Figure 4.4 exhibits two
distinct regimes; i) a steep rise immediately following the plasma formation, ii) a
relatively slow decay. The rise is steep for ~ 50 ps, after which the increase in the signal
levels off, reaching a maximum after ~ 200 ps. In section 5.4 this rise time was attributed
to electron cooling via impact ionization. A direct correlation between the rise time and
the species ionization potential was confirmed by the theoretical fit to the experimental
data presented in Figure 4.10. If molecular species were to follow the same trend in I p ,
the rise time would likewise be determined by the same cooling dynamics.
Figure 4.17 shows a comparison of the 14 decay time for three molecular species
(O2, N2 and CO2) along with argon (from Figure 4.10) measured under similar plasma
conditions. The curves have been normalized. The time dependences are independent of
the frequency of the  3 beam and likewise, independent of the frequency of  S (data not
shown). These particular compounds are of interest due to the similarity of the ionization
potentials with those of the noble gases (see Table 4.1). However, the rise times for the
molecular species are obscured and modified by satellite pulses (the 7 ps satellite pulse is
observed in Figure 4.3) whose effects manifest in the presence of large dips in the signal
at 7, 14 and 28 ps (see Figure 4.18). The exact reason for the dips caused by the satellites
remains to be investigated.
A qualitative trend in the rise times based on I p is not observed in Figure 4.17.
From Table 4.1 we see that the I p increases from O2 to CO2 to N2. The O2 ( I p = 12.0697
eV) rise time appears to be nearly identical to that of CO2 (13.773 eV). Furthermore, a
comparison of CO2 with Ar shows that Ar has a much longer rise than would be expected
based on their respective ionization potentials which differ by only ~ 0.2 eV. We must
107

Intensity (arb. units)

1
CO2

O2

N2

0.1

Ar

0.01

1E-3

0

100

200

300

400

500

14 delay, ps
Figure 4.17. The intensity of the FWM signal for O2, N2, CO2, and Ar plasmas plotted vs
14 delay, measured under similar conditions. The Ar curve is taken from Figure 4.10.
The curves have been normalized.
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Figure 4.18. The N2 (black) and CO2 (gray) curves from Figure 4.17 highlighting the
rising edge of the FWM signal. The curves have not been normalized.
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therefore conclude that a complete understanding of the rise time for molecules requires
the consideration of additional parameters not present in the monatomic noble gases.
The data presented in Figures 4.4 and 4.17 suggests an additional difference in the
dynamics between the molecular and noble gas plasmas that occurs following the steep
rise. The molecular signal undergoes decay whereas the noble gas signal reaches a
plateau. From a completely pragmatic standpoint the decay region is ideal to study
because the FWM signal does not suffer from the dips generated from satellite pulses.
The FWM signal depends on the electron concentration and temperature from
which the ponderomotive grating (Figure 4.12) is formed and from which diffraction
occurs. If we allow the rate of change of electron temperature to be near zero at the peak
of the signal, we can account for the decay as consisting chiefly from the loss of electrons
in the plasma. This loss of electrons must be due to a recombination process. Electrons
escaping from the detection region would not be a significant contribution given the
subnanosecond time scale for the decay processes observed due to collisions with
neutrals and ions and the Coulomb attraction to the molecular ions.
The electron concentration dynamics in the plasma have been described using the
following system of coupled differential equations (18, 19):

dne
 ne  ne   e ne n
dt

(21)

dn
 ne   e ne n    n n
dt

(22)

dn
 ne     n n
dt

(23)
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where ne , n and n are the electron, positive ion and negative ion concentrations
respectively.  is the electric field driven ionization rate (58),  is the attachment
coefficient for an electron with a neutral (in the presence of an external E-field),  e and

   are the electron-ion and ion-ion recombination rate coefficients. Equations 21 – 23
account for all process that generate and reduce the electron concentration in the plasma.
For the molecular species investigated here, electron-ion recombination is dominated by
two-body dissociative recombination (28) and is given by
AB+ + e

(AB*)unstable → A* + B + kinetic energy

(24)

The final dissociated product is the result of the higher rate of dissociation as compared
to autoionization of the excited unstable intermediate. The recombination coefficients of

~ 2 10 7 cm 3s 1 have been reported for nitrogen and oxygen cations at 300 K (58-61).
For the noble gas species investigated in section 5.4, the recombination coefficients are
on the order of ( Ne2 , Ar2 ) (62-64) or larger than ( Kr2 , Xe2 ) (63) those of O 2 , and N 2 .
However, to satisfy Eq. (24), diatomic noble gas ions must be present. An alternative
means of electron loss for the noble gases is through radiative recombination of the
electron with the atomic ion (28):
A+ + e → A* + h
However, the rate coefficients (  e ) for radiative recombination are nearly six orders of
magnitude smaller than measured for the dissociative process (28). This explains the
absence of decay in the noble gas FWM signal (Figures 4.11 and 4.13), in favor of the
observed plateau, on the timescales (~ 1.5 ns) of the measurements.
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The coupled differential equations (Eqs. 21 – 23) can be simplified in the manner
presented by Tzortzakis et. al. (19). Their experiment measured the subnanosecond
electron concentration evolution in ambient air (mixture of N2 and O2) using the contrast
in the diffractrion pattern generated by a 120 fs laser pulse on the plasma. The first two
terms on the right-hand side of Eq. (21), describing electron impact ionization and
attachment in an external electric field, should be largely absent from the decay portion
of the signal. In our experiment, the external field is on for ~ 80 fs. By assuming that the
molecular species is singly ionized by the laser field, resulting in a free electron and
positive molecular ion ( ne  n ), and a negative ion concentration of zero (no mutual
neutralization), we can eliminate Eqs. (22 and 23). Thus, we arrive at a simplified
expression describing the plasma electron concentration dynamics in the decay region
(19):

dne
   e n e n    e ne2
dt

(26)

The resulting expression describes electron ion recombination, specifically, as stated
above for molecular species, dissociative recombination. The analytical solution of Eq.
(26) is

ne (t ) 

1
 1 
 e t   
 ne 0 

(27)

where ne 0 is the initial electron concentration. The data in figure 4.17 suggests that the
evolution of the FWM signal, and hence the electron concentration, exhibits an
exponential decay. In the N2 and CO2 plasma this occurs at  14  50 ps and in the O2
plasma at  14  300 ps. This is in contrast to the hyperbolic dependence arrived at by
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Tzortzakis et al. (19). Additionally, the data shows that a marked difference exists in the
decay behavior of the O2 (~ 165 ps) and N2 plasmas (~ 50 ps). This would not be
expected given the nearly identical rate coefficients,  e , for dissociative recombination
at an electron temperature of 300 K assumed in ref (19). The observed decay times in
Figure 4.17 strongly suggests that the electron temperature is in fact greater than 300 K.
This hypothesis is further supported by our theoretical curves in Figure 4.9, where
electron temperatures in the noble gas plasma remain in excess of 1 eV after 1.5 ns of
cooling. The expressions for  e as a function of electron temperature for N 2 and O 2
are (58)

 e O 2   1.138 10 5 Te0.70

(27)

 e N 2   2.035 10 6 Te0.39

(28)

where the units of  e are in cm3 s-1 and Te is the electron temperature.
For electron temperatures in the 1 to 2 eV range, as expected based on the
simulations for the noble gases presented in Figure 4.9, the N 2 recombination rate is
expected to be greater than for O 2 (Eqs. (27) and (28)). However, the noble gas
measurements suggest that the electron temperature is evolving, in effect rendering the
recombination coefficient a time dependent parameter. This will inevitably result in more
complicated dynamics than expected from Eq. (26).
The decay time of the electron concentration is found to be a function of the pump
beam (plasma generating) power, as shown in Figure 4.19. Figure 4.20 shows the trend in
decay time as a function of power. However, a simple exponential decay or hyperbolic
dependence is not observed.
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Figure 4.19. Pump beam power dependence of the O2 plasma FWM signal.
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Figure 4.20. Dependence of the O2 plasma FWM signal decay time on pump beam
power. Data points are taken from Figure 4.19.
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Figure 4.19 does indicate that as the pump power is increased from 40 to 340
mW, an increase in the maximum signal of nearly three orders of magnitude is observed.
This is expected as higher laser powers will increase the tunnel ionization rate and hence
the degree of ionization (Eq. (4)). This result is completely analogous to the Xe power
dependence measurements presented in Figure 4.13 as well as the Ar Bremsstrahlung
measurements in Figure 4.7. Currently, no power dependent measurements of CO2 or N2
have been performed for comparison with the O2 data in Figures 4.19 and 4.20.
4.6 CONCLUSIONS
We have presented a theoretical model for the electron concentration and kinetic
energy distribution dynamics for noble gas microplasmas induced by an 80 fs laser pulse.
The model is based on initial tunnel ionization followed by electron impact ionization
cooling. The model reproduces well the measured degree of ionization in an atmospheric
pressure laser-induced plasma. The model predicts the intensity of four-wave mixing as a
function of time for a series of five noble gases, He, Ne, Ar, Kr, and Xe, revealing that
the measured intensity is primarily a function of electron cooling dynamics. The model
also predicts the dynamics as a function of pump laser intensity and gas pressure.
Electron dynamics have also been measured in molecular microplasmas. Compelling
evidence has been found that contradicts earlier claims suggesting that N 2 and O 2
electron-ion recombination rates undergo nearly identical evolution in the plasma. The
experimental evidence also suggests that the electron temperature continues to evolve
throughout the recombination process.
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CHAPTER 5
BROADBAND TIME-DEPENDENT RABI SHIFTING IN LASER-INDUCED
MICROPLASMAS

5.1 OVERVIEW
This chapter expands upon the treatment of the laser-induced microplasmas
presented in Chapter Four. Whereas the previous chapter considers the evolution of
electron temperature, this chapter focuses on phenomena related to the generation of twolevel systems in the excited state manifold toward the production of Rabi sidebands. Rabi
sidebands with unprecedentedly large shifts (~ 100 meV) are observed in a microplasma
environment where dephasing might be expected to limit all coherent processes. The
Rabi sidebands are shown to occur simultaneously on multiple atomic transitions
producing a broadband, coherent, and tunable radiation source. A time-dependent
generalized Rabi-cycling model is presented to interpret the observed phenomena. The
giant Rabi shift creates sufficient bandwidth to support 13 fs temporal features from a
much longer (~1 ps) driving pulse. The model interpretation is used for the simultaneous
determination of the ratios of transition dipole moments between multiple excited states
based on the observed dependence of the spectral positions of the sidebands on the power
of the driving pulse. Finally, a model is presented that quantitatively predicts both the
spectral phase and the spectral interference measured in the sidebands. This model is a
first step toward realizing ultrashort pulse generation via Rabi sidebands.
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5.2 INTRODUCTION
The Rabi oscillation (1) is a central paradigm in modern optics and may be
manifest in both the spectral and temporal domains when the cycling period is less than
the characteristic decoherence time in the system. This typically occurs in nuclear
magnetic resonance experiments (2) where the energy level spacings for spin states are
small (on the order of nano-eV) and coherence times are long (on the order of seconds).
With lasers, the Rabi-related cycling was first observed in the form of “optical nutations”
(a time-domain effect) in the mid-IR regime, engaging ro-vibrational transitions in large
molecules (3). In the optical regime, where transition energies are nine orders of
magnitude larger than those in the NMR regime, Rabi cycling is typically observed in
alkali atom vapors, where near- or on-resonant driving lasers are readily available for
transitions from the ground to the first excited electronic state. Here, the first direct
observation of the Rabi oscillation was made in Rb atom vapor (4) and subsequent
measurements included single atoms (5), molecules (6) and ions (7) toward developing
innovative means for information storage. Recent implementations of Rabi oscillations in
solid-state systems include the manipulation of qubits, quantum dots (QDs), and
excitonic state population (8-12). In each of these condensed phase experiments, low
temperatures were necessary (~10 K) to suppress excitation damping.
Rabi oscillations are most easily treated in a semi-classical model where the twolevel system is treated quantum mechanically with a time-dependent perturbation due to
dipole coupling with a classical electric field. The interaction Hamiltonian of the system
is therefrore:
( )
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(1)

where

is the unperturbed (time-independent) Hamiltonian,

is the dipole moment

and ( ) is the electric field. The total wavefunction,  t  , of the system is formulated
as a linear combination of the stationary states (eigenfunctions of

),

, of the two-

level system with time-dependent amplitudes, ci t  :
t   ca t a e ia t  cb t b e ib t

(2)

Plugging Eq. 2 into the time-dependent Schrodinger equation and employing the rotating
wave approximation to eliminate the rapidly oscillating terms results in coupled
differential equations describing the evolution of the coefficients for the two states
involved:

i  A 
ca t    ab 0 eit cb t 
2  

(3a)

i   ab A0  it

e ca t 
2  

(3b)

cb t  

where ab A0    is the Rabi frequency, with ab  a ˆ b as the transition dipole
moment matrix element, referred to hereafter as the transition dipole moment, and A0 as
the electric field amplitude, and  is the detuning of the laser carrier frequency with
respect to the transition frequency ( b  a ). The solution of Eqs. (3) is obtained with the
initial conditions for the amplitudes such that ca t   1 and cb t   0 (for a textbook level
discussion, see for instance (13-15)). This yields the functional form of the time
dependent coefficients as:

  t      t  it 2
ca t   cos
  i  sin
 e
  2      2 
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(4a)

    t  it 2
cb t   i  sin
e
    2 

(4b)

where   2  2 is the generalized Rabi frequency. Note, that in the limit of zero
detuning the Rabi frequency and generalized Rabi frequency become equivalent.
Figure 5.1 (top panel) shows the probability, ci t  , as a function of time for the
2

two-state system to be in state a or b. The population is seen to oscillate at the
generalized Rabi frequency, with the populations in states a and b evolving in counter
phase. The sum of the probabilities is unity. In the case where the detuning is zero,
complete population transfer to state b will occur in half a Rabi oscillation period.
However, in the presence of detuning, population transfer is never complete (Figure 5.1).
The bottom panel in figure 5.1 shows the dipole oscillations (see section 5.5) present in
the two-level system undergoing Rabi oscillations. The rapid oscillations are due to the
response of the electrons to the driving laser, and thus occur at the carrier frequency. The
modulating envelope oscillates at the frequency of population transfer between the two
states. This envelope scales as

, thus when the population is entirely in a given state

( ci t   1 ), the induced dipole moment will be zero.
2

In the frequency domain, Rabi oscillations are manifest as sidebands on the laser
carrier frequency,  c . The interaction of the intense laser radiation with a two-level
system results in the generation of red and blue–shifted sidebands at frequencies c  
and c   . Classically, dipole oscillations, as depicted in Figure 5.1, result in the
emission of radiation (16). The sideband spectrum can thus be obtained from the Fourier
transform of the induced dipole moment. Alternatively, the generation of Rabi sidebands
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1

0

time
Figure 5.1. Top: Population probabilities, | | , for states a and b in a coupled two level
system as a function of time, driven with near resonant excitiation (

). Bottom:

Oscillations of the induced dipole moment. Dashed lines indicate the period of one full
Rabi oscillation.
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ds

  

b
  

a
ds

Dressed states

Stark-shifted states

Figure 5.2. Dressed-state energy level scheme for a two level system, where levels a and
b are the ground and excited bare atomic states, respectively. A laser with carrier
frequency c (gray arrows), detuned from the resonant frequency by  , results in a Rabi
shift that generates two new resonances at c   (black arrows).
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can be visualized by the transitions in a dressed-state scheme (for more details see section
5.5) in which the bare atomic states are split by  , as shown in Figure 5.2. A laser with
carrier frequency  c , (blue-) detuned from the resonant frequency by  results in Rabi
shifted states that generate two new side bands.
One well-known embodiment of Rabi sidebands occurs in the Mollow effect (1719) where  c is resonant with 10 . The three lines detected,  c and c   , are due to
spontaneous fluorescence and are collectively known as the Mollow triplet with shifts in
the optical regime of MHz (neV) to GHz (eV) (18-20). Optical parametric amplification
of Rabi sidebands in Na vapor has been attained using nanosecond duration pumping
pulses generating sidebands at ± 3.5 meV (21, 22). Thin GaAs films (23, 24) have been
used recently to demonstrate Rabi shifting on the order of the carrier frequency in the
optical regime using a carrier-envelope phase stabilized femtosecond pulse.
5.3 EXPERIMENTAL
A beam from a Ti:sapphire (1 kHz, 800 nm, 50 fs) laser was split 80/20 into a
horizontally polarized pump and a probe beam as shown in Figure 5.3. The intense pump
beam (~1014 Wcm-2) was focused into the sample chamber (containing 1.0 atm of O2 or
Ar) using a 10 cm focal length lens creating a micro-plasma medium with electron
density of 1018-1019 cm-3. The less intense probe beam (~1010 Wcm-2) was spectrally
filtered to 1 nm FWHM (1 ps) and was focused using a separate 25 cm focal length lens
overlapping with the micro-plasma. The probe was directed at a right angle with respect
to the pump beam (plasma channel) axis (interaction volume ~ 6 10 8 cm3), producing
red and blue-shifted Rabi sidebands that are observed close to the probe beam
propagation direction. A half-wave plate and Glan-prism analyzer were used to vary the
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Plasma

Delay Line

Beam Splitter
Pump Beam

Laser
Figure 5.3. Schematic of experimental setup.
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probe beam intensity. The pump beam was placed on an optical delay line in order to
vary the pump/probe delay. Measurement of the sideband signal was made at a sufficient
angle to the axis of the probe beam to suppress the contribution of the relatively intense
probe beam. The sideband signal was collimated and passed through an iris to a
spectrometer, equipped with a cooled CCD array detector.
5.4 FORMATION OF A TWO-STATE SYSTEM AND PRODUCTION OF
RABI SIDEBANDS IN A MICROPLASMA
For Rabi cycling manifestations, alkali metal vapors are typically investigated
because their low electronic transition energies facilitate resonant excitation using readily
available nanosecond laser sources. A noble gas, for instance, would require an intense
coherent source above 8 eV to drive a resonant electronic transition from the ground
state. This difficulty in finding a laser source matched to the atomic Bohr frequency is
remedied here by employing atomic systems that are prepared with transitions near
resonant with the laser source. With a substantial degree of excited electronic state
population, low energy transitions (1-2 eV) become available for Rabi cycling. We
accomplish this electronic excitation using a partially ionized plasma, resulting in
numerous possible transitions in the excited state manifold. Transitions near the 800 nm
wavelength of an ultrafast Ti:sapphire laser can become available in electronically
excited atoms, including those of atmospheric gases. Figure 5.4 illustrates the continuum
of electron kinetic energies formed at the onset of plasma formation (t = 0). Electrons are
ionized initially through tunnel ionization, and are subsequently driven by the laser field
with energy equal to the ponderomotive energy, Up ~ 20 eV. These field-driven high
kinetic energy electrons can undergo collisions with the ion core, thus establishing the
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Electron temperature vs. time
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Figure 5.4. Schematic diagram of plasma electron cooling toward the formation of
population in the excited state manifold. The pump laser beam generates a microplasma
at t = 0 with initial electron kinetic energies ~ 20 eV. The plot in the center shows the
plasma electron temperature evolution in argon following ref (25, 26). As the electron
temperature decreases (by t ~ tf, the value of which depends on the system parameters
(26)), excited electronic states become populated.
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Figure 5.5. Spectrum of argon microplasma in the spectral region near the 1.55 eV
(indicated by the arrow) photon energy of the Ti:sapphire laser. For line identification,
see Table 5.1.

132

Table 5.1. Electronic structure and transition energies for several Argon lines (27, 28)
indicated in Figure 5.5.

Electron Configuration

Upper

Term with SpinOrbit Coupling

Lower

Upper

3s 2 3 p 5 2 P10/ 2 4 p





3s 2 3 p 5 2 P10/ 2 4s

3s 2 3 p 5 2 P30/ 2 4 p





3s 2 3 p 5 2 P30/ 2 4s

3s 2 3 p 5 2 P30/ 2 4 p





3s 2 3 p 5 2 P30/ 2 4s

3s 2 3 p 5 2 P30/ 2 4 p





3s 2 3 p 5 2 P30/ 2 4s





3s 2 3 p 5 2 P30/ 2 4s

3s 2 3 p 5 2 P30/ 2 4 p

Transition Transition
Energy
Wavelength
(eV)
(nm)

Lower





2

3 21

2

1 200

1.5601

794.8176





2

3 22

2

3 210

1.5488

800.6157





2

5 22

2

3 202

1.5471

801.4786





2

3 21

2

3 210

1.5302

810.3693





2

5 23

2

3 202

1.5280

811.5311
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plasma temperature during the laser pulse. The electron temperature begins to evolve
mainly through the mechanism of electron impact ionization cooling (25, 26) as detailed
in Chapter IV. Figure 5.4 shows a plot of the time dependence of electron temperature in
argon as calculated with the ionization cooling model presented in Chapter IV (see
references (25, 26)), for a plasma generated under conditions similar to those used in this
experiment. The electron temperature undergoes a steep decrease in the first 300 to 400
ps after which cooling begins to taper off. Concomitant with the process of electron
cooling, excited electronic states are expected to become increasingly populated through
the process of electron impact excitation.
This electronic excitation formed in the plasma is manifest in the presence of
multiple atomic emission lines in argon as seen in Figure 5.5 near the 800 nm wavelength
of the pump laser (indicated by the arrow). The electronic structures associated with
several of the states involved in the measurements along with transition energies and
wavelengths are listed in table 5.1. Figure 5.6 shows the argon emission spectrum as a
function of pump/probe delay (see Figure 5.3 for setup). The atomic lines are observed as
narrow features of constant intensity (as a function of pump/probe delay) as they are due
to the fluorescence emission from the pump laser produced plasma and exist independent
of the probe beam as observed for negative pump/probe delays and with direct
identification in Figure 5.5. The presence of multiple transitions lying near the 800nm
(1.55 eV) probe allows for Rabi sideband production from any of a number of possible
transitions. Indeed, as the electron temperature sufficiently cools (pump/probe delay ~
400 ps in Ar), multiple new features arise in the emission spectrum to the red and blue of
each fluorescence line. These features are Rabi sidebands produced from the onset of
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Rabi oscillations from the states involved in the transitions. This marks the first
demonstration of the simultaneous production of Rabi sidebands on multiple atomic
transitions. Section 5.6 details the use of this discovery for the determination of excited
state transition dipole moments.
The temporal evolution of the Rabi sidebands is clearly seen in the bottom panel
of Figure 5.6, which shows two red-shifted sidebands (centered at 803.5 nm and 815.5
nm). As mentioned above, as the electron temperature decreases, population will build in
the excited state manifold, resulting in an increase in sideband production efficiency. The
collisional dephasing in a plasma is due to electron-neutral collisions and that is the
dominant damping mechanism. The increasing signal intensity observed in Figure 5.6 is
likely due to a combination of longer dephasing times and a rise in the excited state
population. Figure 5.7 shows the emission spectrum of atomic oxygen (generated in a
plasma of O2) as a function of pump/probe delay taken under the same conditions as for
Ar. In the spectral window only one atomic transition is observed (777 nm). When the
micro-plasma is generated in molecular oxygen and undergoes cooling evolution, atomic
oxygen is created and the excited 5P states become populated. These states have intense
dipole coupling to the lower-lying 5S0 state and emit three closely spaced (  1 meV)
fluorescence lines near 777 nm (1.596 eV) (29). This cluster of resonances is detuned
from the 800 nm probe beam by 46 meV. In the presence of this resonance a blue-shifted
Rabi sideband (for the red-shifted sideband see Figure 5.9) is seen to appear accompanied
by multiple fringes (discussed in section 5.7). The bottom panel of Figure 5.7 indicates
that the temporal behavior for the main blue-shifted sideband (centered at 764 nm) and
that of the remaining fringes (only 760 nm is shown) is identical save for the magnitude.
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Figure 5.6. Spectrum of argon emission as a function of pump/probe delay. Bottom panel:
Rabi sideband intensity as a function of pump/probe delay for two red-shifted sidebands
(803.5 and 815.5 nm).
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Figure 5.7. Spectrum of atomic oxygen emission as a function of pump/probe delay.
Bottom panel: the intensity and a function of pump/probe delay line out for two fringes
(760 and 764 nm) originating from a single blue-shifted Rabi sidebands.
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The rise time, which can likely be correlated to the electron cooling dynamics (25, 26)
and an increase in excited state population, differs markedly from that observed in Ar.
The steep rise in the oxygen Rabi sideband amplitude suggests that electron cooling
occurs more rapidly than in Ar. Additionally, the oxygen Rabi signal is observed to
decay, albeit comparatively slowly decay relative to the rise time. This feature is not
observed in Ar on the same timescale, thus suggesting molecular-specific dynamics.
5.5 TIME-DEPENDENT GENERALIZED RABI CYCLING MODEL

The discussion of Rabi oscillations and the generation of Rabi sidebands
presented in section 5.2 can be viewed as dynamic in the sense that the population
amplitudes vary with time (Figure 5.1). However, such a model can be viewed as static
with regard to the time-independent (constant) Rabi splitting (Figure 5.2) which is due to
the time-independent electric field amplitude (cw laser source). This treatment has proven
to be adequate for driving pulses with a long temporal duration (nanosecond regime) (21,
22, 30). However, the data presented in figures 5.6 and 5.7 indicate that when a pulse
with a short duration is used (~ 1 ps) a broad sideband spectrum emerges with the
presence of a fringe pattern. These results necessitate a new approach to our
understanding of the generation of Rabi sidebands which fully accounts for the timedependent electric field amplitude,

( ), associated with a pulsed driving source. Thus

the generalized Rabi frequency (and the Rabi frequency) will become time-dependent,
following the (Gaussian) electric field amplitude. This can be seen in the dressed state
picture (Figure 5.8) where the splitting of the states follows the time-dependent
generalized Rabi frequency. The resulting Rabi shift, reaches a maximum, max , at the
maximum of the electric field ( t   0 ). The instantaneous frequency of the Rabi-shifted
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pulses generated at  0   t and  0   t is identical for a Gaussian temporal profile (
  0   t     0   t  ),

suggesting the ability to produce temporally chirped pulses, as

will be discussed later.
The generation of dynamic Rabi sidebands as observed in Figures 5.6 and 5.7 and
suggested by the dressed state picture (figure 5.8) can be quantitatively described in the
context of a time-dependent, generalized Rabi-cycling model. It relates to the model of
optical nutation suggested earlier in (14, 31). The following theoretical discussion is
based on that of D. Romanov as found in Ref (32, 33). The FWHM duration of the
driving pulse is about 1 ps, which is shorter than both the diagonal relaxation and the
dephasing times that are mainly determined by the electron-atom collisions in the cooling
plasma. This circumstance makes it sufficient to consider the wavefunction evolution

  ca  t  exp  i Eat

a

 cb  t  exp  i Ebt

b

(5)

rather than tracing the Bloch vector. The time-dependent amplitude and frequency of the
generated radiation will be determined by the induced dipole oscillations, that is, by the
instantaneous expectation value of the dipole moment operator,

ˆ   ˆ   ca (t )cb (t )abei t  c.c. ,
ba

where ba   Eb  Ea 

(6)

is the transition frequency and ab  a ˆ b is the transition

dipole moment.
In the rotating wave approximation, the coefficients in the rotating frame,

ca  t   ca  t  exp  it c 2  and cb  t   cb  t  exp  it c 2  are determined by the coupled
equations,

139

 ca    
d  
2
i  
dt      t 
c  
 b 
2



 t    c 
 a
2    1    cos 
 

    2 cos    sin 
 c
2  b 

 sin    ca 
  .
cos   cb 

Here,   ba  c is the detuning from the resonance, while   t   ab A0  t  /

(7)

is the

time-dependent Rabi frequency, determined by the electric field envelope, A0  t  . The
time-dependent parameter  is defined as   t   tan 1    t    , provided nonzero
detuning. Then, it is convenient to recast Eq. (7) in the adiabatic basis (34, 35)

 ca   cos    sin      ca 
 
2
 2   
 
 
    sin    cos      
 
    cb 
 cb  
2
 2 

(8)

The coefficients ca , cb satisfy a more simple system of equations,

i

d  ca  1   1 0   ca  i d  0 1  ca 
 

  

  ,
dt  cb  2 cos   0 1   cb  4 dt  1 0   cb 

(9)

where the second term in the right-hand side is responsible for nonadiabatic corrections.
If
d
2
,

dt
cos 

(10)

this term can be neglected, and the solution is readily obtained as,
 ca  t    cos     sin      i t
 
  e  

 
2
 2  



   

   
 c  t    sin   cos     0
 b   2
2 

where
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 0 
 0  
  cos   sin     ca  t0  
0 
 2 
 2 

 (11)

i  t   
 0 
 0   

e
   sin   cos     cb  t0  
2
2
 
 


t

  t    dt 
t0


1
  dt   2  2  t 
2cos  2 t0
t

(12)

and 0    t0  . In particular, if the two-level system was initially in its lower state,
ca  t0   1 , cb  t0   0 , this results in the following expression for the time-dependent

coefficients:

 ca  t    cos    cos   0  ei  t   sin    sin   0  ei  t  

 
   
 2 

 
2
2  2 
 





i

t

i

t




   cos   sin  0  e   
 
 


 c  t    sin   cos  0  e
   

 b   2
2  2 
 2 


(13)

Then, the dipole oscillations are obtained as

  t   ab  sin   cos  0  cos c t  
1
sin  0  1  cos    cos  2  t   c t  
2

(14)

1

sin  0  1  cos    cos  2  t   c t  
2


Returning to conventional notation, we obtain the oscillating dipole as

 t  

ab    t 

cos c t  

  t0     t 
t



  t0   

1
cos

t

dt   2   2  t   



c



2    t  
t0



(15)

t



  t0   
2
2


1
cos

t

dt



t






 c t

2    t  
0



The arguments of the cosines in the second and the third lines of Eq. (15) signify the
presence of emitted radiation with instantaneous frequencies,

  t   c  2 d dt  c   2  2  t   c    t  ,
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(16)

that form the blue-shifted and red-shifted Rabi sidebands as exhibited in Figures 5.6 and
5.7. (We note in passing that if the adiabaticity condition of Eq. (10) were maintained
over the whole duration of the driving pulse, it would mean   t0   0 in Eq. (11) and

  t0   0 in Eq. (15). Then, the two-level system being initially in the ground state
would undergo adiabatic following and no sideband emission would occur. However, the
actual position of the adiabaticity onset point, t0 , affects only the overall magnitude of
the sideband emission. The emission frequencies and spectral phase relations discussed
later are insensitive to the value of t0 . For certainty, in what follows, we assume t0 to be
the point of maximum derivative of the function A0  t  , which corresponds to the
inflection point in Figure 5.8.
This model predicts that two new sidebands will be generated with instantaneous
frequencies c    t  , as related to the second and the third line in Eq. (15). Over the
probe pulse duration, the sideband frequencies will cover significant intervals of width
2
 2  max
  , where max is the maximum Rabi frequency that corresponds to the

maximum electric field magnitude in the probe pulse, A0max . As the value of A0max
increases, one sideband will begin shifting along the frequency axis away from the
fluorescence line that is detuned by  from the probe pulse carrier frequency. The other
sideband will emerge on the other side of the carrier frequency at a position mirroring the
fluorescence peak and begin shifting in the opposite direction, thus increasing the intersideband separation. The two sidebands will be centered about the carrier frequency of
the probe beam. One sideband is predicted to have larger amplitude than the other
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Figure 5.8. A dynamic dressed-state energy level scheme for a two level system, where
levels 0 and 1 are the ground and excited bare atomic states, respectively. A pulse with
carrier frequency c (gray arrows), detuned from the resonant frequency by  , results in
a dynamic Rabi shift that generates two new resonances at c   t  .
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according to the ratio of their prefactors in Eq. (15),    t   1 and    t   1 . In
particular, the intensity of the mirrored sideband (corresponding to the    t   1
prefactor) rapidly converges to zero in the limit of low intensity of the generating probe
beam.
5.6 PROBE POWER DEPENDENCE OF RABI SIDEBANDS: TUNABLE
BROADBAND RADIATION AND DETERMINATION OF EXCITED STATE
TRANSITION DIPOLE MOMENTS
The predictions of the model can be conveniently verified using the atomic
oxygen system (generated from O2), in which there is present three closely spaced
luminescence lines in the vicinity of the laser carrier frequency so that multiple
transitions do not mask the presence of the mirrored sideband as observed with argon
(Figure 5.6). The spectrum shown in Figure 5.9 is the result of the interaction of a 1.05
mW probe beam with the oxygen plasma. A pump/probe delay of 250 ps ensures that the
electronic excitation of oxygen atoms is maximized in the generated plasma (25), and that
the electron temperature is concurrently reduced, so that the dephasing dominated by the
electron-neutral collisions becomes negligible (   20 ps). As seen, to the blue side of the
1.596 eV line there is an intense broadband emission that is centered on 1.643 eV. The
greater than 90 meV Rabi shift observed between the sideband and the 800 nm (1.55 eV)
carrier frequency is consistent with the prediction of a generalized Rabi oscillation
generated with an effective transition dipole of 7.4 D, a detuning of 46 meV and an
intensity of 3.3  1010 W cm-2. Note that the red-shifted (mirror) sideband has precisely
the same (negative) shift as that observed for the blue-shifted feature and mirrors the
shape of the blue-shifted feature. However, the amplitude of the red-shifted sideband is
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smaller, as seen by comparing the gray and blue curves in Figure 5.9. This is in complete
agreement with the predictions of Eq. (15), where the outer boundaries of both the red
and blue sidebands are shifted (in opposite directions) by the generalized Rabi frequency,
  t 

, while their intensities differ considerably from one another as predicted by the

pre-factors for the oscillating terms. Fringes observed in the low-energy wing of the blueshifted sideband (similar to that in the high-energy wing of the red-shifted sideband) are
the result of spectral interference indicating the coherent and time-dependent nature of
the sidebands, as explained in section 5.7.
To further confirm the mechanism of generation of the observed optical response,
we note that the time-dependent, generalized Rabi frequency will increase with probe
beam intensity and thus the sideband maxima should shift with probe intensity as well.
The measurements shown in Figure 5.10 demonstrate that the blue sideband shifts further
from the carrier frequency as the probe beam power is increased from 0.1 to 1.0 mW.
This corresponds to an increase in the focal intensity of the probe beam from 3.3  10 9
Wcm-2 to 3.3  1010 Wcm-2. This shift constitutes a means for providing tunable coherent
radiation from 1.596 eV to 1.640 eV for this particular transition. According to Eq. (15),
the dependence of the maximum shift energy of the sideband on the probe laser power
can be expressed as,
E peak 

 kP     



2

1

2

 c

(17),

where P is the peak probe laser power, kP   , and k 1 2 is the slope of the
12

linear dependence of  on P1 2 . The ratio of the transition dipole moment for any two
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Figure 5.9. Spectra of red- and blue-shifted sidebands in oxygen at probe power of 1.05
mW and pump/probe delay of 250 ps. Top axis: photon energy. Bottom axis: shift
relative to the probe photon energy of c  1.55 eV . The gray spectrum is the mirror
reflection of the red-shifted curve about the axis E = 0, demonstrating the similarity of
shifting for the red and blue shifted features. The vertical arrow indicates the atomic
transitions at res  1.596 eV (777nm). A dashed end indicates an arrow beginning at
zero eV using the upper energy axis.
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transitions can then be determined using the ratio of the k 1 2 values. Figure 5.11 is a plot
of the measured position of the sideband as a function of probe intensity (squares) fitted
using Eq. 17, with k as the only fitting parameter (solid line). The sideband terminates at
1.596 eV (Figure 5.11), corresponding to the 777 nm oxygen transitions. This occurs
because the generalized Rabi frequency becomes equal to the detuning as the driving
laser (probe) intensity approaches zero. This is also why the red-shifted sideband
terminates at 1.504 eV (see Figure 5.9), even in the absence of a fluorescence line in that
region.
As shown in Figure 5.6, sidebands are efficiently generated in Ar from all
fluorescence transitions near the 800 nm probe according to Eq. (15), provided the
detuning is not too large to drive the amplitude of the generalized Rabi frequency to zero.
Figure 5.12 shows the Ar spectrum taken at a pump/probe delay of 1400 ps. Sidebands
appear simultaneously for the three spectral regions labeled A, B and C (see Table 5.1).
Sideband C is generated from fluorescence lines on the high energy side of the probe and
exhibits similar behavior to the oxygen system with a blue-shifted signal originating from
the fluorescence line. However, for transitions A and B which are on the low energy side
of the probe photon energy, red-shifted lines are seen to emerge from the fluorescence
transition. This observation is consistent with Eq. (15) where the amplitudes of the red
and blue-shifted sidebands reflect the sign of the detuning,  . Figure 5.13 shows a plot
of the sideband energy as a function of probe power. Again, the sidebands arising in
regions A and B exhibit a red-shift, indicated by the fit using Eq. (17) where at negative

 the value of E peak decreases with increasing probe power. The value of E peak for the
blue-shifted sideband C increases with probe power. The mirror features of sidebands A,
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Figure 5.10. Spectra of the blue-shifted sideband for selected probe beam intensities in
oxygen. The spectra are taken at a pump/probe delay of 250 ps.
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Figure 5.11. Rabi sideband energy, Epeak , as a function of probe beam power. The solid
curve is the fit using Eq. (17). The star indicates transitions at 1.596 eV.
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Figure 5.12. Ar spectra for selected probe beam intensities. The spectra are taken at a
pump/probe delay of 1400 ps. The arrows correspond to atomic fluorescence lines at
1.5271 eV (red), 1.5280 eV (green), 1.5302 eV (dark blue), 1.5488 eV (light blue), and
1.5601 eV (magenta).
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Figure 5.13. The sideband energy, Epeak , a function of probe beam power for regions A,
B and C (from Figure 5.12). The stars indicate the fluorescence line positions. The solid
curves are the fit using Eq. (17).
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B and C are difficult to see as their intensities are about an order of magnitude smaller
than the main features. In addition, they are largely obscured by interference from
sidebands arising from adjacent transitions.
Literature values (28) for the ratio of the transition dipole moments in Ar for
transition C (Figure 5.12) with the two transitions for A yield values of 1.06 and 1.45.
Similarly, the ratio of transition C with the lines constituting B gives 2.42 and 2.59.
Comparison with the ratios of the k1 2 values, extracted from a plot of  vs. the square
root of the probe power is shown in Figure 5.14 for the same lines gives k C1 2 / k 1A 2  0.86
and k C1 2 / k B1 2  2.23 . By using the ratios of the k 1 2 values, this method avoids the
inherent difficulties often encountered in performing accurate measurements of the laser
intensity. The agreement with the ratios of the literature values (known to within  10%)
(28) demonstrates that plasma excitation combined with Rabi-shifting measurements is a
means to simultaneously extract quantitative ratios for the transition dipole moments
between multiple sets of highly excited states with transitions in the optical regime.
5.7 ORIGIN OF SPECTRAL FRINGES AND COHERENCE
5.7.1 QUALITATIVE DESCRIPTION OF THE SPECTAL FRINGE PATTERN IN
ATOMIC OXYGEN
The shifting of the sidebands, in atomic oxygen, as observed in Figure 5.9, gives
rise to bandwidths on the order of 200 meV. Each particular frequency value within those
bands is emitted at a certain amplitude value of the driving pulse. If coherence can be
maintained across this spectral range, the light can be shaped and manipulated for
applications such as control experiments and short pulse generation. In fact, there is every
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Figure 5.14. Plot of  as a function of the square root of the probe beam power. The
solid curve is the best linear fit. The slope yields the value k 1 2 from Eq. 17. Data points
are extracted from spectra in Figure 5.13 with the labels A, B and C corresponding to the
transitions labeled in Figure 5.13.
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indication that the sidebands generated in these experiments possess a high degree of
coherence across the whole spectral range.
As a first test, a simple polarization measurement of the Rabi sideband radiation
was performed. This was done by placing a Glan polarizer after the collimating lens. Two
polarization states were measured; parallel and perpendicular. Figure 5.15 shows that in
the case where the output polarizer is aligned parallel (gray curve) to the polarization of
the probe beam, both the Rabi sideband and the atomic oxygen fluorescence line at 777
nm are observed. However, when the polarizer has perpendicular alignment, only the
incoherent fluorescence is present (with the same magnitude as the parallel case). This
demonstrates that the Rabi sideband radiation maintains the high degree of polarization of
the generating probe laser beam.
Proof of the coherence is manifest in the fringe pattern exhibited in the sidebands
as seen in Figures 5.7, 5.9 and 5.10. Indeed, these fringes result from spectral interference
of like frequency components emitted at different moments of time. According to Eq.
(15), the points of the same electric field amplitude on the leading and trailing edges of
the probe pulse generate waves of the same instantaneous frequency that then may
interfere constructively or destructively. What follows is an approximate method for
determining the spectral positions of constructive interference developed by D. Romanov
and presented in refs (32, 33). The maximum of the temporal envelope profile of the
probe pulse generates the maximum value of the instantaneous generalized Rabi
frequency, max and is observed as the main peak of the respective sideband at the
maximally shifted position, E peak (Figure 5.16, upper panel). The lower-magnitude
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regions of the temporal profile of the probe pulse generate the frequencies,   t  , that
correspond to time-dependent Rabi shifts and produce the features between E peak and the
oxygen fluorescence line at 1.596 eV. Near the maximum amplitude of the laser pulse,
the

temporal

envelope

profile

may

be

approximated

by

a

parabola,

A0  t   Amax    t   0  (Figure 5.16, lower panel). (for instance, for the Gaussian pulse
2





shape in Figure 5.8, A0  t   Amax exp   t   0   2 , the value of  is Amax  ). The
2

2

temporal interval between the points of equal magnitude or the sideband energy shift, E ,
on the leading and the trailing edges of the probe pulse is then approximated as
2   Emax  E 

 ab  

12

should
n

12

correspond

 2  E

max

to

(see Figure 5.8). For constructive interference, this interval

an

integral

number

of

the

frequency-shifted

cycles,



 E  . Given this approximation, the fringe locations can be crudely

predicted using the relation:



En  c   E peak  c  1  b  n  1

23



(18)

where En denotes the energy of the n -th fringe of constructive interference (
E peak corresponds to n  1 ) and b is a dimensionless fitting scaling factor (in the



aforementioned case of the Gaussian pulse shape, b  2  E peak  c 



  2 3

.

The excellent correlation between this simple model prediction and the experimental
results is seen in the top panel of Figure 5.16 where the positions of constructive
interference are indicated by black semi-circles. Each semi-circle corresponds to a pair of
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Figure 5.15. Polarization dependence of the blue-shifted Rabi sideband generated in
oxygen (from a microplasma in O2). Gray spectrum: the analyzer polarization is parallel
to the probe polarization; Black spectrum: the analyzer polarization is perpendicular to
the probe polarization.
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Figure 5.16. Schematic explaining the origin of the spectral fringes in the Rabi sidebands.
The upper panel shows a typical spectrum of the blue-shifted Rabi sideband (oxygen,
probe beam power P = 1.0 mW). The black semi-circles indicate regions of constructive
interference as predicted by simulation using Eq. 18. The lower panel depicts an ideal
Gaussian temporal profile of the probe beam (black curve) and the parabolic
approximation used to derive Eq. 18 (gray curve). The squares show schematically the
pairs of points with equal probe beam intensity and a phase difference of   m ,
where m = 0, 2, 4, … Each of these pairs corresponds to conditions of constructive
interference in the Rabi-shifted spectrum.

157

symmetric points (indicated by squares) in the (parabolic) temporal profile of the probe
pulse envelope from which two identical values of the Rabi shift are generated. When the
phase difference between the two points in such a Rabi shifted pair is equal to integer
multiple of 2π, full constructive interference is observed.. From this standpoint, the fringe
patterns persisting throughout both the blue-shifted and red-shifted sidebands indicate
that all of the radiation generated through the Rabi-cycling mechanism is nearly-perfectly
coherent.
5.7.2 DETERMINATION OF THE SPECTRAL AND TEMPORAL PHASE OF
THE RABI SIDEBANDS TOWARD THE PRODUCTION OF fs-DURATION
PULSES
The above analysis concerning the origin of the spectral fringes can be expanded
upon to determine the spectral phase, which in turn is used for a complete simulation of
the Rabi sideband spectrum as developed by M. Plewicki and D. Romanov (36). The
observed spectral fringes can be traced to the temporal evolution of the Rabi frequency,
using the concept of instantaneous frequency (37). The instantaneous frequency is related
to the temporal phase  (t ) , via i (t )   (t ) t . In the case of dynamically shifting Rabi
sidebands ( i (t )  c   '(t ) ) the temporal phase is calculated as:

 (t )   c   '(t )  dt  ct    '(t ) dt .

(19)

Equation (19) relates the temporal phase to the envelope of the probe pulse, A0 (t ) ,
through the time-dependent generalized Rabi frequency. In addition to this, A0 (t ) also
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determines the time-dependent amplitudes of the Rabi sideband pulses, through the
expectation value of the induced dipole moment (14, 32).

ARS (t ) 


M 10(t ) A0 (t )  

 1 ,
' (t )
 ' (t ) 

(20)

The Rabi sideband spectra are then obtained by the inverse Fourier transform:



E ( ) 

A

RS

(t ) ei (t ) e it dt





 M10





t


(t )
A0 (t )
(  '(t )  1) exp  i c    t  i  '(t ')dt '  dt


 '(t )




(21)



As the maximum Rabi shift occurs at the peak of the driving pulse, A0  0  , the value of

 0  for each measurement was extracted from the experimental data given the
detuning . In addition, we incorporated the 1.5% probe beam intensity fluctuation in the
simulation using a convolution function. For numerical simulations, we approximated the
probe pulse envelope by a Gaussian function, however the spectral filter used in the
experiment results in an asymmetric temporal profile with duration ~1 ps. For simplicity
a Gaussian function with FWHM=750 fs was used, providing the best fit to the
measurements. This is in reasonable agreement with the ~1 ps pulse duration measured.

The key temporal features of the simulated Rabi-shifted bands are presented in
Figure 5.17. The instantaneous frequency for a blue-shifted sideband (upper panel, black
curve) follows the electric field envelope of the probe pulse, whereas the red-shifted
frequency (upper panel, gray curve) is mirrored with respect to the carrier frequency
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Figure 5.17. The origin of the temporal features of the Rabi sidebands. The upper panel
shows the simulated instantaneous frequency for red- and blue-shifted bands (gray and
black curves respectively). The horizontal dotted line corresponds to c . The lower panel
shows the temporal intensity (shadowed curve) and temporal phase for red- and blueshifted Rabi bands (gray and black curves, respectively) (36).
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Figure 5.18. The dependence of the blue-shifted Rabi sideband vs. probe beam power and
photon energy. The upper three panels show the comparison of the simulated spectra
(gray curves) with measured spectra (black curves). The measured spectra are a sample of
spectra shown in Figure 5.10. The stepped function in the second panel demonstrates the
spectral phase for the blue-shifted Rabi sideband (left-side scale). The fourth panel shows
the modeled spectral intensity plot of Rabi sidebands as a function of probe beam power
(36).

161

(upper panel, dotted line), c . Symmetric values of the time deviation from the peak,

 0   , correspond to identical instantaneous frequencies; however, the fields generated
at these two moments will have the relative phase shift   2i ( 0   ) . The
interference of these phase-shifted waves results in the observed spectral fringes. The
time-dependent intensity profile of the incident field is shown in the lower panel (Figure
5.17), together with the calculated time dependence of the phases for the Rabi-shifted
pulses. The temporal phase degenerates into Erf functions in the resonant limit (   0 )
where i (t ) approaches a simple Gaussian profile.

The simulated spectra of the Rabi sidebands are shown in Figure 5.18 as a
function of the probe beam power. In the three upper panels, the theoretical curves (gray
curves, right axis) are compared with the experimental ones (black curves, right axis) for
probe beam powers of 1.0, 0.7 and 0.4 mW. The results of the simulation are in good
agreement with the measured spectra for the higher values of the probe beam power,
particularly with respect to the positions of constructive and destructive interference. The
origin of the slight disagreement between the theoretical and experimental curves for the
lowest power (corresponding to lower Rabi shift) occurs for two reasons: i) the value of
the maximum Rabi shift used in the simulation are determined from the position of the
maximum peak for a given probe power (and this does not take into account the fact that
the interference effects will change the peak shape and position); ii) the model considers
the plasma as a point source ignoring the interaction of the geometrical components of
the Rabi-shifted electromagnetic field emitted from different parts of microplasma. The
overestimation of the simulated fringe intensities is also due to the approximation of the
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Figure 5.19. Schematic illustrating the effect of a relative phase difference,  , between
waves of identical frequency and amplitude. The upper and middle panels show waves
with a phase difference of 3 4 and 5 4 respectively. The bottom panel shows the
superposition (Eq. (22)) of waves with phase differences of  4 , 3 4 , 5 4 and 7 4 .
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plasma as a point source. For the experimental arrangement involving an elongated
plasma spatial distribution, the fringe contrast becomes highly sensitive to probe/plasma
overlap.

The step-function grey curve in the second panel (Figure 5.18) is the simulated
dependence of the spectral phase (left axis). The appearance of the series of  phase steps
is a direct consequence of instantaneous frequency generation illustrated in Figure 5.17
(lower panel). Each spectral component of a Rabi sideband, except for the maximum
shift, is generated first on the leading edge (e.g.,  0   ) and then on the trailing edge (

 0   ) of the pulse with the phase difference,  . The interference of these two subcomponents can be expressed as:

sin(t   / 2)  sin(t   / 2)  2 sin(t ) cos( / 2)

(22)

The expression on the right-hand side of Eq. (22) indicates that the resultant wave
oscillates with the same frequency,  , as the input sub-component waves (left-hand side).
The cosine function in this expression effectively behaves as the amplitude and
undergoes a sign change for    . The upper and middle panels of Figure 5.19 each
show two waves of identical frequency and amplitude but with a phase difference,  ,
of 3 4 and 5 4 respectively. The superposition of these pairs of waves is shown in
the lower panel of Figure 5.19 where the resultant waveforms are observed to exhibit
identical magnitudes but with a relative phase shift of  . The lower panel also shows the
supersposition obtained as the result of waves with a phase difference of    4 and

  7 4 . A phase difference of  4 compared to 3 4 (or 5 4 to 7 4 ) is shown
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to result in a change in the magnitude of the resultant wave without affecting the relative
phase.
Figure 5.18 confirms that the 2 cos( / 2) factor modulates the spectral
amplitude of the Rabi sidebands and that the  phase jumps occur at the points of total
destructive interference. Thus, the model predicts the regions of constructive/destructive
interference and allows for spectral phase reconstruction. This fact is particularly useful
from the pulse-shaping standpoint, since the fringe pattern clearly defines the phase
relationships among the pulse spectral components. Therefore, a simple compression
scheme can be obtained using phase shaping in a spatial light modulator or an engineered
chirped mirror.

The upper left panel in Figure 5.20 shows the simulated blue-shifted Rabi
sideband spectrum from Figure 5.18 (uppermost panel) at 1.0 mW of probe laser power.
The Fourier transform of this spectrum assuming a flat spectral phase is shown in the
lower left panel. The FWHM of the temporal intensity profile in this case is
approximately 70 fs, which corresponds to an order of magnitude decrease in pulse
duration in comparison with the FWHM=750 fs probe pulse duration used in the simulation.
A pulse consisting of significantly shorter 13 fs features (Figure 5.20 lower right panel) is
obtainable provided the entire generated Rabi sideband spectrum, both the red- and blueshifted sidebands (Figure 5.20 upper right panel), is compressed. However, this pulse
would contain a series of closely spaced temporal satellites with intensity on the order of
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Figure 5.20. Simulation of the Rabi sideband spectrum in oxygen at 1.0 mW of probe
beam power. The upper left and right panels show the blue-shifted and the combined redand blue-shifted spectra respectively. The lower left and right panels show the Fourier
transform of the respective spectrum under the condition of a flat spectral phase.
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the largest feature. The effect of the pulse compression mechanism will be less
pronounced if the duration of the initial pulse becomes comparable with that of the Rabi
cycle, resulting in spectral overlap of the probe and the Rabi sideband. In this case,
further compression will require higher intensities. One should also note that the model
developed for dynamic Rabi-shifted sidebands operates with an adiabatic response of the
two level systems, which assumes that   c and d  dt  c . For further pulse
compression toward the few-cycle regime our model would no longer properly describe
the spectral phase, thus requiring a different theoretical approach.

5.8 CONCLUSIONS

Micro-plasma channels formed in gases at atmospheric pressure in the wake of
focused laser pulses provide a novel mechanism for generating broadband coherent
radiation in the optical frequency range. The mechanism is based on giant, timedependent Rabi shifting produced by a moderately intense picosecond laser pulse. The
viability and robustness of the proposed approach are demonstrated in a series of pumpprobe experiments in an oxygen microplasma. The red- and blue-shifted sidebands (with
respect to the laser carrier frequency) are observed with the maximum shift of > 90 meV,
resulting in an effective bandwidth of 200 meV. The giant Rabi shift is both tunable and
coherent over a wide range of frequencies and over a wide range of atomic transitions.
The tunability is based on the time-dependent generalized Rabi frequency and thus
depends only on the intensity of the driving laser. The coherence is demonstrated in the
agreement between the experimental measurements and the model predictions which
strongly supports the reconstruction of the spectral phase function. This allows for a
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simple compression mechanism which is capable of generating pulses with temporal
features two orders of magnitude shorter than the driving pulse. The fact that the
coherence is observed in a micro-plasma demonstrates that Rabi cycling is possible at
high temperature with moderately high laser intensities (1010 W cm-2) as long as
transitions close to the driving frequency ( ~ 2% c) are present.
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CHAPTER 6
SUMMARY AND OUTLOOK
Knowledge of electron temperature and concentration has become increasingly
important in the burgeoning fields concerning laser-induced plasma formation. In order to
measure and interpret subnanosecond plasma dynamics, new spectroscopic techniques
and theoretical understanding were developed. As a starting point, advances were made
in the field of femtosecond coherent anti-Stokes Raman scattering (CARS). A full
theoretical description has been provided for the CARS polarization and lineshape in the
presence of nonresonant signal for multiple femtosecond laser beams. The lineshape
function has been equipped with a phase mismatch attenuation correction resulting in
quantitative agreement between theory and experiment for measurements in atmospheric
pressure O2. This analysis paves the way for proper consideration of ultrashort pulses
used in fs-CARS spectroscopies that are becoming increasingly popular with the demand
for greater temporal resolution.
A theoretical model was developed to extract the initial degree of ionization for
the noble gas series (He to Xe) resulting from strong field tunnel ionization in the
microplasma. This was achieved by extending the ADK tunnel ionization model to
include the temporal and spatial characteristics of the laser pulse at the focus. Further
investigation of the microplasma was performed by extending the knowledge gained
from fs-CARS (in the more general form of four-wave mixing) toward the determination
of the electron temperature dynamics. The FWM signal was shown to depend largely on
the electron temperature. A detailed theory of electron impact ionization was developed
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and used determine the subnanosecond electron temperature evolution. The model was
extended to account for the gas pressure and pump laser intensity dependence on electron
cooling. FWM measurements in O2, N2 and CO2 have shown that the simple model
developed for noble gas series no longer fully describes the electron cooling dynamics.
These measurements also point to using FWM as a new method for the determination of
electron recombination dynamics as observed in a species dependent decay of the signal.
The relative decay of the N2 and O2 FWM curves shows temporal characteristics that
have yet to be discussed in the literature.
The microplasma environment has been demonstrated to be an ideal environment
for the production of Rabi sidebands via the coupling of excited electronic states using a
low intensity picosecond probe pulse. Rabi sideband production in atomic oxygen and
argon (at atmospheric pressure) has been shown to result in broadband radiation that is
both coherent and tunable. Rabi shifts > 90 meV have been demonstrated with a resulting
bandwidth approaching 200 meV. A theoretical description was developed to account for
the time dependence of the laser electric field and hence the Rabi frequency. This
description also accounts for the spectral interference that is inherent with timedependent driving fields and has provided a means for a full simulation of the Rabi
sideband spectrum. The generation of Rabi sidebands in a plasma environment has also
proved an ideal means for the determination of excited state transition dipole moments.
The investigations made in this dissertation concerning the nature of timedependent Rabi shifting is expected to open the way for further investigations of plasma
dynamics as well as delve further into our understanding of light matter interactions. As
this dissertation is being written, investigations are underway to determine the spatial
173

profile of the sideband emission and to determine dephasing times of two-level systems
in plasmas from the fringe contrast between individual sidebands. There also exists the
potential for the generation of ultrashort laser pulses from the broadband coherent Rabi
sideband emission. Our simulations reveal that provided proper phase compensation, the
Rabi sidebands can support ultrashort pulses with temporal features of 13 fs. Even shorter
features should be easily realizable with the application of a more intense driving laser.
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