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Chapter 1
Introduction

1.1 Spectroscopy

Spectroscopy is the measure of the interaction of photons with matter as a function of

their energy. Figure 1.1 gives an example to show one of the many ways the photon can

interact. The phenomenon is called the photoelectric effect, where a beam of light shines

on a metal surface and causes the ejection of electrons from the metal. The kinetic energy,

E, of the electrons (photoelectrons) can be measured by the equation,

E = hν − φ (1.1)

where hν is the energy of the photon of frequency ν and φ is the work function of the

metal. In conditions where the probe particle is not a photon, spectroscopy refers to the

measurement of the interaction of particles or material as a function of the probe particle

energy. Molecular spectra are observed, when a molecule undergoes absorption or emis-

sion of the electromagnetic radiation with a resulting increase or decrease in energy of the

molecule, respectively. Figure 1.2 gives an example of two types of (line) spectra.

1.1.1 The intrusion of spectroscopy in other fields

The significance of a process is judged on the basis of its versatility and applicability in dif-

ferent fields. The spectroscopic analysis has been crucial in the development of the most

fundamental theories in physics, including quantum mechanics, the special and general
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Figure 1.1: The photoelectric effect.

theories of relativity, and quantum electrodynamics [1]. Spectroscopy, as applied to high-

energy collisions, has been a key tool in developing scientific understanding not only of

the electromagnetic force but also of the strong and weak nuclear forces [2]. Spectroscopic

techniques have been applied in virtually all technical fields of science and technology.

Millimeter and sub-millimeter-wave spectroscopy of nuclei in a magnetic field has been

employed in a medical technique called magnetic resonance imaging to visualize the in-

ternal soft tissue of the body with unprecedented resolution. Microwave spectroscopy

was used to discover the so-called three-degree blackbody radiation, the remnant of the

big bang (i.e., the primeval explosion) from which the universe is thought to have origi-

nated. The internal structure of the proton, neutron and the state of the early universe up

to the first thousandth of a second of its existence is being unraveled with spectroscopic

techniques utilizing high-energy particle accelerators. The constituents of distant stars,

intergalactic molecules, and even the primordial abundance of the elements before the
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(a)

(b)

Photon

Photon

Figure 1.2: (a) An excited hydrogen atom relaxes from level 2 to level 1, yielding a photon. This
results in a bright emission line. (b) A hydrogen atom in the ground state is excited by a photon
of exactly the ‘right’ energy needed to send it to level 2, absorbing the photon in the process. This
results in a dark absorption line.

formation of the first stars can be determined by optical, radio, and X-ray spectroscopy

[3]. Figure 1.3 shows spectra of some stars. Optical spectroscopy is used routinely to iden-

tify the chemical composition of matter and to determine its physical structure. Figure 1.4

shows spectra of some commonly used light sources.

1.1.2 Types of spectroscopy

In a broader sense, the spectroscopy can be categorized on the basis of the physical quan-

tity measured, which is normally intensity either of the energy absorbed or produced.
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Figure 1.3: Some stellar spectra observed.

One example is called as optical spectroscopy. There are different kinds of optical spec-

troscopy depending on the type of transition induced by the absorption of the photon(s)

and therefore, on the specific region of the electromagnetic (EM) spectrum (Figure 1.5).

Table 1.1 and Figure 1.6 gives a summary of the classification. The optical spectroscopy

can be divided into

• Rotational Spectroscopy

One studies the absorption and emission of the EM radiation (typically in the mi-

crowave region of the electromagnetic spectrum) by molecules associated with a

corresponding change in the rotational quantum number of the molecule [4, 5].

• Vibrational Spectroscopy
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Figure 1.4: Some spectra of artificial sources.

The infrared radiation absorption leaves the molecule in a vibrationally excited

state. It can, then, dissipate its energy to a vibrational mode non-radiatively, or

emit a photon.

• Electronic Spectroscopy

Electronic spectroscopy probes directly the quantization of the electronic energy.

The transitions, in absorption or emission, between different electronic states of an

atom or molecule are studied. In other words, the charge distribution of electrons

around a molecule is changed by the light absorption. The light in this region has a
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Radiation Type
Wavelength (m) 103 10-2 10-5 0.5x10-6 10-8 10-10 10-12

Figure 1.5: Electromagnetic spectrum

Table 1.1: Types of Spectroscopy: in terms of energy levels.

Spectroscopy Radiation Wavenumbers Transition
Electronic UV/Vis 104-105 cm−1 Electronic (+ vibration + rotation)
Rotational-Vibrational Infrared 102-103 cm−1 Vibration (+ rotation)
Pure Rotational Far Infrared/Microwave 10−1-101 cm−1 Rotation

lot of energy and often can break bonds.

1.1.3 Advantages

Spectroscopic techniques are extremely sensitive. Single atoms and even different 1isotopes

of the same atom can be detected among 1020 or more atoms of a different species. Trace

amounts of pollutants or contaminants are often detected most effectively by spectro-

scopic techniques. Certain types of microwave, optical, and gamma-ray spectroscopy are

capable of measuring infinitesimal frequency shifts in narrow spectroscopic lines. Fre-

1Isotopes are all atoms of an element that have unequal mass but the same atomic number. Isotopes of
the same element are virtually identical chemically.
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quency shifts as small as one part in 1015 of the frequency being measured can be ob-

served with ultrahigh resolution laser techniques, eventually frequency measurements

are the most accurate physical measurements.

Spectroscopy is used as a tool for studying the structures of atoms and molecules. The

large number of wavelengths emitted by these systems makes it possible to investigate

their structures in detail, including the electron configurations of ground and various ex-

cited states. Spectroscopy also provides a precise analytical method for finding the con-

stituents in material having unknown chemical composition. A concentration of a few

parts per million of a trace element in a material can be detected through its emission

spectrum. Therefore, spectral analysis of the lines obtained from extraterrestrial envi-

ronment allows the identification of the species present and the characterization of the

conditions prevailing there.

1.1.4 Electronic spectroscopy and the resolution

Figure 1.6: Schematic depiction of the superposition of electronic, vibrational and rotational en-
ergy levels. The absorption spectrum of a molecule is determined by all non forbidden transitions
between pairs of levels in the right hand column.

A spectrum obtained can be termed as low or high resolution, depending on how well

the spectral features are resolved. One refers usually to the performance of the system

used to obtain the spectra, when speaking of low or high resolution spectroscopy. Gen-

erally, the former is used for analytical purposes. On the other hand, the latter provides

more and more accurate structural information of the molecules under study, which in

turn gives impetus for theory to account for it. The general appearance of the two systems

is usually different. The design of a low resolution instrument is oriented towards com-

pactness, convenience and ease of use, whereas the other type in many cases are bulky, of

limited wavelength range, inconvenient and slow to use. High-resolution spectroscopy

is nowadays capable of providing detailed information on the properties of electronically

excited states than merely vertical transition energies. The analysis of high resolution
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spectra involves fine, hyperfine, spin-rotation and parity-violation interactions.

1.1.5 Goal of the thesis

In the past few decades, progress has been made in the electronic spectroscopy of unsatu-

rated carbon-chain radicals both in neon matrices and gas phase [6]. Highly-unsaturated

carbon chains have been of interest as reactive intermediates in interstellar hydrocarbon

chemistry [7], combustion [8], and discharge processes [9]. High-resolution experimen-

tal techniques such as cavity ring-down (CRD) spectroscopy [10, 11] allow the detection

of rotationally resolved electronic absorption spectra of hydrocarbon radicals. By using

a single-mode cw laser combined with a pulsed slit nozzle discharge, such high resolu-

tion electronic transitions of linear and nonlinear carbon chains have been measured [12].

This method led to the finding of a hydrocarbon cation CCCCH+
3 , accidentally. The sec-

ond chapter reports on the rotationally resolved spectrum of the cation thus obtained and

its analysis.

There are the two essential elements of gas phase electronic spectroscopy,

• A probe beam.

Continuous wave (cw) lasers or Fourier-Transform (FT)-limited pulsed lasers pro-

vide narrow bandwidth laser beam. The cw lasers operating in single mode have

the narrowest possible bandwidths (as low as 500 kHz) by virtue of the energy-

time uncertainty. Laser sources in the infrared to vacuum ultraviolet range have

found many applications in atomic and molecular physics and physical chemistry.

The near and far UV region is of special interest for the detection of electronic tran-

sitions of various radicals. Moreover, it is always desirable to have a single laser

spanning a long wavelength range than switching to different lasers for different

wavelength regions. A cw laser in Ti:Sapphire configuration has a limited operating

range from mid visible to IR region of the spectrum. This demands the application

of non-linear optical processes such as sum- and difference- frequency mixing and

second-harmonic generation for frequency extension. Such processes need higher

peak power than provided by cw lasers. In addition, high resolution spectroscopy
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is only possible with narrow-bandwidth lasers. The best bet, which meets the op-

posing requirements is a 2FT-limited pulse with high peak power. This motivated to

build a near FT-limited pulsed amplification system with a cw ring laser. The third

chapter gives a description of this work.

• Source of the radicals/molecules to be studied

Discharge plasmas and laser ablation are commonly used to produce transient species.

These are then probed by the laser to obtain the spectrum. The fourth chapter illus-

trates the building and demonstration of a laser ablation source which was accom-

plished with the aim of producing clusters.

There are different methods employed to carry out the gas phase electronic spectroscopy,

each with their own specific advantages and disadvantages. Four wave mixing (FWM)

and CRD are two such methods. The fifth chapter presents the observation of a cation,

first time in the history by FWM. It, then, describes the versatility of the technique proved

by the study of ground state vibrations of HC2S radical.

2The coherence time of FT-limited pulses is not shorter than its duration.
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Chapter 2

Electronic spectrum of the hydrocarbon cation
CCCCH+

3

2.1 Cavity ring down spectroscopy

2.1.1 Overview

Direct absorption spectroscopy of atoms/molecules/radicals in the gas phase is a very

powerful tool in analytical chemistry, physical chemistry and in more general research

fields. It yields both quantitative absolute concentrations as well as absolute frequency-

dependent cross-sections. In a ‘conventional’ absorption experiment, the amount of light

which is transmitted through a sample is measured (Figure 2.1). This kind of direct ab-
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Figure 2.1: Conventional direct absorption measurement.

sorption has a limited sensitivity as a small attenuation is measured on top of a large

background. High sensitivity can be obtained by modulation schemes and/or by in-

creasing the absorption path length. Figure 2.2 illustrates the principles of some of these

schemes. Alternatively, the detection of phenomena which are induced by the absorption

of light can be used as the parameter to study the molecules. Some examples are pressure

changes in photoacoustic spectroscopy, fluorescence in laser-induced fluorescence (LIF,

Figure 2.3), and ions in resonance enhanced multiphoton ionization (REMPI). The great

advantage of these techniques is that they are background free. The disadvantage of these

techniques is that these are not self-calibrating. Cavity ring down spectroscopy (CRDS)

is among others a sensitive absorption technique. The work reported in [1], [2] and [?]

pioneered the technique. Herbelin et al. first proposed the use of an optical cavity for

measuring the reflectance of mirror coatings (Figure 2.4). Anderson et al. demonstrated

a better way to measure the reflectance by a different approach of sending the contin-

uous wave (cw) light beam to the optical cavity. In both techniques, coupling of light

into the cavity was accomplished by accidental coincidences of the frequency of a narrow

bandwidth laser with one of the cavity modes. In 1988, O’Keefe and Deacon showed that
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(a)

(b)

(c)

Figure 2.2: Higher sensitivity schemes: (a) Multi-pass cell : large optical length; (b) Cavity-
enhancement : larger optical length, high intracavity power, laser frequency stabilization; (c) Typ-
ical setup for frequency-modulation spectroscopy.

problems associated with mode matching could be circumvented by using a pulsed laser.

Additionally, owing to the pulsed character, no extra units were required for switching

off the laser, before observing the decay transient. They demonstrated the sensitivity by

recording the CRD absorption spectrum of the weak b1Σ+
g (ν = 1, 2) ←− X3Σ−

g (ν = 0)

bands of molecular oxygen (Figure 2.5). Since then, there has been lot of contributions

from various groups proving that this technique is powerful in gas-phase spectroscopy.

The factor which makes it useful is that it measures either strong absorptions of species
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Figure 2.3: A demonstration experiment with induced emission detection.

Figure 2.4: Mirror reflectometer. Instead of measuring the phase shift, the intensity decay of
the cavity is measured after the light is quickly shut off with a Pockels cell. Ideally, the modes
established in the cavity then undergo a first-order exponential decay [3].

present in trace amounts or weak absorptions of abundant species. Although most of the

CRD experiments are performed with pulsed lasers, several schemes have been devel-

oped and used to perform CRDS with cw lasers. Romanini et al. are one of the pioneers

in cw-CRDS [5]. The resonant cavity mode is swept over the cw laser line by varying the

cavity length. The light couples and increases in intensity inside the cavity over a certain

time. The laser is switched off when the intensity reaches threshold. Subsequently, the

CRD transient is recorded.

There are several review papers on CRDS. An historical overview of the development

of CRDS can be found in the book edited by Busch and Busch [6], Scherer et al. [3, 7]
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Figure 2.5: CRD absorption spectrum of ambient air around 253 ±7 nm measured in a cavity 45
cm long, using mirrors with a reflection coefficient of only 99 ±7 % . It demonstrates the use of
CRDS for trace gas detection (atomic mercury; with the known cross-section for this transition the
density of these atoms can be determined) and for measuring absolute cross-sections (molecular
oxygen; with the known density the cross-section can be determined). Figure reproduced from
[4].

and Paul and Saykally [8] have reviewed the early literature and the application of CRDS

to pulsed molecular beams. CRDS can be used for the study of fast (subnanosecond)

predissociation of electronically excited states of small molecules and radicals [9], applied

to the measurements of radicals in flames [10] and in analytical atomic spectroscopy [11].

The CRD spectra directly provide the absorption strengths of the molecules under study,

which contain information on the number density, cross-section and temperature. As

long as mirrors with high reflectivity, detectors with a sufficiently fast time response, and

tunable light sources are available, there is not any intrinsic limitation to the spectral

region where CRD can not be applied. By now, successful application of CRDS has been

demonstrated from the ultraviolet (UV) part of the spectrum to the infrared (IR) spectral

region. Besides, this is a technique which does not need a vacuum. Attenuated total

internal reflection-type experiments can also be done.
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2.1.2 Principle

The rate of absorption rather than the magnitude of the absorption of a light pulse con-

fined in an optical cavity is measured. The sample is placed in a high-finesse non-confocal

optical cavity made up of two highly reflective mirrors. A pulse or fraction (for cw) of the

laser beam is coupled into the cavity, and is reflected back and forth inside cavity by the

mirrors. Every time the light strikes mirror, a small fraction leaks out of the cavity. The in-

tensity of the light inside the cavity, therefore, decays as a function of time. The parameter

to be determined is the decay time. This is calculated by measuring the time dependence

of the light leaking out through the rear mirror of the cavity. Figure 2.6 describes the

principle. In an empty cavity, this ring-down transient is a single-exponentially decaying

Laser Pulse

Mirror 1 Mirror 2

0 15 30

Time, µs

with samplewith sample

empty cavityempty cavity

Optical Cavity

R = 99.99% 

Figure 2.6: Basic principle of cavity ring down spectroscopy.

function of time. The CRD time, τ (ν), is defined as the time where the intensity of light

at the output of the cavity falls to 1/e of the maximum at a particular frequency, ν. τ (ν) is

solely determined by the reflectivity, R(ν), of the two mirrors (R > 99.99%), and the optical

path length, d, between the mirrors. The light intensity exiting the cavity is given by

I(t) = I0exp

(
−t

τ(ν)

)
(2.1)

where

τ(ν) =
d

c(1−R(ν))
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c is the speed of light. I0 is the intensity of light incident on the cavity. R(ν) denotes the

effective reflectivity which includes the non-resonant losses by scattering and diffraction

(e.g. the Rayleigh cross-section σRay(ν) and the Mie cross-section σMie(ν)), the broadband

absorption, and the loss by the mirror reflectivity. The frequency dependence can be

neglected over shorter frequency intervals. (2.1) is valid for monochromatic light.

The presence of absorbing species in the cavity gives an additional loss channel for the

light inside the cavity. If the absorption of gas-phase species follows Lambert-Beer’s law,

the light intensity inside the cavity will still decay exponentially. This leads to a decrease

in the CRD time,

τ(ν) =
d

c[(1−R(ν)) + κ(ν)l]
(2.2)

where κ(ν) is the absorption coefficient (also frequently denoted as α(ν)) and l is the

sample length. During one trip through the cavity, the monochromatic light intensity is

diminished by the fraction exp[-(κl)] . The ring-down time τ (ν), which is obtained by a

single-exponential fit, does not depend on I0 and is thus not affected by the laser power

fluctuations. R determines the baseline of the measured spectrum. The absorption coeffi-

cient may be converted to the absorption cross-section σ(ν) = α(ν) / C, if the concentration

C of the absorbing species is known.

2.1.3 Cavity modes

For the coupling of light into the optical cavity over a certain frequency range, its im-

portant to consider the mode structure of the cavity. Figure 2.7 shows the behaviour of

cavity modes and the light pulse when the cavity length is varied. This mode structure

can cause several problems. If narrow molecular absorption features fall between the

cavity modes, these will not appear in the spectrum. Furthermore, mode beating, result-

ing from multimode excitation, can generate oscillations in the ring-down transient. The

calculation of the decay times can therefore be not accurate. These effects can be eas-

ily cirvumvented by using a stable optical cavity with a near-continuum mode structure

[12, 13]. Such cavity has closely spaced longitudinal and transverse modes. There are

a few disadvantages of the continuum-mode approach. The continuum-mode approach



20 2. Electronic spectrum of the hydrocarbon cation CCCCH+
3

laser pulse at an instant

Frequency

umode

!m!m-1 !m+1!!laserlaser

Figure 2.7: Principle of light injection in a cavity passing through the successive moving cavity
resonances (TEM00 modes). umode is the tuning speed of the cavity frequencies νi.

has certain limitations on the sensitivity which can be achieved [14]. The accuracy in the

determination of the decay time is limited by the very small quasirandom variations in

the residual transverse mode beating. The spatial resolution is not optimal due to multi-

mode excitation of the cavity. Figure 2.8 shows the dependence of mode spectrum on the

cavity length. Exciting only longitudinal modes (‘TEM00 mode matching’) improves the

spatial resolution. This can be implemented by using mode-matching optics to couple

the light into the cavity, or by using small-diameter mirrors [15], or by placing apertures

in the cavity [16, 14]. The best sensitivity is obtained in such a case giving rise to a truly

single-exponential decay [17]. For pulsed CRDS, this can be achieved by combining a

Fourier-Transform (FT)-limited pulsed laser with a short cavity. An alternative is the use

of cw lasers which have to be switched off in order to observe a ring-down transient. The

bandwidth of cw lasers is very small (typically less than a few Megahertz: 500 kHz r.m.s.

of Coherent’s Autoscan II 899-21 ring laser). This can support longer cavities, resulting in

longer ring-down times. A build-up of the intracavity field though will take place if the

laser frequency and a cavity mode are in resonance. In the literature, CRDS performed

with a cw laser is called cw-CRDS. However, this technique is not a cw technique.
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Figure 2.8: Mode-spectrum of the ring down cavity for three different mirror separations d: (a) d
= l0.0 cm; (b) d = 10.2 cm; (c) d = 11.5 cm. A rapid congestion of the spectrum is seen when the
cavity is detuned from confocal. The spectra are measured by monitoring the transmission of the
cavity while a narrowband (! 5 MHz) cw UV laser is scanned over 3 GHz (6 GHz/min scan-rate)
around 318 nm, reproduced from [12].

2.2 Experimental scheme

In cw-CRDS, there are two methods to measure the photon lifetime in the cavity,

1. the decay of light intensity in the cavity is observed after the laser beam has been

switched off [5, 18, 19],

2. the phase shift of an amplitude modulated cw laser beam is measured, which is

caused by absorption in the cavity [13].

The narrow bandwidths of cw lasers can be utilized to excite only one cavity mode

TEM00 but this requires matching the cavity length to the laser frequency. For this reason
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several active tracking schemes have been developed [5, 20, 21]. In a pulsed jet exper-

iment, as in the work reported here, such schemes do not work: the gas pulse changes

the refraction index, effectively changing the optical length of the cavity, pushing it out

of resonance. This effect is further enhanced when plasma fluctuations cause additional

instabilities. In this case a passive scheme for mode locking must be used, developed re-

cently [22, 23]. This approach has been implemented in our laboratory [24]. An acousto-

Optical Cavity

Piezo mounted mirror

Figure 2.9: Overview of the cw CRDS setup.

optical modulator is used to switch off a cw ring laser, and the cavity is matched to the

laser frequency by periodically varying its length. Figure 2.9 gives an overview of the

setup. The set-up of the cw-CRD spectrometer has been described in connection with the

previously studied species HC6H+ , C3H2, etc. in the 600-800 nm region [24, 25, 26].

In the work reported here, the system has been modified to record in the 397-423 nm

region. A resonant frequency doubling system is employed for this purpose. A single-

mode Ti:Sapphire ring laser pumped by an 8 W solid state laser is used, which is con-

figured for the 790-930 nm range. Its output is channelled through the doubling system

and an acousto-optical modulator. The first-order deflection is focused into the ring-down
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cavity via a lens to match the geometry of the laser beam to the cavity TEM00 mode. By ap-

plying a digital signal to the modulator driver, the deflected beam is switched off within

<60 ns. The ring-down cavity is configured as a stable resonator with two plano-concave

high-reflectivity mirrors with 1 m curvature separated by 32 cm (Research Electro-Optics

Inc " 99.99%). A 30 Hz triangular shaped voltage is applied to the piezo mounted on one

of the cavity mirrors [22] which makes the cavity tunable to the laser frequency. During

each wobble period, the cavity is four times in resonance with the laser frequency. A res-

onance results in a transmitted light intensity after the cavity which triggers the acousto-

optical switch and the data acquisition. In the present experiment, a typical repetition

rate of 60 Hz is chosen. Figure 2.10 shows the schematic of the setup. The ring-down

cavity is placed in a stainless-steel chamber which is evacuated, with a pulsed slit nozzle

to create a discharge plasma in the centre. High-precision gauges with temperature sta-

bilisation are used for measuring the sample pressure. The exiting light is monitored via

a fast broad band (UV-VIS-NIR) silicon photodiode (combined with an amplifier, 10 MHz

bandwidth) using a data acquisition system. Frequency scanning, data acquisition and

analysis are computer controlled. The scanning range encompassed is around 1 cm−1,

which arises from the limitation imposed by the frequency doubler. Several decay func-

tions are accumulated, averaged and transferred to a computer. The home made program

then determines the ring-down constant B by fitting a single-exponential function to a 3

parameter function.

f(t) = Aexp(−Bt) + C (2.3)

where: A is amplitude, B: decay rate, C: offset. The final decay time constant is sent,

together with the corresponding wavenumber of the laser, to a “scan” program. The

program then plots the decay time vs wavenumber, which is the CRD spectrum. A 1/e

decay time of 8 µs of the empty cavity has been obtained. Within this time the laser light

makes about 3750 round trips in the cavity and travels 2.4 km, which is a measure for the

effective absorption length.

The absorption coefficient is a function of the ring-down time. Spectrum is calibrated

using a wavemeter with an accuracy of 0.02 cm−1. The resolution of the recorded spec-
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Figure 2.10: Schematic diagram of the cw CRDS experimental setup.

trum is 0.0l cm−1 (FWHM) according to the narrowest spectral feature observed. Par-

ticular resolution is obtained due to Doppler and lifetime broadening of the gas-phase

molecules under study. The contribution of narrow-linewidth, i.e. 500 kHz, of the cw

laser is negligible.The cw ring laser with the doubler emits 20–30 mW at 8 W of pump

power. The 397–423 nm wavelength range is covered with a sensitivity of l0−7–l0−8 cm−1.

2.2.1 Frequency doubler

To utilize the properties of the cw-CRDS setup to the fullest and make it more versatile, a

frequency doubler has been added to the set up. The tunability of the setup is extended

to the region of 396–423 nm. This made the high resolution study of the radicals in 400

nm region, possible. The doubler is an external unit with a stable cavity, so, independent



2.2. Experimental scheme 25

of the internal alignment of the fundamental laser source. Resonant frequency doubling
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Figure 2.11: Schematic diagram of the frequency doubler [provided by Coherent].

is most frequently applied for continuous wave laser beams from single frequency lasers.

Such a monolithic resonant frequency doubler is most stable, compact and efficient. In

any case, one usually has to stabilize the resonance condition with an automatic feedback

system. A Monolithic Block Doubler (MBD)-200 from Coherent has been used in the work

presented here. Singly-resonant frequency doubling is usually based on the resonant en-

hancement of the pump wave only, while the second-harmonic wave is coupled out of

the resonator. Figure 2.11 illustrates the implementation of the frequency doubling. A

selected frequency-doubling crystal (Lithium Triborate, in present case) is positioned at

the intracavity focus. The power of the fundamental laser beam is enhanced in a highly

stable external cavity. The enhancement increases the conversion efficiency in each pass

as high resonant power is essential for efficient nonlinear processes. Also note that a

very high effective conversion efficiency requires only a conversion efficiency of a few

percent per pass, because the remaining pump power is recycled in the cavity. This also

means that the pump intensity can be kept at a lower level than would be required to

achieve the same efficiency in single pass doubling. An efficiency of 10% has been ob-

served. Figure 2.12 shows the performance of the doubler over the wavelength range of

the fundamental laser.



26 2. Electronic spectrum of the hydrocarbon cation CCCCH+
3

Wavelength (nm)

S
e
c
o
n
d
 H

a
rm

o
n
ic

 O
u
tp

u
t 

(m
W

)

780       790       800       810       820       830       840       850       860

150

125

100

  75

 
  50

  25

    0

Figure 2.12: Typical response of the frequency doubling system, MBD-200 [provided by Coher-
ent].

2.2.2 Source of radicals

The hydrocarbon molecules are generated in a plasma. The plasma is produced by ap-

plying a high voltage through a gas pulse passing through the throat of a 3 cm x 200 µm

multilayer slit nozzle [27, 24]. The dynamics of a planar flow generated by the pulsed

discharge slit nozzle have been numerically investigated [28]. The gas used, in general, is

acetylene in excess of helium (He) or argon (Ar). The optimized experimental conditions

vary with the target molecules though.

Plasmas are ionized gases. Hence, they consist of positive and negative ions and elec-

trons as well as neutral species. Much of the visible matter in the universe is in the plasma

state. The astroplasmas are omnipresent in the universe. Besides, we can also distinguish

two main groups of laboratory plasmas, i.e. the high-temperature or fusion plasmas, and

the so-called low-temperature plasmas or gas discharges. In general, a subdivision can

be made between plasmas which are in thermal equilibrium and those which are not in

thermal equilibrium. Often, the term ‘local thermal equilibrium’ (LTE) is used, which

implies that the temperatures of all plasma species are the same in localized areas in the

plasma. ‘Non-LTE’ is used for the case where the temperatures of the different plasma

species are not the same.The gas discharge plasmas can also be classified into LTE and

non-LTE plasmas related to the pressure in the plasma.
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Direct current (d.c.) glow discharges When a sufficiently high voltage is applied be-

tween the two electrodes placed in a gas, the gas breaks down into positive ions and

electrons which gives rise to a gas discharge. The mechanism of the gas breakdown is

explained as follows [29]: a few electrons are emitted from the electrodes due to the om-

nipresent cosmic radiation. Without applying a potential difference, the electrons emitted

from the cathode are not able to sustain the discharge. However, when a potential differ-

ence is applied, the electrons are accelerated by the electric field in front of the cathode

and collide with the gas atoms (Figure 2.13). The most important collisions are the inelas-

tic collisions, leading to excitation and ionization. The excitation collisions, followed by

de-excitations with the emission of radiation, are responsible for the characteristic name

of the ‘glow’ discharge. The ionization collisions create new electrons and ions. The ions

are accelerated by the electric field toward the cathode, where they release new electrons

by ion-induced secondary electron emission. The electrons give rise to new ionization

collisions, creating new ions and electrons. These processes of electron emission at the

cathode and ionization in the plasma make the glow discharge a self-sustaining plasma.

When a constant potential difference is applied between the cathode and anode, a contin-

uous current will flow through the discharge; giving rise to a direct current (d.c.) glow

discharge. It should be mentioned that in a d.c. glow discharge the electrodes play an

essential role for sustaining the plasma by secondary electron emission.

A detailed description/compilation on the production and characteristics of slit dis-

charges is given in [30]. In the present case the CCCCH+
3 radical is produced by discharg-

ing a gas mixture of 0.3% acetylene in Ar at a voltage pulse of -700 V with a backing

pressure of 9 bar. The laser beam crosses the supersonic jet 8 mm downstream. A typical

rotational temperature of 15-40 K is obtained.

2.2.3 Advantages

The cavity ring-down (CRD) technique, in general, has proven to be a valuable invention

since it combines a good sensitivity with a simple and straightforward experimental set-

up. High sensitivity is achieved as
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Figure 2.13: Schematic overview of the basic plasma processes in a glow discharge. When a
potential difference is applied between two electrodes, the gas (e.g. argon) will break down into
electrons and positive ions. The latter can cause secondary electron emission at the cathode. The
emitted electrons give rise to collisions in the plasma, e.g. excitation (which is often followed
by de-excitation with emission of radiation; hence explaining the name of the ‘glow’ discharge)
and ionization (which creates new electrons and ions, and therefore makes the glow discharge a
self-sustaining plasma) [29].

• the absorption is determined from the time behaviour of the signal and is indepen-

dent of pulse-to-pulse fluctuations of the laser.

• the effective absorption path length can be very long due to the reflective mirrors

(up to several kilometres) while the sample volume is kept small.

• the absorption is measured on an absolute scale.

The CRD technique can be applied even when the molecule’s excited state does not

fluoresce (a requirement for LIF) or cannot be ionized (a prerequisite for REMPI). In high-

pressure samples, such as flames and plasmas, CRD can be successfully used to extract

quantitative information. This is nearly impossible by either LIF (the collisional quench-

ing of the fluorescing state) or by REMPI (difficulties in extracting the charged particles).

Figure 2.14 compares the results. cw-CRD provides a better spectral resolution and duty

cycle. Furthermore, the sensitivity of cw-CRD can in principle be improved by specific

coupling (TEM00) of the laser modes to the cavity modes. In addition, there is an increased
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Figure 2.14: Part of the A 2Σ+(ν’ = 3)←− X2Π(ν” = 0) spectrum of OH, measured simultaneously
by CRD and LIF spectroscopy in a laminar methane-air flame at atmospheric pressure. Figure
reproduced from [31].

energy build-up inside the cavity as the linewidth of the cw laser decreases. Higher intra-

cavity energy results in higher light intensity on the detector, which improves the signal-

to-noise ratios on the ring-down transients, leading to higher sensitivity.

2.2.4 Shortcomings

• In general CRDS, though more sensitive, cannot match with the background-free

detection techniques like LIF or REMPI.

• cw lasers can be scanned over only small wavelength regions and are not (yet) avail-

able in all wavelength regions unlike pulsed lasers.
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2.3 Abstract

In the past few decades progress has been made in the electronic spectroscopy of unsatu-

rated carbon-chain radicals both in neon matrices and gas phase [32]. Once spectroscopic

information becomes available a systematic comparison between laboratory and astro-

nomical data can be made [33]. A high-resolution gas-phase electronic spectrum has been

detected in the 408 nm region using a cw cavity ring-down spectrometer. The absorption

band system is observed in a plasma which was produced in a pulsed slit nozzle dis-

charge with a mixture of acetylene in argon. The rotationally resolved spectrum obtained

is that of a symmetric top molecule. Considerations of the constants and ab-initio calcu-

lations leads to the assignment 3E ←− X3E transition of the linear carbon chain species

CCCCH+
3 in the triplet ground electronic state with C3v symmetry.

2.4 Results and discussion

A rotationally resolved molecular absorption band has been detected in the 408 nm re-

gion. The initial aim was to record the previously observed Ã2B1 - X̃2A2 band of the

allyl radical at higher resolution [34]. However, the rotational lines obtained have been

found to constitute a different pattern from the previous one, especially the presence of

many doublets of comparable intensity. This observation is made possible by the use of

a cw laser with narrow bandwidths, which helped to achieve 0.0l cm−1 (FWHM) resolu-

tion in the recorded spectrum. This can be compared with the 0.05-0.06 cm−1 linewidth

of the pulsed dye laser used in the previous experiment (Figure 2.15). The difference in-

dicates that some other molecule is the absorber.The doublets are produced by parallel

transitions of a prolate molecule with a large rotational constant A. The K = 0 and 1 levels

produce doublets for each J, and the K " 2 levels are less populated at low temperature.

This leads to the speculation that molecular structure must be a symmetric-top and there-

fore could not be assigned to the allyl radical. The rotational lines are assigned as shown

in Figure 2.16 by simulating parallel transition of a molecule. The rotational temperature

was found to be 20 K.
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cw CRD

Figure 2.15: Difference in the observations by pulsed and cw cavity ring down spectroscopy.

The analysis was carried out with a conventional rotational Hamiltonian using the

program ‘WANG’ [35]. The WANG program was designed to allow, in principle, inclu-

sion of all types of rovibrational interactions in the analysis without the need for funda-

mental changes in the program. Even though the experimental conditions were inferred

by the strong spectral lines, the intensity of peaks is rather qualitative because of fluctu-

ations in the laser output (the power is weak around 24490 cm−1, and fluctuates in the

24491 cm−1 region). Therefore lines in these two regions were taken out of the analysis.

Moreover, lines of high-J levels were also excluded in the final fit because of their poor

S/N ratio. In total 25 lines were used to obtain the molecular constants given in table 2.1.

The standard deviation of the fit was 0.0115 cm−1. The upper limit value of the root mean

square deviation was set to be lower than 0.02 cm−1, the estimated experimental accuracy.

The analysis yields the constants B” = 0.14165 (44) cm−1, B’ = 0.13304 (55) cm−1, and δA

= 0.0478 (l05) cm−1 with the electronic transition at ν = 24491.05 (l08) cm−1. The carrier

of the new band must be either a symmetric top hydrocarbon molecule produced in the

discharge, or a hydrocarbon complexed with Ar. Observation of some of the same strong

bands when using He as the buffer gas excludes the latter.
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Figure 2.16: Rotationally-resolved 3E ←− X3E electronic absorption spectrum of CCCCH+
3 . The

lower trace is a simulation with the rotational constants determined (table 2.1). The K = 2 lines are
hardly observable with the S/N attained.

Table 2.1: Molecular constants of CCCCH+
3 (cm−1)a

B” 0.14165(44)
∆A 0.0478(105)
∆B −0.00861(55)

ν 24491.0500(108)
rms 0.0115b

aValue in parentheses is the standard 2σ deviation.
bUncertainty of the calibration is 0.02 cm−1.

In view of the determined rotational constant, hydrocarbon molecules containing only

four carbons, such as C4H4, C4H3, C4H2, and their ions are possible carriers. Among

these, H2CCCCH2, HCCCCH3, HCCCCH2, CCCCH3, and CCCCH2 are symmetric or

near-symmetric top molecules. On the basis of the information from previous theoretical
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studies on these species [36, 37, 38], as well as the optimized structure calculated by DFT

theory, only HCCCCH2 and CCCCH3 are compatible with the obtained rotational con-

stants. Although the rotational constants of HCCCCH2 and HCCCCH2
+ calculated from

the predicted geometry are reasonable (B ∼ 0.137 cm−1 and C ∼ 0.135 cm−1 for neutral, B

∼ 0.139 cm−1 and C ∼ 0.137 cm−1 for cation), the slight difference between them (B - C =

0.002cm−1) would result in non-negligible Ka = 1 asymmetric splittings. This is not seen

in the spectrum (Figure 2.16). On the other hand, CCCCH3 is a symmetric-top molecule,

suggesting this molecule to be a good candidate for the observed absorption spectrum.

In order to help the assignment, ab initio calculations for neutral CCCCH3 and its

cation have been carried out with Density Functional Theory (DFT) and time dependent

(TD)-DFT theory using the Gaussian program [39]. Geometry optimization for the neutral

CCCCH3 doublet state [36] and the cation singlet [37] have been reported. DFT gives B ∼

0.136cm−1 in the ground state for the CCCCH3 structure, which is outside the error limit

of the rotational constant inferred from the analysis of the spectrum (table constants). In

the case of CCCCH+
3 , the rotational constant in the ground state is predicted to be 0.140

cm−1 in agreement with the experimental result.

To obtain the symmetry of the electronic transition, TD-DFT calculations for CCCCH+
3

in both singlet and triplet ground states have been carried out. For the singlet states

vertical transitions to the first four excited electronic states have no parallel electric dipole

moment and have excessive transition energies. On the other hand, the triplet state of

CCCCH+
3 gives rise to a parallel electronic transition from the ground to the fourth excited

state at around 414 nm, the region where the molecular band is observed. Table 2.2 and

table 2.3 list the optimized geometries, rotational constants, vertical transition energy, and

the oscillator strength of CCCCH+
3 calculated at the B3LYP/cc-pVTZ level.

Thus, the observed absorption system can be assigned to CCCCH+
3 in the triplet ground

state. The rotational analysis indicates CCCCH+
3 is prolate symmetric and its symmetry is

considered as C3v. This ion possesses three identical atoms of nuclear spin-1
2 off the main

axis, so that the total eigenfunction is either A or E symmetry. Because most of the lines

originate from K < 2 at the low experimental temperature of 20 K, and the K doubling
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Table 2.2: Optimized geometries (in Åand degrees) for the CCCCH+
3 for the 3E ground electronic

state using DFT theory at B3LYP / cc-pVTZ level.

cc-pVTZ
rC1C2 1.410
rC2C3 1.267
rC3C4 1.261

rC1H1,2,3 1.099
∠C2C1H1,2,3 110.3
∠H1C1H2,3 108.7
∠H2C1H3 108.7

Table 2.3: Rotational constants in the 3E ground state, vertical transition energy and oscillator
strength for the observed parallel electronic transition of CCCCH+

3 using DFT and TD-DFT theo-
ries at B3LYP/cc-pVTZ level.

cc-pVTZ
A/cm−1 5.245
B/cm−1 0.140

3E←− X3E/eV 2.989
f4 ←− x f ≈ 3× 10−4

is not resolved as is usually the case, the expected intensity distribution of the spectrum

was calculated by taking into account the statistical weight for C3v symmetry described

in the table 3.11 of [40] (i.e. K = 0 and K = 1 each having a statistical weight of 4, 4A1 (J

even) or 4A2 (J odd) in the K=0 level and 2A1+2A2 in the K=1 level), which agrees well

with the observed result (Figure 2.16).

The lines in the 408 nm region detected in both the pulsed- and cw-CRD spectra match

within the frequency accuracy (∼ 0.07cm−1) common to both experimental set-ups. Ten

P-branch lines (N = 5-6 to 9-10) observed with the cw CRD spectrometer clearly match the

five lines observed previously as listed in [34]. Each of these peaks appears to split into

two when scanned with higher resolution. The doublets clearly indicate that these lines

observed at lower resolution cannot be due to the allyl radical as previously assigned;

the unresolved lines are actually due to CCCCH+
3 . However, one can be sure some of

the other absorptions also observed in [34] are due to the allyl radical because of the

vibrational assignments and the shifts observed upon deuteration.
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2.5 Conclusion

The electronic spectrum of the hydrocarbon cation CCCCH+
3 has been detected in the 408

nm region for the first time. The assignment is based on the inferred rotational constants,

ab initio calculation of the geometry, and the excitation energy calculated with DFT and

TD-DFT theories. It is not clear whether the observed electronic band is the origin because

of the limited scanning range of the cw CRD set-up.

The present results show that the P-branch lines which were previously assigned to

the allyl radical (C3H5) [34], are actually rotational transitions from CCCCH+
3 . The new

assignment for deuterated allyl radical leads to the rotational constants ∆A = -0.04187(4)

cm−1, ∆1/2(B + C) = -0.029366(12) cm−1, and the transition frequency T00 = 24550.3238(6)

cm−1. Although both CCCCH+
3 and the allyl radical are produced in the pulsed CRD set-

up, only CCCCH+
3 is observed using the cw CRD spectrometer. This may be because the

discharge source used in the two instruments runs under different experimental condi-

tions, particularly with respect to density, leading to production of species with different

rotational temperatures. The obtained rotational constants may be useful for the mea-

surement of a pure-rotational spectrum of this cation in the radio frequency region in the

laboratory and by radio astronomy.
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l. Introduction

Highly-unsaturated carbon chains have been of interest

as reactive intermediates in interstellar hydrocarbon

chemistry t1l, combustion t2l, and discharge pro-

cesses [3]. Spectral analysis allows their identif ication

in extraterrestrial environments and to infer the condi-

tion prevail ing there. In the past few decades progress

has been made in the electronic spectroscopy of

unsaturated carbon-chain radicals both in neon matrices

and gas phase [4]. Once spectroscopic information

becomes available a systematic comparison between

laboratory and astronomical data can be made [5].
High-resolution experimental techniques such as

cavity ring-down (CRD) spectroscopy [6, 7] allow the

detection of rotationally resolved electronic absorption

spectra of hydrocarbon radicals. By using a single-mode

cw laser combined with a pulsed slit nozzle discharge,

rotationally resolved electronic transitions of l inear and

nonlinear carbon chains have been measured [8, 9]. ln

this investigation the gas-phase electronic spectrum of a

new hydrocarbon cation, CCCCH{, has been detected

and the well resolved rotational structure analvzed.
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2. Experimental

The set-up of the cw cavity ring-down spectrometer has

been described in connection with previously studied

species HC6H+, CoHf , C3H2 in the 600-800nm region

[8-10]. The hydrocarbon molecules are generated in a

plasma by applying a high voltage through a gas pulse of

acetylene in excess of He or Ar in the throat of a

3 cm x 200 pm multi layer slit nozzle. Optimized experi-

mental conditions vary with the target molecules.

Typically l5 40K rotational temperatures are obtained.

In the present case the CCCCHI radical is produced by

discharging a gas mixture of 0.3% acetylene in Ar at a

voltage pulse of -700 V with a backing pressure of 9 bar.

The laser beam crosses the supersonic jet [J mm

downstream.

The instrument has been modified to record in the

397423 nm region. A resonant frequency doubling

system is employed. A single-mode Ti:Sapphire ring

laser pumped by an 8 W solid state laser is used in the

190 930 nm range. Its output is channelled through the

doubling system and an acousto-optical modulator.

The first- order deflection is focused into the ring-down

cavity via a lens (1m plano-concave, R > 99.99o/o) that

matches the TEMee cavity mode. A 30 Hz triangular

shaped voltage is applied to the piezo mounted on one of

the cavity mirrors tl l ] A resonance results in a

transmitted l ight intensity after the cavity and

is monitored via a Si photodiode using a data acquisi-

t ion system. The absorption coefficient is obtained as a

function of ring-down time, and the spectrum is

calibrated using a wavemeter with an accuracy of

0.02cm-1. The resolution of the recordeo sDecrrum

Electronic spectrum of the hydrocarbon cation CCCCH]
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A high-resolut ion gas-phase electronic spectrum has been detected in the 408 nm region using

a cw cavity r ing-down spectrometer. The absorption band system is observcd using a pulsed

sl i t  nozzle discharge with a mixture of acetylene in argon. The rotat ional ly resolved spectrum

obtained is that of a symmelric top molecule. The determined constants are u:24491 .0500

(108) and B":0.14165 (44)cm '.  
Consideration of the latter value and ab nit io calculat ions

leads to the assignment 
3E * lE transit ion of the l inear carbon chain species CCCCHI in the

tr iplet ground electronic state with C3v symmetry.
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Figure l .  Rotational ly-resolved 
rE *XrE electronic absorption spectrum of CCCCHf . The lower trace is a simLrlat ion with the

rotat ional constants detern.r ined (tablc 2). Thc K:2l ines are harcl ly observable with the SiN attained.

is  0.0 lcm 
'  (FWHM) i rccord ing to the narrowest

spectral leatures. The linewidth is due to Doppler and

lifetime broadening while the 500 kHz contribution of

the laser is negligible. The 397 423mn wavelength range

is covered wi th a sensi t iv i ty  o l  l0  
7 

l0  
*cm l .

The experiment (discussed in section 3.2) consisted of

a pulsed CRD set-up sampling a plasma generated in a

pulsed supersonic jet with a 3 cm x 300 ;rm multi layer slit

nozzle [2]. The CjD5 radicals were synthesized in the

discharge of  a gas pulse (30H2 repet i t ion rate,  l0bar

backing pressure. 100mA at -600V applied voltage) of

0.3% C2D2 in an Ar  mixture.  At  2mrn downstream

from the slit nozzle the radicals are cooled in the

expansion to about 20 40K. The excirner pumped dye

laser system combined with an etalon used had
t . .

0 .05 0.06cm 
'  

l inewidth.  The l ight  leaking out  of  the

ring-down cavity was detected by a photodiode. The

spectra were calibrated using a wavemeter with an

l ccu r r r cy  o l  0 .05  cm- r .

3. Results and observations

3.1. Electronic transition o.f CCCCH{

A rotationally resolved molecular absorption band has

been detected in the 408 nm region. The init ial aim was

to record the prev iously  observed AtBr .  PAz band of

the allyl radical at higher resolution [2]. However, the

observed pattern of rotational f ines, especially the

presence of many doublets of comparable intensity

24490 21492 cmr

(figure l), indicates that another molecule is the

absorber. The doublets are produced by parallel

transitions of a prolate molecule with a large rotational

constant  A.The K:0 and I  levels  produce doublets for

each " / ,  and the K>2levels are less populated at  low

temperature. Thus the molecular structure must be a

symmetric-top and therefore can not be assigned to the

a11yl radical.

The rotational l ines are assigned as shown in

figure I by simulating parallel transition of a

molecule. The rotational temperature was found to

be 20 K. The frequencies of the observed lines are

l is ted in  table l .

The analysis was carried out with a conventional

rotational Hamiltonian using the program 'WANG'

[3]. Even though the experimental conditions were

monitored by the strong spectral l ines, the intensity of

peaks is rather qualitative because of various fluctuation

in the laser output (the power is weak around

24490cm 
r, 

and fluctuates in rhe 24491 cm 
I 

region).

Therefore l ines in these two regions were taken out of

the analysis. Moreover. l ines of high-"r levels were also

excluded in the final f it because of their poor S/N.

In total 25 l ines were used to obtain the molecular

constants given in table 2. The standard deviation of the

fit was 0.01 l5 cm-' . The upper l imit value of root mean

square was set to be lower than 0.02 cm 
', 

the estimated

experimental accuracy. The analysis yields the constants

B"  : 0 .14165  (44 )cm |  ^  B ' ,  : 0 .13304  (55 )cm r ,  
and

LA:0.0478 ( l05)cm- l  wi th the e lect ronic  t ransi t ion

t r  v : 2 4 4 9 1  . 0 5 0 0  (  l 0 8 ) c m  
- r .
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Assignment and frequencies for the observed

rotat ional l ines of CCCCHI.

tlte hj'drotarhon cutiort CCCCH: 2887

Table 1

Ni u, r6 ,  (Cm 
' ) ( )  ( ' ( c m  )

T lb le  .1 .  Opt im izcd  gcornet r ies  t in  A  und

degrees) lor the CCCCHi for the 
rE ground

electronic statc using DFT theory at B3LYPi

cc-pVTZ level.

cc-pYTZ

N(

l 6

2,,

21

36

3 r

4o
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5 r
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24491.2928

2449t.5795

2449t.6408

24491.'/981

2449t.8468

24492.0013

24492.0511

24492.2064

24492.2562

24492.3811

24192.4433

24492.ss93

24492.6t99

24492.6931

21492.7505

21490.7585

24489.5104

24488.7326

24488.7853

24488.2994

24488.3504

24187 .8111

2448'7.9269

24487.4411

21481.4914

0.0233

0 .01  46
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0.0062

0.0037
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0.0083
-0.00 r  0

0 .0012

0.0085

0.0127
-0.0026
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-0.0082

0.0073
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0.0237

0.00 l9
-0.0073

-0.009 r
-0.0097

0.0008
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| .267

1.261
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I  1 0 . 3

r08 .7
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d 1
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9 r
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Table 2. Molecular constants of

C C C C H ,  ( c m  ' ) . "

calculated by DFT theory. only HCCCCH2 and

CCCCH3 are compatible with the obtained rotational

constants. Although the rotational constants of

HCCCCH2 and HCCCCHI calculated from the

predicted geometry are reasonable (B-0. l37crn I  
and

C l - 0 . 1 3 5 c m - r  f o r  n e u t r e r l "  B - 0 . l 3 9 c m r  a n d

Cl - 0.137 cm 
I 

for cation), the slight difference between

them (B C' :0.002cm 
r)  

would resul t  in  non-negl ig ib le

K": I asymmetric splitt ings. This is not seen in the

spectrum (figure l). On the other hand, CCCCHj is a

symmetric-top molecule, suggesting this molecule to be a

good candidate for the observed absorption spectrum.

In order to help the assignment, ub init io calculations

for neutral CCCCH.T and its cation have been carried

out with DFT and TD-DFT theory using the Gaussian

program [17]. Geometry optimization for the neutral

CCCCH3 doublet state [4] and the cation singlet [15]
have been repor ted.  DFT gives B-0.136cm- '  in  the

ground state for the CCCCH3 structure, which is outside

the error l imit of the rotational constant inferred from

the analysis of the spectrum (table 2). In the case of

CCCCHI, the rotational constant in the ground state is

predicted to be 0.140 cm 
'. 

in agreement with the

experimental result.

To obtarin the symmetry of the electronic transition,

TD-DFT calculations for CCCCHi in both singlet and

triplet ground states have been carried out. For the

singlet states vertical transitions to the first four excited

electronic states have no parallel electric dipole moment

and have excessive transition energies. On the other

hand. the triplet state of CCCCHI gives rise to a parallel

electronic transition fi.,rn the ground to the fourth

excited state at around 4l4nm, the region where the

molecular band is observed. Tables 3 and 4 l ist the

optimized geometries, rotational constants, vertical

transition energy, and the oscil lator strength of

CCCCHi calculated at the 83LYPicc-pVTZ level.

Thus, the observed absorption system can be assigned

to CCCCHi in the triplet ground state. The rotational

B''

A A

AB

rms

0. t4 t65(44)
0.0478( r 0s)
0.0086 1 (55)

2449r.0500(r08)
0 . 0 1  l 5

"Value in parentheses is thc standard 2o deviation.
Unce r t r r i n t y  o l  l he  ca l i b ra t i on  i : 0 .02cm r .

The carrier of the new band must be either a

symmetric top hydrocarbon molecule produced in the

discharge, or a hydrocarbon complexed with Ar.

Observation of some of the same strong bands when

using He as the buffer gas excludes the latter.

In view of the determined rotational constant.

hydrocarbon molecules containing only four carbons,

such as C4H4, C4H3, C+Hz, and their ions are possible

carriers. Among these. H2CCCCH2, HCCCCH3,

HCCCCH2, CCCCH3, and CCCCH2 or! slrlmetric or

near-symmetric top molecules. On the basis of the

information from previous theoretical studies on these

species [ 4 l6], as well as the optimized structure
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Table 4. Rotational constants in the 
3E ground

state, vertical transition energy and oscillator

strength lor the observed paral lel electronic

transit ion of CCCCH{ using DFT and TD-DFT

theories at 83LYPlcc-pVTZ level.

cc-pYTZ

l l c m

.Bicm I

3E .- x3Eiev

. l+ -x

0 .140

2.989

J x 3 x l 0  
a

analysis indicates CCCCHi is prolate symmetric and its

symmetry is considered as C3y. This ion possesses three

identical atoms of nuclear spin- % off the main axis, so

that the total eigenfunction is either A or E symmetry.

Because most of the l ines originate from K < 2 at the

low experimental temperature of 20 K, and the K

doubling is not resolved as is usually the case, the

expected intensity distribution of the spectrum was

calculated by taking into account the statistical weight

for C3y symmetry described in the table 3.1 1 of [18] (i.e.

K: 0 and K: I each having a statistical weight of 4, 4A 1
( " reven )  o r  4A2  ( " rodd )  i n  t he  K :0 leve l  and2Ar l2A t

in the K:1 level), which agrees well with the observed

result (f igure 1).

The lines in the 408 nm region detected in both the

pulsed- and cw-CRD spectra match within the fre-

quency accuracy (. '0.07cm ') 
common to both experi-

mental set-ups. Ten P-branch lines (1/:5-6 to 9 l0)

observed with the cw CRD spectrometer clearly match

the five l ines observed previously as l isted in [12]. Each

of these peaks appears to split into two when scanned

with higher resolution. The doublets clearly indicate that

these lines observed at lower resolution cannot be due to

the allyl radical as previously assigned; the unresoived

lines are actually due to CCCCHI. However, one can be

sure some of the other absorptions also observed in [12]
are due to the allyl radical because of the vibrational

assignments and the shifts observed upon deuteration.

3.2. Re-analysis of'the rotational stractare oJ'allyl radical

The previously presented assignment and derived

molecular structure for allyl radical are incorrect [2].
A re-analysis is difficult due to the overlap with the

rotational l ines from CCC^CHI. An R-branch of the

spectrum of  CjD5 in the l 'B1 . iant  e lect ronic  t ransi -

tion can be analysed more easily because in the

24552cm 
' 

region there is no significant overlap with

lines from other species. However, because the rota-

tional structure of the R-branch is not well resolved. a

least-square fitt ing procedure called 
'total 

spectrum

21519 21551

Figure 2. Electronic absorption spectrum, )29.I lA1. of

the origin band of C.rDs (upper trace) measured by pulsed

CRD spectroscopy through a pulsed sl i t  nozzle discharge

reported in [12]. The sirnulated spectrum by the total spectrum

fit t ing (TSF) n.rethod is shown in the middle. The lower plot

represents the difference between the upper and middle traces.

fitt ing' (TSF) was used to obtain the molecular

constants [19]. The TSF method compares the observed

and simulated rotational profi les. In this procedure it is

assumed that a spectrum of an asymmetric top molecule

is characterized only by the following parameters:

rotat ional  constants A,B,C in both states,  t ransi t ion

frequency, temperature, spin statistical weights,

a FWHM of Gaussian l ine shape, an amplitude and

base line bias (the slope was corrected before the

analysis).

Lines through -r:50 were included in the simulations,

which is sufficient for the jet cooled spectrum of CjD5.

Absorption l ines apparent in the recording (upper trace

in figure 2), except for the R-branch ones, were treated

with zero-weight. The FWHM of Gaussian l ine shape

was assumed to be 0.05 cm 
' 

due to Doppler

broadening.

The ground state rotational constants of C3D5 were

fixed using the molecular structure of C:Hs deter-

mined by infrared spectroscopy [20]. The ratio of B

and C in the excited state was also held constant.

A temperature of 25 K was used for C3D5, which

gave a minimal rms. The rotational profi le was well

reproduced (middle trace in figure 2), and the

molecular constants determined in the excited state

are l isted in table 5. Based on the reproduced

spectrum of C3D5 and the band head position of

C1H5 in figure I and 2 in [2], the band origin of

CjH5 is evaluated to be I1,e:24492.1 cm-'.

al

24553 cm-l
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Table 5. Molecular constants of C:Ds obtained by the TSF method
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( c m ' )

Ab init iob

This work Infrared" Cr., c2

A "

%(8" +C")
AA

L'/.(B + C)

.a oo

1 . 1 0 1 2 '

0.2413'
-o.04 tu7(4)"
-0.029366( l2)d ' '

24550.323 8(6)'1.9

t . l 0 l 2

0.24'73

1 .  t  1 8 2

0.2415
-0.0558

-0 .0193
0. I  504f

- 0 . 0 1 0 8 f

"Values estimated lrom the molecular structure of C3Hs [20].
bcASSCFiTZV(d ,p)  

in  [2 r ] .
'Fixed.

ovalues 
in parentheses denote the standard 2a deviat ion.

"To calculate molecular structure of C:Ds, separate values of B'and C'(0.241965 and 0.193843cm 
'.1 

were used.
'Dil'ferences 

between the ground C2u and excited C2 states.
eThe error is from the least-squares f i t t ing. Uncertainty of the cal ibrat ion is 0.05cm 

'.

The rotational constants obtained sti l l  support the

conclusion that the allyl radical has a planar C2u

structure in the zero-point level of the excited state

because the determined LA and A'/.(B+ C) constants

are closer to those predicted by ab init io calculations for

C2, rather than C2 symmetry (table 5). The obtained

values were used to re-evaluate the C C distance and

CCC angle in the excited state of the allyl radical. Five

structural parameters involving hydrogens were fixed to

the ab init io values [2 I ] in Czu symmetry,

r (C1D1)  : 1 .072L ,  r (C2D2) :  1 .0734 ,  r (C2D l ) :

1 .071  A ,  0 (D2C2Cr )  : 120 .4 ,  and  0 (D3C2Cr ) :  120 .8 ' .

Th i s  l eads  to  r (C rCz ) :1 .4985+0 .0064A  and

0(C2ClC.r) :124.51 +0.31 ' .  Errors are der ived f rom an

inertial defect.

4. Conclusions

The electronic spectrum of the hydrocarbon cation

CCCCH{ has been detected in the 408 nm region for

the first t ime. The assignment is based on the

inferred rotational constants. ab init io calculation of

the geometry, and the excitation energy calculated

with DFT and TD-DFT theories. It is not clear

whether the observed electronic band is the origin

because of the l imited scanning range of the cw CRD

set-up.

The present results show that the P-branch lines which

were previously assigned to the allyl radical (CrHs) [2],
are actually rotational transitions from CCCCHI.

The new assignment for deuterated allyl radical leads

to the rotational constants LA: -0.04187(4) cm 
r,

A  '  . z (B  r  C )  :  - 0 .029366 (  l 2  ) cm 
r .  

and  the  t rans i t i on

frequency Too:24550.3238(6) cm 
'. 

Although both

CCCCHI and the allyl radical are produced in the

pulsed CRD set-up, only CCCCHf is observed using the

cw CRD spectrometer. This may be because the

discharge source used in the two instruments run

under different experimental conditions, particularly

with respect to density, leading to production of species

with different rotational temperatures.

The obtained rotational constants may be useful for

the measurement of a pure-rotational spectrum of this

cation in the radio frequency region in the laboratory

and by radio astronomy.
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Chapter 3

Pulsed amplification system

3.1 Principle

In a more general sense, pulsed amplification belongs to the category of optical ampli-

fiers. In principle, any laser active gain medium can be pumped in order to produce a

population inversion, resulting in stimulated emission of the incoming seed radiation.

This gives rise to the amplification of radiation. By choosing the material of the medium

appropriately, it is possible to produce laser radiation on a broad range of frequencies.

Such amplifiers are used to build high power laser systems. Some types, such as the

regenerative, optical parametric and chirped-pulse amplifiers [1], are used to amplify ul-

trashort pulses [2, 3]. Amplified pulses, among many other applications, are required

for non-linear processes, frequency upconversion being one such example. In addition,

a laser with narrow bandwidth has always been the preferred choice to carry out e.g.

high resolution experiments. By its very definition, high-resolution laser spectroscopy re-

quires narrow linewidth light sources. The laser linewidth should be limited to at most a

few hundred MHz to resolve the typical electronic transition lines of gaseous molecules.

The motivation, therefore, behind building a pulsed amplification system is to produce

Fourier-Transform (FT)-limited high energetic pulses.

One of the methods of producing near FT-limited pulses is based on the pulsed dye

amplification (PDA). A single-mode cw ring laser beam is amplified with the dyes as the

gain medium [4, 5]. The fluorescence lifetimes of typical dyes are short, normally, on the

order of 100’s of picoseconds. This leads to the amplified radiation pulses to have the

same temporal profile as the pump laser. Figure 3.1(a) illustrates the process. The band-
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width of the pulse, therefore, cannot be controlled and set according to the requirements,

which imposes certain limits on its application. There are some other disadvantages as

well, such as, scanning the frequency over large range needs frequent changes of dyes;

frequency chirps are often observed in the amplified pulses, arising from time-dependent

changes of the refractive index of the dye induced by the pump pulses [6, 7].

There is another method based on solid-state laser technology reported by [8] which

does not have such disadvantages. The bandwidth and the shape of the pulse can be con-

trolled. The frequency chirps are inherently low and the temporal length of the pulses can

be varied in the range from ns to µs. The system generates intense pulses of narrow-band

near-FT-limited radiation. In this method, the optical amplification is achieved inside in-

sulating crystals and glasses doped with active ions. In the current work, Ti:Sapphire

(Ti:Sa) has been used as the amplifying medium. Figure 3.1(b) describes the behaviour

of the signal before and after the amplification . The lowest row in the figure shows that

generating pulses prior to the amplification can lead to the generation of intense pulses of

adjustable length and shape if a multipass amplification setup is used. More details can

be found in [8].

3.1.1 Gain medium and the energy levels structure

Ti:Sa (Ti3+:Al203) is a well-known material extensively used as a laser gain medium to

produce ultrashort laser pulses in addition to generate narrow bandwidth radiation [9,

10, 11]. It emits over a frequency range from 680-1025 nm.

Some of the impurity ions i.e. Ti3+, which are also the laser active ions, substitute the

Al3+ ions in the sample. The Al3+ lattice symmetry is trigonal but the six neighboring

O2− ions surrounding the Al site lie at the corners of a slightly distorted octahedron. So,

the crystalline field experienced by Ti3+ is largely cubic with a small trigonal component.

For the substituted d1 ion, this crystalline field splits the degenerate free-ion energy level

of the d electron (from Ti3+ ion) into upper level with 2Eg and lower 2A1g and 2Eg sym-

metries (Figure 3.2). The lower 2Eg level is split by the spin-orbit coupling. The upper
2Eg level exhibits a Jahn-Teller effect [12, 13]. The amplification occurs as a result of the
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(a)

(b)

x 10000

Figure 3.1: Comparison of the pulse generation and pulse amplification by dye cells and
Ti:Sapphire crystals. Reproduced from [8].

transitions (by stimulated emission) from the excited 2Eg state to the vibronic manifolds

of the 2T2g ground state of d electrons [14]. Because the laser active ion is not shielded

from the surrounding lattice, strong electron-phonon coupling takes place, giving rise to

broadly tunable output. Electron-phonon coupling is schematically shown by using the

well-known ‘configuration-coordinate’ diagrams. An example of a single configuration-

coordinate diagram of an ion coupled to a vibrating lattice is shown in Figure 3.3. The

configuration coordinate Q in this case refers to the distance between the central active

ion and the neighboring ion. The equilibrium distance is Q01 when the electronic eigenen-

ergy of the static lattice is Ee1. Upon excitation to the excited electronic state with static

eigenenergy Ee2, a new equilibrium position at Q = Q02 results.

Next, let us consider an ion in the ground state |g〉. Upon absorption of a photon at the

pump wavelength of λp (lower than the seed beam wavelength, λL), it can be promoted to

one of the excited vibronic states shown in Figure 3.4. In this particular case, the terminal

state is designated as |3〉. Once in the excited state, the ion rapidly decays to the lowest vi-
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Figure 3.2: The energy level structure of Ti3+:Al2O3.

Figure 3.3: Single configuration coordinate diagram of a transition metal ion coupled to a vibrat-
ing lattice.

bronic level (shown as |2〉 in Figure 3.4) of the excited state by emitting phonons. Since no

light is produced during such a transition, this is also referred to as a non-radiative decay.
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The state |2〉 is the upper laser level. From here, the ion can decay to lower states either

by spontaneous emission (radiative or non-radiative) or stimulated emission. Stimulated

emission occurring as the ion makes a transition from |2〉 to |1〉 gives rise to the optical

gain at λL. Once in the lower laser level |1〉, the ion undergoes another rapid non-radiative

decay to the ground state |g〉. This sequence of transitions is also shown in Figure 3.4

where non-radiative decays are indicated by dotted arrows. Typically, the non-radiative

transitions occur at much faster rates. Hence, ions excited to state |3〉 rapidly populate the

upper laser level |2〉 and the population of the lower laser level |1〉 is negligible. In other

words, the vibronic system behaves to a very good approximation like a 4-level system

and lasing can therefore be obtained at reasonably low pumping levels [15]. The sponta-

neous emission and non-radiative processes interfere with the stimulated emission and

reduce the efficiency of light amplification. The single configuration-coordinate diagram

that is used above to describe phonon coupling provides a rather simplified picture of the

ion-lattice interaction. In reality, the lattice vibrations consist of a large number of modes

with different phonon frequencies [16]. As a result, the sharp transitions indicated in Fig-

ure 3.4 are due to the presence of a single phonon frequency get smeared out into broad

absorption and emission bands. The tunable laser amplification in the crystal is based

on the vibronically broadened 2Eg-2T2g transition of the Ti3+ ion. Although the electronic

transitions of an isolated ion are very well defined, broadening of the energy levels occurs

when the ions are incorporated into the sapphire crystal host and thus the amplification

window is also broadened. This broadening is both homogeneous (all ions exhibit the

same broadened spectrum) and inhomogeneous (different ions in different host locations

exhibit different spectra). Homogeneous broadening arises from the interactions with

phonons while inhomogeneous broadening is caused by differences in the sapphire sites

where different ions are hosted. Different sites expose ions to different local electric fields,

which shifts the energy levels via the Stark effect.

These broadband absorption and emission are polarized with respect to the c-axis of

the sapphire host, with maximum transition moments occurring for electric field polariza-

tions parallel to the c-axis (π polarization) [17]. Figure 3.5 illustrates the difference in ab-
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Figure 3.4: Sequence of transitions for an ion coupled to a vibrating lattice, forming a 4-level
energy diagram.

sorption for the two polarizations. The fundamental ground state absorption of Ti3+:Al203

extends from 400 to 650 nm. Stokes-shifted emission originating from the 2Eg upper laser

level covers the wavelength region from 600 to 1200 nm. The peak emission cross section

and upper state fluorescence lifetime at room temperature of Ti:Sa are σe= 3 x 10−19 cm2

[19] and τ = 3.15µs [18, 20] . The long fluorescence time induces a slow exponential decay

of the population inversion, which is an essential property for the amplification of long

pulses. This implies that,

• the pulse amplification can be extended beyond the duration of the pump pulse (∼

10 ns).

• the seed pulse shape is preserved during the amplification. Hence, the temporal
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Figure 3.5: The π- and σ-polarized absorption cross section of the 2T2g −→2Eg transition in Ti:Sa.
Reproduced from [18].

profile of the pulses needs to be defined before the pulse amplification.

• the pulses generated from a cw source do not have the same shape as the pump

pulses.
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• the gain coefficient [21] and the amplification factor is reduced by more than two

orders of magnitude (in comparison to the PDA cells), which leads to smaller fre-

quency chirps but requires a multipass amplification arrangement through the Ti:Sa

crystal. This multipass can be achieved by either having an active cavity (2 or 3 mir-

rors) or by positioning mirrors in the light-path. The latter method is opted within

the setup presented in this work.

3.1.2 Amplification

Efficient lasing/amplification operation requires sufficiently high intensity within the

gain medium to maximize the stimulated emission processes [22]. The ratio of the stim-

ulated to spontaneous emission rate from the upper laser level is given by the quantity

I/Isat, where I is the intensity of the seed beam inside the gain medium and Isat is the

saturation intensity of the corresponding transition. The saturation intensity is given by

the expression, Isat = hν/σeτ , where hν is the laser photon energy [23]. For the Ti3+:Al203

transition (at the peak emission wavelength of 800 nm), the calculated saturation intensity

is 2.63 x 105 Wcm−2. The high Isat value of Ti3+:Al203 necessitates tight focusing within

the gain medium, especially at low pump power levels, to effectively saturate the pop-

ulation inversion. Ti:Sa is a relatively low-gain medium, with a low-threshold [11]. It

has a lasing threshold of 0.8 W (= 5.6× 10−6 mJ for 7 ns pulses). Because of steep rise in

gain of Nd3+:YAG pumped Ti:Sa, pulse shaping can easily occur when the intensity of the

evolving pulse is larger than the saturation level and when the pulse rises steeply from

an exponential or hard truncated leading edge. The crystal (Figure 3.6) can be efficiently

pumped with a laser at a wavelength of 532 nm and exhibits gain in the same region as

the seed beam. The main absorption feature, a broad double hump band peaking near

500 nm [24], corresponds to the fundamental ground state absorption of the Ti3+ ion . A

few important parameters of the crystal are,

• An absorption figure of merit (FOM), defined as the ratio of the absorption coef-

ficients at the pump and emission wavelengths is referred to assess the quality of

Ti3+:Al203 crystalline material [25, 26]. The FOM of the crystal used in the current
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Figure 3.6: Titanium-doped sapphire crystals has broadest lasing range.

work is > 150.

• If pumped at 532 nm, the uncertainty of the Ti:Sa damage threshold, is about a

factor of ten [27]. The empirically estimated threshold is 10 Jcm−2 but for safety

reasons the laser community (especially the companies producing the lasers) uses

the conservative value of 1 Jcm−2.

• One should consider the localized heating effects in the crystal because this influ-

ences the behaviour of the crystal. The linearity of the output power begins to de-

viate beyond a certain level of input pump power [28]. An approximate analytical

solution of the temperature profile in the crystal is obtained by solving a steady-

state heat equation, assuming only radial heat transfer from the optically pumped

region [29]. Solutions of this equation predict a logarithmic radial temperature dis-

tribution which exponentially decays along the length of the crystal (Figure 3.7). For

this calculation, uniform pumping into a circular region of 1mm radius at the cen-

ter of the crystal is assumed. The temperature rise in the pumped region increases

the rate of non-radiative decay from the upper laser level, effectively decreasing the

fluorescence lifetime and quantum efficiency by approximately 10%. The thermo-

optical aberrations due to temperature gradients in the crystal also limit the output
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power [30].

Figure 3.7: Quasi-steady-state temperature along the axis of the Ti:Sa rod. Reproduced from [28].

3.1.3 Overview of the setup

As shown in Figure 3.8, the working of the setup can be described in short as follows. The

continuous wave (cw) output of a ring Ti:Sa laser is passed through an acousto-optic mod-

ulator (AOM) to generate seed pulses. The seed beam and a pump laser are combined

into the Ti:Sa crystal located in the “amplification stages 1 and 2” (refer to Figure 3.8).

The beam is then amplified by a factor of 106 to 107 in a multipass arrangement through

the crystals (Amplification stage block in the Figure 3.8). The beam is amplified through

interaction with the doping ions (Ti3+). The peak powers attained are high enough for ef-

ficient frequency upconversion in nonlinear crystals such as LBO, BBO, KNbO3, etc. This

is required to extend the spectral range of Ti:Sa lasers to the blue and ultraviolet regions.

Therefore, the amplified beam is passed through the frequency doubler. The doubled

beam is then sent to the experimental cavity to perform high resolution spectroscopy.



3.1. Principle 51

Figure 3.8: The block diagram of the setup used for amplification.

3.1.4 Advantages

The advantage of cw ring laser with pulsed amplifiers over that of pulsed laser is that,

• the pulses are Fourier limited,

• generates intense pulses throughout a broad range of 720 to 1060 nm, where an

intense pump source such as Nd3+:YAG is also available,

• can also generate pulses of a few micro joules for wavelengths down to the blue

region of visible range, near UV, etc. by nonlinear crystals.

3.1.5 Limitations

• The principal source of noise is amplified spontaneous emission (ASE). This has a

spectrum approximately the same as the gain spectrum of the amplifier. In addition

to the stimulated emission, electrons in the upper energy level can also decay by

spontaneous emission. This occurs at random, depending upon the host character-

istics and the inversion level. Photons are emitted spontaneously in all directions.

Some of these photons are captured and may then interact with other dopant ions.

Thus, these are amplified by stimulated emission. The initial spontaneous emission
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is therefore amplified in the same manner as the seed beam, hence the term am-

plified spontaneous emission. Figure 3.9 explains the process. ASE is emitted by

the amplifier in both the forward and reverse directions. The forward ASE will co-

propagate with the desired beam to the receiving end where it degrades the system

performance. Counter-propagating ASE can lead to degradation of the efficiency of

the crystal since the ASE can deplete the inversion level and thereby reduce the gain

of the amplifier. Backward ASE can be detrimental to the optical unit/laser placed

right before, as it can cross the damage threshold of the corresponding unit due

to high power. Besides, it can interfere with the incoming beam which will cause

fluctuations. Further details on ASE can be found in [31].

SpontaneousSpontaneous

hh!!

Excited State

Spontaneous

 Emission

Ground State

Amplified Spontaneous 

Emission

hh!!

hh!!

Electron in the 
lowest  excited 
state           

Spontaneous decay 
of electron
 

Electron  in  the 
ground state and
a photon emitted 

ASE  from  molecules in the excited 
statestimulated by the spontaneous 
emission   from   other    molecules’ 
decay from an excited state. 

Figure 3.9: The origin of ASE which is broadband and incoherent in nature, as opposed to the de-
sired amplified radiation of the seed beam. Spontaneous emission will create coherent stimulated
emission along its direction of propagation which is termed as ASE. The ASE wavelength will be
centered around the part of the uorescence with the highest gain.

• Gain is achieved in an amplifier due to the population inversion of the dopant ions.

The inversion level of the crystal depends on the power of the pump wavelength

and the power at the amplified wavelengths. As the seed beam power increases,
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or the pump power decreases, the inversion level will reduce and thereby the gain

of the amplifier will be reduced. This effect is known as gain saturation - as the

signal level increases, the amplifier saturates and cannot produce any more output

power, and therefore the gain reduces. Saturation is also commonly known as gain

compression.

To achieve optimum noise performance, the amplifiers are operated under a signif-

icant amount of gain compression (10 dB typically), since this reduces the rate of

spontaneous emission, thereby reducing ASE. Another advantage of operating in

the gain saturation region is that small fluctuations in the input signal power are re-

duced in the output amplified signal : smaller input signal powers experience larger

(less saturated) gain, while larger input powers see less gain.

• Inhomogeneous broadening effects Due to the inhomogeneous portion of the linewidth

broadening of the dopant ions, the gain spectrum has an inhomogeneous compo-

nent and gain saturation occurs, to a small extent, in an inhomogeneous manner.

This effect is known as spectral hole burning because a high power signal at one

wavelength can ‘burn’ a hole in the gain for wavelengths close to that signal by

saturation of the inhomogeneously broadened ions. Spectral holes vary in width

depending on the characteristics of the crystal in question. The depth of the holes is

very small, though, making it difficult to observe in practice.

• Polarization effects A small portion of the dopant ions interact preferentially with

certain polarizations and a small dependence on the polarization of the input signal

may occur (typically < 0.5 dB). This is called polarization dependent gain. The ab-

sorption and emission cross sections of the ions can be modeled as ellipsoids with

the major axes aligned at random in all directions in different crystal sites. The ran-

dom distribution of the orientation of the ellipsoids in a crystal produces a macro-

scopically isotropic medium, but a strong pump laser induces an anisotropic distri-

bution by selectively exciting those ions that are more aligned with the optical field

vector of the pump. Also, those excited ions aligned with the signal field produce

more stimulated emission. The change in gain is thus dependent on the alignment
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of the polarizations of the pump and signal lasers e.g., whether the two lasers are

interacting with the same sub-set of dopant ions or not.

3.2 Setup description

The construction of a laser system consisting of a cw ring Ti:Sa laser and two stages of

pulsed amplifiers has been reported. The schematic is shown later in Figure 3.14. Each

stage consists of a Nd3+:YAG pumped Ti:Sa crystal as the gain medium to amplify the

chopped cw output. This produces tunable near-FT-limited near-Infrared (NIR) radiation

(principle of operation explained in [8] and references therein).

The source of NIR radiation is a single mode cw ring laser in Ti:Sa configuration (Co-

herent 899-29 Auotscan II). The cw laser, in turn, is pumped by 5 W (max. 10 W) of a cw

diode-pumped, frequency-doubled Nd3+:YVO4 laser (Coherent Verdi). 200 mW (max.

800 mW) is obtained from the laser in the visible and NIR regions. The tuning range is

720 to 1000 nm, which is covered with the help of three sets of optics: short, mid and long.

The current work has been reported in the short wavelength range, i.e 720-825 nm. The

cw laser is frequency stabilized to an inbuilt reference cavity. The output of a single mode

cw laser with frequency νcw is chopped by an acousto-optic modulator (AOM, Isomet

1205C-2), operating at 80 MHz driving frequency. Figure 3.10 explains the function of

an AOM. Figure 3.11 shows the components of the driver (Isomet model 222A-1) which

work in coordination to control the AOM. The amplitude of the acoustic wave in AOM

is set by the driver. A delay generator (BNC model 565 pulse/delay generator) has been

used to trigger the driver at 20 Hz repetition rate. The AOM is, thus, operated in a pulsed

mode. The first order diffraction beam from the AOM is used to generate seed pulses.The

precise timing of the pulses triggering the AOM with respect to the Nd3+:YAG pulses is

adjusted by this delay generator. Figure 3.12 shows the pulse sequences synchronizing

different units. By carefully focussing the cw laser beam into the active volume of the

AOM (active aperture diameter of "1.0 mm), pulses as short as 15 ns (full width at half

maximum) can be generated from the cw output [32]. Longer pulses, multiple pulse se-
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By tilting the AOM, the light can be efficiently directed into the first diffraction order.
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Figure 3.10: First-order diffraction generation by acousto-optic modulation.

quences, and pulses of various shapes can also be generated, the only limitation being the

minimum rise time ∼ 8 µs required for the acoustic wave to spread and reach the region

of the NIR beam focus. The peak power of the pulses generated in the AOM is limited

by the conversion efficiency into the first-order diffraction beam which amounts to about

" 60% at the maximum amplitude of the acoustic waves. When generating pulses of du-

ration " 2 µs, the maximum power of the diffracted beam is independent of the pulse

length and can be as high as 110 mW at the exit of the AOM (with 150 mW of cw input

power), as inferred from measurements made while operating the AOM in the cw mode.

The pulse energies depend on the length of the pulses generated by AOM. The first-order

diffraction side band of frequency νNIR= νcw+ 80 MHz (if νcw denotes the frequency of

the incident cw laser) exits the AOM, making an angle of 1.008◦ with the ‘0’ order part of

the cw laser beam, passes through a 2:1 beam expander. The pulse is then sent to a fiber
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Figure 3.11: The block diagram of an AOM driver.
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Figure 3.12: Different pulse sequences in the time domain. The flash lamp delay (82 ns in the
figure), is arbitrary and the TTL pulse width (110 µs), is nominal.

launching system which consists of a microscope objective (MO) of 10X magnification

and 0.25 numerical aperture (NA) on a translation stage. The MO (RMS10X, Thorlabs)

couples the beam into a polarization maintaining fiber (HB750, Thorlabs). The units (MO
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and the fiber) with the particular specifications have been chosen to meet the criterion of

efficient coupling. The criterion is that one should use a MO (or lens) to focus the beam to

a diameter (Df ), which approaches the mode field diameter (MFD) of the fiber a. The cor-

responding values are ≈ 1.2 µm and 4.0 µm respectively, in the present case. Figure 3.13

explains the various parameters important in considering efficient coupling and collima-

tion of the beam traveling into and out of the fiber. A halfwave plate is used in front of

   Din: Input beam size on MO, mm
                                  !in: Divergence of the incoming beam, mrad  

       NAfib: Numerical aperture of the fiber
   a : Mode field diameter, µm

         subscripts ‘f’, ‘lens’, and ‘out’ denote the corresponding parameters 
     for, respectively, the focused beam, MO, and output beam.

Figure 3.13: Air to fiber light coupling and collimation.

fiber launching system, which is required to match the plane of polarization of the beam

with that of the fiber for efficient coupling. The output end of the fiber is placed on a

fiber-to-free space launcher with a special tube (to firmly hold the fiber) fixed on a trans-

lation stage. The polarization of the outgoing beam is required to be horizontal, which is

obtained by rotating the special tube. The beam is then coupled out by another RMS10X

MO. As the NA of the MO is greater than that of the fiber (NAfib is 0.14 - 0.18), significant

losses in the out-coupling process can be avoided. The distance of the fiber end from the

output MO can be varied with the help of the translation stage. To ensure the collimation

of the beam, its focus has been set at a distance of ∼ 15 m an order of magnitude longer

than the distance to the crystal. The size of the seed beam at the crystal is 3.5 mm. To elim-
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inate amplified pulses propagating back from the amplification stages towards the optical

fiber, a broadband Faraday isolator (ISO-05-800-BB-G, Newport) is installed between the

fiber and the amplification stages. Figure 3.14 explains the schematic of the setup. The

Figure 3.14: The schematic diagram of the experimental setup.

amplification of the NIR seed pulses is achieved in Ti:Sa crystals with Ti3+ ion concentra-

tion of 0.15 wt.% (weight percentage) and FOM > 150. The size of the crystals used is 7

x 7 x 10 mm. Figure 3.15 shows some of the characteristics of the crystal. This specific

length is selected to ensure 95% absorption of the incident pump power within the crys-

tal. The end faces of each crystal have been cut and polished at Brewster angle (60.4◦) at

the centre of the wavelength range, i.e. 800 nm. This is done to avoid reflection losses.

The front surface is tilted by 29.60◦. The c-axis is perpendicular to the crystal axis lying in

the horizontal plane. Each crystal has been mounted in a water-cooled copper block that
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Specifications

Figure 3.15: The parameters of the Ti:Sa crystal.

is maintained at a temperature of 17◦ C. These are pumped by the frequency-doubled 7

ns pulses @ 20 Hz repetition rate from a Nd3+:YAG laser system (Innolas Spitlight-1200)

using the multipass configuration displayed at the top of Figure 3.14. The pump beam

is horizontally polarized and split into two beams with the help of a 50% beamsplitter.

Special 50% reflectivity coating for the region of 532 and 355 nm has been made on the

s-polarised beamsplitter (RS-DW-040, Sirah). A pulse energy of 150 mJ has been used to

pump each of the amplifying stages. The specific value has been chosen to lie at 50% of

the damage threshold of the crystals. A set of half-waveplate (RP-030, Sirah) and thin

film polarizing beamsplitter (TP-020, Sirah) has been used externally, to control the pump

energy. The pump beam in each of the stages, is further split into two parts by another

50% beamsplitter. The two beams are directed by custom-made mirrors (RM-DW-030,
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Sirah) to pump the Ti3+:Al203 crystal through the two opposite faces. These mirrors are

made up of fused quartz, 35◦-45◦ p+s polarized and with high-reflection (R >99%) coat-

ing for the region of 532 and 355 nm. Typical damage threshold, specified, is 2 MW/cm2

@ 355 nm / 10 ns. The corresponding value should be higher in the present case. The

front (coated) area of the mirrors and beamsplitters is 50 mm×27 mm. A set of biconvex

lenses of 70 cm focal length have been used to reduce the size and intensify the pump

beam photon density in the crystal. The lenses have broadband multilayer antireflection

coatings for high transmission in the pump wavelength region (430 -700 nm) centered at

530 nm. These lenses establish a pump beam size in the crystal : 2ω(x) ∼ 2.0 mm. The

NIR seed beam is passed multiple times through the crystal following a bow-tie shape

with the help of a set of special mirrors. A pair, placed at the same distance on each side

of the crystal (refer to Figure 3.14), makes 1 pass (except for the first pass which is made

by just one mirror). A special high reflectivity (R > 99%) coating for the region of 680-920

nm has been applied to these 45◦ p-polarised, Bk7 (20.0×20.0×6.0 mm) mirrors (RM-140,

Sirah). The damage threshold of these coatings is around 1 GW/cm2. Kinematic mounts

with vertical drive (VM1/M, Thorlabs) have been used which allow to place the mirrors

closer and make fine tilt adjustments.

Satisfactory amplification is obtained when the pump beam size is reduced to match

the size of the NIR beam in the crystal. In this case, optimal power densities and popu-

lation inversion in the volume traversed by the seed beam are achieved. The pump laser

thus boosts the seed laser intensity in the two stage amplifiers. The active diameter of

the pump beam in the crystal is adjusted to avoid broadening caused by amplifier gain

saturation [4]. This can be crucial as broadening would contribute to a final bandwidth

at the output which would be larger than the FT limit of the pulse. This is achieved by

defocusing the beams in the crystal to avoid gain saturation as well as any damage and

other parasitic effects in the crystal. Pump and seed beams are directed through the Ti:Sa

crystals in a near-collinear arrangement with their polarization vectors in the plane of the

c-axis of the crystal, which lies in the horizontal plane in the laboratory.
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3.2.1 Measurements

The NIR seed beam is passed through the first Ti:Sa crystal up to 12 and through the

second 7 times. These are the maximum number of passes compatible with the pumping

configuration.The energy of the seed beam evolving from the first stage during amplifica-

tion (pumped by 150 mJ of 7 ns pulses) is 3.3× 10−2 mJ . The broadband ASE background

is less than 10%. It is collimated and spatially filtered by a telescope with a pin hole (50

µm) at the focus. This efficiently suppresses ASE which does not have a Gaussian pro-

file. The beam is then incident on the second stage of the amplifier pumped by the same

level of power (150 mJ of Nd3+:YAG). The two amplifier stages are optically decoupled

by a polarizer and another broadband Faraday isolator to avoid problems associated with

the radiation propagating backward in the amplification setup. The cw ring laser output

which makes the seed beam is 30 mW. Single pass gain of 2.4 in each stage has been

achieved. The output energy is measured after the second stage when pumped with a

total of 300 mJ of the Nd3+:YAG laser. The energy of the amplified beam emerged is 15

mJ at a repetition rate of 20 Hz. The output beam size is found to be 1.5 mm.

The laser-pulse shapes and energies are measured using a fast photodiode and moni-

tored via a fast oscilloscope (LeCroy 400 MHz 5 GS/s). At low energy, in the range of 1 nJ

- 1 µJ, the pulse energies are determined by monitoring the relative increase of the photo-

diode signal after each successive pass in the Ti:Sa amplifier starting with the cw power.

Beyond 400 µJ, the pulse energies are measured directly with the help of a thermopile

detector. Under typical operation conditions, the characteristics of the laser amplification

are found to be as follows:

• The peak power of the pulses is typically 30 mW before entering the amplification

setup. This corresponds to 0.9 nJ energy for 30 ns pulses.

• The amplification factor dropped rapidly after pass 17. The depletion of population

inversion is found to depend on the number of passes and the alignment of the seed

beam through the amplification setup.
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3.2.2 Measures to remove ASE

Suitable spatial filter is inserted between two stages to remove the undesirable ASE from

the amplified beam of the first stage. The complete amplifier system is decoupled from the

cw ring laser with an optical isolator consisting of a Faraday rotator and two polarizers.

To improve the beam quality,

• the ASE can be reduced by the use of spectral filters. The ASE is in general broad-

band and therefore will be cut off from the laser beam which exhibits a much nar-

rower bandwidth.

• the two stages can be optically decoupled by an interference filter and a polarizer.

3.3 Results

For the Ti:Sa crystal used in the presented work, each pass has been found to contribute an

amplification factor in the range of 2 to 3 to the overall amplification . Similar amplification

has been observed by previous works reported e.g. in [33]. Typically two crystals are

used. Overall 19 passes have been made using pump energies of 2 x 70 mJ per pulse and

per crystal. One can obtain intense Fourier-limited coherent 30 ns laser pulses (Full Width

at Half Maximum, FWHM) with energies of 15 mJ (∼ peak power of 5.0 x 105 W) from

as low as 30 mW of cw power from the ring laser at a repetition rate of 20 Hz. The pulse

shape is asymmetric with decay time ∼ 5 ns.

Typically, the broadband ASE background is 20-30%. The power of residual ASE rela-

tive to that of the amplified seed pulse only becomes significant for short pulses t ! 10 ns,

where the maximum peak power is not reached, whereas for longer pulses ASE contribu-

tions are negligible. The advantage of the longer pulses does not reside in higher pulse

energies but rather in a narrower FT-limited frequency bandwidth [34]. However, the ap-

plication within this thesis is for frequency upconversion by nonlinear crystals; therefore,

short pulses have been opted for.

The bandwidth of the amplified beam is estimated to be 15 MHz. Compared to a

cavity, the multipass arrangement offers the advantage of bypassing the need to adjust
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the cavity to the laser wavelength. More importantly, there is the possibility of freely

adjusting the pulse length and thus achieving the best compromise between the opposing

requirements of high resolution and high intensity.

3.4 The Frequency doubling

3.4.1 Frequency upconversion

By frequency doubling the NIR fundamental beam in a non linear crystal [35], the tunable

range of the laser system can be extended to the range 360 to 465 nm . With 10% efficient

doublers, in general, one can obtain 1.5 mJ/pulse from the 15 mJ of NIR pulses. Fig-

ure 3.16 shows the block diagram of the wavelength ranges, which can be covered by the

use of additional equipments based on nonlinear processes. The size of the NIR beam in

30 mW

150 mJ/
pulse

15 mJ/
pulse 1 mJ/

pulse

~1 mJ/pulse

100 µJ/pulse

Shifter

4-6%

Figure 3.16: Frequency upconversions.
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the non-linear crystals as well as the beam divergence (to minimize the phase mismatch)

have to be carefully reduced to achieve optimal power densities and conversion factors

[36]. Raman shifters also can be used. The first anti-Stokes lines generated can provide

1.5 mJ pulses (10% efficiency) spanning the range of 554-671 nm. The second anti-Stokes

lines with 1% efficiency (15 µJ) gives a tunability over the range of 450-525 nm. Figure 3.17

shows a part of the autotracker setup to maintain phase matching during scanning.

3.4.2 Doubling crystals

From Laser
(The Fundamental Beam)

Compensator
Block

Birefringent 

Doubling

Crystal
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Beam
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+

Fundamental Beam
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Right Angle

Turning Optic
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Figure 3.17: Execution of frequency doubling by the use of a nonlinear crystal. The angle of the
crystal is tuned for the second harmonic generation by matching the wave vectors of the funda-
mental and generated harmonic in the crystal.

The beam is sent with a conventional pair of lenses to the doubler for second harmonic

generation (SHG). It is a nonlinear optical process in which the output frequencies are
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given according to the energy and momentum conservation by [37]

ω1 + ω2 = ω3 (3.1)

k1 + k2 = k3 (3.2)

The phase matching (PM) angle of SHG for type-I phase matching is given by,

θ(I) = arcsin

√
n−2

o (ω)− n−2
o (2ω)

n−2
e (2ω)− n−2

e (2ω)
(3.3)

where, no(ω) and ne(ω) are the refractive indices for, respectively, the ordinary and ex-

traordinary waves in the doubling crystal at the fundamental frequency ω.

The intensity of the second harmonic, however, depends on the phase mismatch in-

duced by the angular deflection. The conversion efficiency also depends on the intensity

of the input waves. The crystal length is limited by the angular sensitivity of the process

and the beam divergence. Therefore, a minimum peak intensity is required to achieve

efficient conversion [38]. The relevant figure of merit in comparing nonlinear materials is

the ratio of the effective coupling to the angular sensitivity. The square of this ratio is ex-

pressible as a power which is approximately the peak laser power in a diffraction limited

beam which is required for efficient conversion. The peak power required increases by

Q2, where Q represents the beam quality, approximately the ratio of the beam divergence

to the divergence of a diffraction-limited laser beam. The intensity of the SHG depends

on the square of the intensity of the fundamental and on the square of the interaction

length [39]. High peak powers and high beam quality are essential in order to achieve

efficiency.

Conversion efficiency of SHG has been proven to be enhanced by focusing the fun-

damental light in the crystal [40]. Focusing the fundamental radiation can degrade the

quality of the beam. A high efficiency also requires a narrow fundamental linewidth [41].

In the present work, 8 mm long β-barium borate (BBO) crystal has been used for the fre-

quency doubling. The spectral acceptance bandwidth (FWHM) for type I SHG in BBO at

λ= 750 nm is 0.29 nm which is wider than the actual linewidth of the fundamental beam
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i.e. (∼ 10−5 nm). This makes high-efficiency of SHG possible. Smaller optimum dimen-

sions of the crystal (e.g. that for BBO in comparison to KDP) reduce the effects of beam

walk-off [42]. A high resistance to optical damage permits the use of a smaller crystal

size. The crystals are transparent in the UV and IR. For instance, the optical transparency

range of BBO is in the range 188 to 3500 nm.

3.4.3 Setup

An efficient external SHG of the ns-pulsed amplified beam with narrow bandwidth has

been achieved. The Autotracker III model from Inrad has been used for frequency dou-

bling. This has a BBO-TSS Type I crystal, cut at θ = 28.7◦, with a 5 x 7 mm cross section

and 8 mm-long BBO crystal. In addition, it contains a compensator block assembly for the

BBO, matched to the specific length of the crystal in order to avoid an overall refractive

beam displacement as the crystal is tilted. The experimental configuration for frequency

doubling is shown is Figure 3.17. BBO has been the choice instead of LBO as the effective

SHG coefficient of BBO (∼ 4.1 x 10−9 1esu) is larger than of LBO (∼ 2.4 x 10−9 esu).

The output pulse from the amplification system consisted of about 15-20 mJ with a

duration of 30 ns. The input beam diameter is reduced to less than 2 mm from 4 mm with

the help of a 1:2 Keplerian telescope before incident on the doubler. Within the limits of

the angular acceptance of the BBO crystal, the propagation direction of the frequency-

doubled beam is nearly independent of the deflection angle of the input beam. A conver-

sion efficiency of 10% with SHG energy of 1.0 mJ/pulse has been reached for the funda-

mental energy of 15 mJ/pulse. The output energy and efficiency are dependent directly

on the fundamental energy. Conversion efficiency decreased, as would be expected, be-

cause of phase mismatch in the crystal at increasing deflection angles. It can be seen that,

due to the intrinsic properties of the BBO and the crystal thickness, the angular accep-

tance of the system is limited to a few milliradians. The angular sensitivity of β-BaB2O4

is 10600±200 cm−1rad−1 [43]. A four prism filter (model 752-104) from Inrad has been

utilized to separate the second harmonic from the fundamental radiation.

1esu is the electrostatic system of units
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3.4.4 The bandwidth

The temporal length and the bandwidth of the pulses is affected by the nonlinear pro-

cesses used for the frequency upconversion. The bandwidth Γk of the radiation pulses at

frequency kνNIR (k = 2, 3, . . . ) generated in a nonlinear process, or a sequence of nonlin-

ear processes, can be determined by convolution of the frequency spectrum of the beams

involved in each process and amounts to
√

kΓk if the pulses have a Gaussian frequency

profile, or kΓk if the frequency profiles are Lorentzian, where Γk represents the bandwidth

of the NIR laser pulse. The pulse length tk is correspondingly reduced and amounts to

tNIR/
√

k for Gaussian pulses. The estimated linewidth of the tunable blue output is ∼ 20

MHz, provided that of NIR pulse is 15 MHz. The doubled beam can cover the spectral

range from 350 to 470 nm with a maximum conversion efficiency of 10%.

3.5 Cavity ring down

A pulsed, nearly FT-limited light source has been produced. Its application for cavity

ring-down spectroscopy (CRDS) in the UV spectral range is investigated. This is the

case where the coherence time and duration of the light pulse (30 ns) exceeds the cav-

ity roundtrip time (3.4 ns). That means mode beating would generate oscillations in the

ring-down waveform. This situation can be avoided by careful choice of the cavity geom-

etry and mode matching conditions together with suitable electronic filtering [44].

Normally, laser pulses having much larger spectral bandwidths than predicted by

the FT limit have been used. The pulse duration has been much shorter than the cav-

ity roundtrip time. The pulse can be viewed as a particle bouncing between two mirrors

in which a small part of the pulse is transmitted each time the pulse hits a mirror surface

(Figure 3.18a). The cavity output then consists of a train of pulses with exponentially

decreasing maxima. The pulse never overlaps inside the cavity, and consequently in-

terference phenomena cannot occur. A Fabry-Perot resonator has both longitudinal and

transverse eigenfrequencies. In a stable optical 0.52 m long cavity with near continuum
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mode structure, the minimum mode spacing (in MHz) is given by

c

πd
arctan

d√
d(2r − d)

= 98.3 (3.4)

r, the radius of curvature of the plano-concave cavity mirrors, is 1 m. In the frequency

domain, it can be stated that the free spectral range (FSR) of the cavity is much smaller

than the pulse bandwidth for this situation so that the cavity transmits the pulse on many

cavity modes. Typically, a laser power spectrum density width of∼ 1500 MHz at FWHM

(0.3 ns pulse intensity width at FWHM) overlaps at least 15 cavity modes.The cavity out-

put appears as pulses in time, which in frequency space, corresponds to the superposition

of many cavity modes. As shown in Ref.[45], mode beating can be observed also in this

situation. Figure 3.18 shows different combinations of pulse duration with cavity round

trip time. In the present case, a pulse of a 30 ns FWHM has a coherence time slightly

Time Domain Frequency Domain

(a)

(b)

(c)

Figure 3.18: Illustration of the interaction of an empty Fabry-Perot cavity with a Fourier-
transform-limited Gaussian light pulse in the time and frequency domains: (a) the pulse duration
is much shorter than the cavity roundtrip time; (b) the pulse duration and the cavity roundtrip
time are comparable; and (c) the pulse duration is much longer than the cavity roundtrip time.

smaller than 30 ns, and a bandwidth that is only slightly larger than the corresponding

15 MHz bandwidth in the Fourier limit at FWHM. This means that the pulse duration

exceeds the cavity roundtrip time. This condition results in a cavity FSR exceeding the
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laser bandwidth. In the case of FT-limited pulse (15 MHz), it does not overlap any cavity

mode at all for some frequencies. If the center frequency of the pulse lies between two

cavity modes, almost no light will be transmitted by the cavity. This situation makes it

impossible to scan the laser frequency and record continuous absorption spectra.

In such cases, a simple and easy to use method is to couple laser into the cavity by the

use of an off-axis cavity alignment geometry. The resonances commonly associated with

optical cavities can be eliminated systematically while preserving the absorption signal

amplified properties of such cavities [31]. This creates an extremely dense-mode spectrum

and reduces the complexity of the apparatus [46]. The alignment patterns used here are

common in multipass absorption cells but are actually first explored in conjunction with

optical cavities [47]. Off-axis paths through optical cavities are first investigated in the

mid-1960s [48]. This property is used to average the cavity transmission spectrum more

effectively, resulting in an order-of-magnitude improvement in sensitivity. This allows a

constant fraction of the incident laser power to be coupled through the cavity for each

laser shot while the cavity remains passive, regardless of the laser center wavelength. To
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Figure 3.19: Predicted cavity-mode structure for a 52 cm cavity aligned on axis (dotted curve)
and off axis in a 10-pass i.e. 5 round trip reentrant condition (solid curve). Tavg indicates the
frequency-averaged transmission level.
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illustrate this, consider Figure 3.19, which shows the expected cavity transmission versus

frequency with reflective cavity mirrors aligned on axis (solid line) and off axis with a

five round-trip reentrant condition (dotted curve). As the reentrant condition lengthens,

the mode spacing continues to collapse. The limiting case in this situation is clearly the

desired one, in which the cavity resonances are effectively suppressed. In this regime, the

cavity transmission is frequency independent and is therefore determined solely by the

round-trip cavity loss. The reentrant condition is dictated by the specific curvature and

spacing of the mirrors forming the cavity. Any stable cavity geometry can produce stable

off-axis paths through the cavity, with the stability condition (for a spherical two-mirror

cavity) defined by the inequality

0 ! (1− d/R1)(1− d/R2) ! 1 (3.5)

where d is the mirror spacing and R1 and R2 are the mirror curvatures. In the present

case, d = 52 cm and R1 = R2 = 100 cm, the stability parameter is 0.2304, which satisfies

the stability condition. The multiple reflections appear on the mirrors as a series of spots

in an elliptical pattern. The per-pass rotation (θ) around the ellipse is again determined

purely by the geometry of the cavity and is given by cos θ = 1 - d/R, assuming R = R1 =

R2. Here, the per pass rotation (θ) is 61.3◦. When m2θ = n2π, where m equals the number

of optical round-trip passes and n is an integer, the pattern becomes reentrant. n ∼ 10, in

the present case.

The non-resonant gain is reduced only by a factor of 2 compared with the expected

gain when the laser is resonantly coupled to a single cavity mode [49]. The transmitted

power level, on the other hand, is reduced by a factor of∼ T/2, or 2 x 104 for T = 200 ppm

mirrors. In terms of the ultimately achievable shot-noise limit, however, the difference

between the two methods is only
√

T/2 for a given source laser power or a factor of 200

in the current example.

Rather than a single possible alignment geometry (i.e., the laser on axis with the cav-

ity), a virtually infinite number of stable paths through the cavity can be used. This allows

for simpler alignment routines and lowers the sensitivity of the instrument to vibration



3.5. Cavity ring down 71

and misalignment. The potential drawbacks to this approach include the significantly

lower power transmission through the cavity compared with resonant-coupling meth-

ods and the loss of spatial resolution in the probe axis that is due to the off-axis injection

(Figure 3.19). In many cases, these are not limiting factors, particularly when moderately

high-power lasers or sensitive detectors are available and when the sample of interest is

not confined to a small area. Figure 3.20 presents a schematic overview of the experimen-

Pulse Amplified
NIR Laser Beam
720-910 nm 

Frequency Doubler
360-455 nm

PMT

Oscilloscope

Computer

  -400 to -1K V

Figure 3.20: Schematic showing the off-axis technique for coupling the beam in a cavity of CRD.

tal setup. The pulse generated travels a distance of 2 m through a collimating telescope

and enters an optical cavity that is formed by a pair of highly reflective plano-concave

mirrors 52 cm apart. The mirrors of 25 mm diameter, 1000 mm radius of curvature and a

reflectivity of 99.98 to 99.998% over 740-870 nm are produced by Layertec GmbH. Large
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diameter mirrors would allow the multiple beams in the cavity to be spread over a larger

area, thus decreasing their interaction. Mirrors are mounted on the chamber with flex-

ible bellows tube that allowed fine adjustment of each mirror in order to create stable

optical resonator. A roots pump system with total pumping capacity of 2775 m3/h main-

tained the background pressure of 10−3 mbar. During the experiment the pressure in

the chamber is maintained at a certain level (normally, 0.060 to 0.200 mbar) by automatic

adjustment of the valve opening time.

The off-axis cavity alignment is straightforward and reproducible. The laser and the

cavity are aligned, first coaxially by centering the laser with respect to both mirrors and

adjusting the mirrors such that the returning beams overlapped the incoming beam. At

this point, any light leaving the cavity through the rear mirror would reveal a uniform

spot with a minimum of non-TEM00 structure, along with large power fluctuations in

random intervals corresponding to mode coincidences between the laser and the unsta-

bilized cavity. The final turning mirror in front of the cavity is then moved horizontally

by∼ 1 cm with respect to the cavity axis. Following this, the light path through the cavity

would trace out a horizontal line on each mirror. With a small adjustment of the same

turning mirror in the vertical direction, the light path traces out a circle on each cavity

mirror. The resulting image is actually the sum of thousands of slightly displaced spots.

Figure 3.21 shows images that would be seen through the rear cavity mirror. The cavity

output radiation is detected by a photo-multiplier tube (PMT). A narrow-band optical fil-

ter is placed in front of the detector to block most of the background light and the light

generated by the discharge. The output from the detector is sent to a fast 400 MHz digital

oscilloscope (LeCroy) controlled by a general-purpose interface bus from a standard PC.

It records the ring-down waveforms at a 5 GSa/s sampling rate. The area of the signal

is calculated and recorded. Traces are transferred to a personal computer, where they

are summed and an average waveform is calculated. Typically, spectra are obtained by

averaging the signal on 20 to 40 laser shots. LabView software together with a program

written in tcl/tk language which runs on real time Linux system, is used to control the

experiment and to process the data.
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Figure 3.21: Image obtained by a video camera looking through the rear (spherical) mirror of the
cavity showing the off-axis cavity alignment patterns.

The waveform gets modulated by different beat frequencies caused by different spac-

ings of the overlapping modes. So, the problem of extracting the ring-down decay time

constant from the waveform arises. The excitation of closely spaced modes causes the

appearance of mode beating in the output from the passive optical resonator and changes

the exponential decay waveform substantially. Consequently, a simple exponential decay

of the waveform is not expected in general and failure to recognize the importance of

interference effects can significantly bias the interpretation of ring-down spectra.

3.5.1 Result

The system was tested by recording C3 lines in the region of 378.6 nm, as shown in Fig-

ure 3.22. As per simulation, the spectrum must show a hot band of the A1Πu ←− X1Σ+
g

transition. Each point in this scan represents an average of 50 individual decay wave-

forms.
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Figure 3.22: High resolution spectrum of C3 in the region of its A1Πu ←− X1Σ+
g transition.

3.5.2 Calculation of the bandwidth of the laser beam.

The bandwidth of the beam can be inferred by acquiring an electronic transition spec-

trum of some radical available in the wavelength region of the system. The radicals are

produced by the discharge of supersonic slit jet expansion which has a residual Doppler

broadening of the order of 450 MHz. This is larger than the expected FT-limited band-

width of the laser. Therefore, it is important to obtain a Doppler free spectrum [5] which

can be achieved by the backward-geometry of DFWM. The width of the lines in the spec-

trum recorded will then give an estimation of the linewidth of the laser pulses produced

by the pulsed amplification system, reported in this chapter. This in principle should be

close to the value expected on the basis of the assumption that the bandwidth of the laser
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is only limited by the FT of the laser pulse.

There is a possibility of shifts and chirps in the NIR frequencies [50]. The transient

phenomena that are at the origin of the generation of pulsed side-band radiation in the

AOM and of the amplification of the NIR radiation in the Ti:Sa crystals can cause time-

dependent changes of the refractive index. This, potentially, results in the frequency

chirps of the pulses. Such chirps can lead to a departure from the FT limit.

3.5.3 Outlook

The aim of the work presented in this chapter, is to produce the laser pulses in different

wavelength regions which can be used for high resolution experiments. Such experiments

demand high quality beams for better results. It has been observed that the process of

amplification and frequency upconversion distorts the pulses. Therefore, it is important

to implement a method to obtain a “clean” beam. The use of optical phase conjugation

and frequency doubling to remove aberrations from a laser beam has been described in

[51]. The technique, known as second-harmonic aberration correction (SHAC), produces

a high-quality, collimated, second-harmonic beam from a distorted or divergent funda-

mental input beam. This allows correction of the beam distorted by the amplification

media. The technique can improve beam quality .

In this method, a distorted input fundamental frequency beam is splitted into two

beams of orthogonal polarization, one of which is directed onto a type II doubling crys-

tal with conventional optics, as shown in Figure 3.23. The second beam is directed to

the doubling crystal via a phase conjugate mirror. Thus the two beams overlapping at the

crystal have orthogonal polarization and have conjugate wavefronts. The type II doubling

process combines these beams to produce a second-harmonic beam with reduced aber-

rations. Since type II doubling requires one photon from each of the two polarizations,

neither distorted beam alone can produce a second harmonic signal. Second harmonic re-

mains along the principal axis, independent of the direction of the input beams. This has

been tried on an artificially aberrated beam. The more general case is of a realistic laser

beam with its own specific pattern of aberration. The SHAC technique has been proved
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Figure 3.23: Schematic diagram of the apparatus for the second-harmonic aberration correction.

to be effective in removing much of the aberration in the general case as well.
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Chapter 4

Molecules studied by four wave mixing
spectroscopy

4.1 Theory of degenerate and two-color variants of the method

4.1.1 Overview

With the progress in laser technology, non-linear optical (NLO) techniques [1] are becom-

ing increasingly important tools in chemistry. Most NLO techniques involve a few to

several laser beams and a distinct signal beam. However, the single defining characteris-

tic of a NLO experiment is that the intensity of the observed signal is proportional to the

nth power of the laser intensity, where n >1. Examples of NLO techniques which have

been used in chemistry include the photon echo [2], second-harmonic generation [3], and

hole burning [4, 5]. The most widely used NLO technique in chemistry, is the transient

grating (TG) [6, 7]. TG experiments have been performed in all phases of matter.

To form a TG, two time-coincident laser pulses of wavelength λ are crossed at an

angle θ in a medium. The electric fields of these excitation beams interfere with one

another, resulting in a spatially-modulated net electric field in the beam-crossing volume.

Figure 4.1 illustrates the phenomenon. The fringe spacing of the pattern formed is given

by

d =
λ

2sin(θ/a)
(4.1)

The interference pattern can then interact with the medium through mechanisms such as

absorption, the optical Kerr effect, and stimulated Brillouin scattering (Figure 4.2). This
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Excitation Excitation ProbeProbe

Sample

Figure 4.1: TG experimental geometry. The excitation beams are crossed at an angle and tempo-
rally and spatially overlapped, creating a spatial inteference pattem that writes a grating (volume
hologram) into the medium being studied. The probe beam is sent at the grating Bragg angle with
a delay time t; the resultant diffracted signal is recorded as a function of t.

interaction in turn produces a periodic spatial modulation in the complex index of refrac-

tion of the medium, thereby creating what is, in essence, a temporary volume hologram

(a diffraction grating). If after certain delay time t a probe laser beam is sent to the grat-

ing at the corresponding Bragg angle, a part of the beam will be diffracted. The strength

of the diffracted signal is directly related to the depth of the induced grating (i.e., the

peak/null difference in the complex index of refraction). This can be monitored as a func-

tion of t. The TG signal is sensitive to any time-dependent process that can affect the

spatial modulation of the complex index of refraction. The polarizations of the excitation

beams determine the dynamic processes to which the TG decay is sensitive. These beams

are most commonly of either parallel linear polarizations, forming an intensity grating

(IG), or perpendicular linear polarizations, forming what is called a polarization grating

(PG). The IG electric field is of the same polarization throughout, but is modulated sinu-

soidally in amplitude across each grating fringe (Figure 4.3). The IG signal beam is in

general of the same polarization as the beam used to probe the grating. The PG electric

field is constant in amplitude, but its polarization is spatially modulated; the polarization

changes from right circularly polarized (rcp) to linearly polarized at−45◦ to left circularly
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Two pump beams

Figure 4.2: The interference of two frequency-degenerate beams leads to a spatial modulation of
the refractive index of a non-linear medium. ln the regions where electric field strength is high
as a result of constructive interference the local refractive index is modified through the photo-
refractive effect.

Figure 4.3: Electric-field picture for a single fringe of an IG (in which the excitation beams have
parallel polarizations). The polarization of the electric field is constant across the grating, but the
field amplitude is sinusoidally modulated.

polarized (lcp) to linearly polarized at +45◦ and then back to rcp across each fringe, with

elliptical polarizations interspersed in between. Figure 4.4 shows the sequence of the dif-

ferent polarizations of the electric field [8]. If the polarization of the beam used to probe

a PG is parallel to the polarization of one of the excitation beams, then the signal beam is

polarized parallel to the other excitation beam.

Because the IG electric field is a sinusoidal modulation, it is easy to understand both

how the IG diffracts light and decays. Any process that causes the grating peaks to lose
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Figure 4.4: Electric-field picture for a single fringe of a PG (in which the excitation beams have
perpendicular polarizations).

population and/or the grating nulls to gain population will wash out the grating and,

therefore, cause the diffracted signal to decrease. There are frequency-domain analogues

of TG, viz. degenerate four wave mixing (DFWM).

4.1.2 Degenerate four wave mixing

While many variants of DFWM spectroscopy are possible [9], the present work has made

use of the forward-box configuration illustrated in Figure 4.5. For this phase-matching ge-

ometry, the three incident beams of identical frequency are directed to the target medium

in a nearly-copropagating fashion such that they traverse distinct diagonals of a rectan-

gular parallelopiped (or box). Nonlinear interactions enhanced strongly by resonant in-

teraction with the molecular sample give rise to a signal wave. The signal is constrained,

by conservation of linear momentum, to emerge along the “dark” axis of the detection

defined by the remaining diagonal (-k4 = -k1 - -k2 + -k3) [10, 11]. Although not affording the

sub-Doppler spectral resolution inherent to other DFWM schemes [9], this forward-box

arrangement does provide superior immunity from scattered background light. Further,

it has the unique advantage of ensuring temporal coincidence among all optical pulses

as they pass through the molecular sample. Resonant DFWM spectroscopy makes use of

the photo-refractive response of a non-linear medium to generate a fourth signal beam.

The effect is particularly strong close to a molecular resonance and, hence, can be used as

a spectroscopic probe. In the gas phase the technique is a hybrid between laser induced

fluorescence (LIF) and Coherent anti-Stokes Raman scattering (CARS). Similar to CARS,

the signal is detected as a spatially and temporally coherent beam, but like LIF the tech-
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Figure 4.5: Forward-box configuration for DFWM spectroscopy. Three degenerate waves de-
noted by propagation wave vectors k1 , k2 , and k3 are directed in a nearly copropagating fashion
through distinct diagonals of a rectangular parallelepiped (or box). Resonant nonlinear interac-
tions mediated by target molecules placed in the region of mutual beam overlap (the DFWM in-
teraction region) generate a signal beam (k4) that emerges along the dark axis of detection dened
by the remaining diagonal so as to satisfy conservation criteria imposed upon linear momentum
(k4 = k1 –k2 + k3).

nique relies on the resonant interaction of the light frequency with a molecular transition

frequency (see Figure 4.6). It is therefore more sensitive than non-resonant CARS and less

complicated experimentally [12].

Lets us denote the signal intensity as IDFWM and the probe intensity as IP . If the two

pump beam intensities are assumed to be equal (denoted by I) and no gain is considered,

one can obtain an expression for the line-centre signal intensity,

IDFWM = α2
0L

2 4(I/Isat)2

(1 + 4I/Isat)3
IP (4.2)

where α is the one-photon absorption coefficient, L is the interaction length, and Isat is

the saturation parameter. One should note that equation (4.2) predicts a quadratic depen-

dence of the signal on the absorption coefficient.
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Figure 4.6: Excitation schemes for CARS, DFWM and LIF. Like CARS, DFWM is a four-wave
mixing processes but is similar to LIF because it is a resonant process. The energy of the signal
photon is denoted by hνs.

4.1.3 Two-color resonant four-wave mixing

Two-color resonant four-wave mixing (TC-RFWM) represents another set of fully reso-

nant wave-mixing processes in which two optical fields have frequencies in resonance

with two distinct molecular transitions. TC-RFWM has potential as a tool for various

double-resonance schemes in molecular spectroscopy (where two transitions share a com-

mon level). TC-RFWM has been used to perform excited-state double-resonance spec-

troscopy on stable molecules [13, 14] and to provide background-free stimulated emis-

sion pumping (SEP) spectra of stable [15] and transient species [16, 17]. TC-RFWM has

also been used to detect the CH radical in an oxyacetylene flame [18]. Such works prove
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Figure 4.7: Folded energy-level schematics and double-sided Feynman diagrams used to identify
the resonant terms in χ3 for the TC-RFWM schemes appropriate to SEP spectroscopy: (a) ω1 = ω2

(PUMP) and ω3 = ω4 (PROBE or DUMP); (b) ω1 = ω4 (PUMP) and ω3 = ω2 (PROBE or DUMP). The
letter labels refer to specic degenerate magnetic sublevels in each rovibronic state; the letters e and
e ′ denote magnetic sublevels (either the same or different) in the excited state.

the versatility of the technique. Let us consider three input fields of arbitrary polar-

ization which interact with an isotropic sample to produce a fourth field . Assume that

field propagation effects can be ignored (negligible absorption) and the TC-RFWM pro-

cess couples levels of sharp (definite) angular momentum J (omitting nuclear spin). The

three-level energy diagrams and field labelings are presented in the following Figures 4.7,

4.8 and 4.9. The level labels correspond to individual magnetic sublevels, either the same

or different, of each rovibronic state where i denotes levels in the ground state and e and

f denote levels in excited states. RFWM is subject to both energy and phase matching

constraints. In TC-RFWM there are three types of spectroscopic schemes which can be

constructed within the energy constraints of two resonant input frequencies. Figures 4.7

and 4.8, each, illustrate double resonances where the excited-state level e is common to

both transitions. The folded diagram in Figure 4.7 corresponds to SEP spectroscopy in

which the e - i transition is the PUMP and the e - f transition is (for consistency) denoted

as the PROBE. The probe transition is more commonly referred to as the DUMP transition
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Figure 4.8: Unfolded energy-level schematics and double-sided Feynman diagrams used to
identify the resonant terms in χ(3) for the TC-RFWM schemes appropriate for excited-state
PUMP/PROBE spectroscopy: (a) ω1 = ω2 (PUMP) and ω3 = ω4 (PROBE); (b) ω1 = ω4 (PUMP)
and ω3 = ω2 (PROBE). The letter labels refer to specific degenerate magnetic sublevels in each
rovibronic state; the letters e and e ′ denote magnetic sublevels (either the same or different) in the
excited state.

Figure 4.9: Open energy-level schematics and double-sided Feynman diagrams used to iden-
tify the resonant terms in χ(3) for the TC-RFWM process appropriate for ground-state double-
resonance (hole-burning) spectroscopy: ω1 = ω2 (PUMP) and ω3 = ω4 (PROBE). The letter labels
refer to specific degenerate magnetic sublevels in each rovibronic state; the letters i and i ′ denote
magnetic sublevels (either the same or different) in the ground state.

in SEP. Figure 4.8 shows the unfolded diagram appropriate for excited-state spectroscopy

(often called optical - optical double resonance (OODR) in which the e - i transition is

again the PUMP and the f - e transition is the PROBE. For each of these excited-state

common schemes, there are two possible RFWM energy level diagrams which satisfy the

same energy conservation constraints but have different phase matching criteria, i.e., (a)
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ω1 = ω2 (PUMP) and ω3 = ω4 (PROBE) and (b) ω1 = ω4 (PUMP) and ω3 = ω2 (PROBE).

Figure 4.9 illustrates a double resonance in which the ground-state level i is the common

level. Here the e - i transition is the PUMP and the f - i transition is the PROBE. This

double-resonance approach is often referred to as hole-burning spectroscopy since the ef-

fect of the PUMP laser is to burn a hole in the ground state population that is detected

by its effect on the action (usually fluorescence) induced by the PROBE laser. There is

only one TC-RFWM energy level diagram for hole-burning spectroscopy, because both

transitions sample the initially populated level and their labeling as PUMP and PROBE is

arbitrary [19].

4.2 Observation of N+
2 and C2

4.2.1 Introduction

Interstellar Medium  Plasma generated by Electrical Discharge
 in the Lab

Figure 4.10: Ionized Environment.

Spectroscopic studies of gas-phase molecular ions and in natural environments unsat-

urated carbon-chain radicals provide an important means to enable their identification.

Such transient species play crucial roles in combustion, plasmas and ionized environ-

ments prevalent in interstellar space (Figure 4.10). The studies furthermore would make

a radio-astronomical search for these species in the dense interstellar clouds possible.

Atomic hydrogen (H) is efficiently converted to H2 on the surfaces of the cosmic dust

grains and therefore little H remains in the gas phase. Much or most of the chemically
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active atoms then react with H2 and each other, to form the many observed molecules by

a complex web of reactions. In this synthetic process ions produced by cosmic rays are

thought to play a key role [20]. There are several ions which are particularly important

in the formation of interstellar molecules, most notably C3H+
3 [21] and SiCCH+ [22]. Ion-

Figure 4.11: Molecules identified in the interstellar gas and in circumstellar shells, ranked by
number of atoms. Reproduced from [23].

molecule reactions are especially important because their reaction cross-section may be

hundreds or thousands of times larger than the geometrical cross section of the molecules

involved. Moreover, such reactions typically have no activation barrier, and so remain

very rapid at temperatures close to absolute zero where many neutral molecule reactions

are frozen out [24]. Positive ions are readily formed in the interstellar gas. At least eleven

positive molecular ions have now been detected in space (Figure 4.11). Probably many
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more will be found when laboratory rest frequencies are in hand. Besides H2 carbon has

an exceptional position (refer to Figure 4.11) [25, 26].

In 2004, Maier et al. [27] summarized the current situation in the context of laboratory

studies carried out in recent years not only on bare carbon chains, but also their ions and

simple derivatives containing hydrogen or nitrogen. This is of interest as the number of

microwave studies of carbon chain cations is still rather limited [28]. Carbon is abun-

dant in the universe. The carbon atoms readily form stable compounds with themselves

and with atoms of other elements, like H, N, and O. The addition of any of the three

A)

B)

C)

D)

Backward
BOXCARS
Geometry

Figure 4.12: Laser spectroscopic techniques. The relevant energy level diagrams are on the left.
Upward-facing arrows indicate photon absorption (or conversion); downward-facing arrows de-
pict photon emission; ωi = 2πν are the frequencies of the fields involved. The right column de-
picts a simplified experimental setup for the corresponding method with beam(s) and detection
arrangements. [?]



92 4. Molecules studied by four wave mixing spectroscopy

remaining elements to carbon increases enormously the number of possible stable com-

pounds. Besides, the radioastronomical observation of many interstellar molecules with

a carbon skeleton point to carbon as the basic building material of the carriers of DIBs.

Inert-gas matrix studies of the cations of fullerenes, PAHs, and of neutral and charged

carbon chains that contain additional hydrogen or nitrogen atoms have shown that these

systems may be responsible for the existence of DIBs. However, no convincing identi-

cation exists to date [29]. Another exceptional element is nitrogen, because it can easily

replace carbon atoms in molecules to form chain, planar or spherical systems. Elemen-

tary nitrogen element is also considered to be the possible candidates for DIB carriers,

but some contribution of heavier elements to the formation of such molecules cannot be

excluded.

For the laboratory studies of such species, a variety of spectroscopic techniques are

available. The particular strengths and weaknesses of the techniques govern the viabil-

ity of their application. The factors which can be considered before choosing a technique

include sensitivity, dynamic range, applicability to a variety of chemical species, the capa-

bility for multidimensional measurements, the capability for quantitative measurements

and the degree of experimental complexity. Among the leading diagnostics are spon-

taneous Raman scattering, LIF and CARS, which are compared in Figure 4.12. DFWM

and its variant TC-RFWM has received a renewed attention as the technique offers many

advantages. DFWM is a non-linear optical process. It is background-free and produces

Figure 4.13: Spectrum obtained with a plasma of nitrogen (100 slpm) diluted into argon (50 slpm).
The plasma generated with a 50 kW radio-frequency inductively plasma torch operating at atmo-
spheric pressure. Rotational temperature of 4850 K has been obtained. Reproduced from[30].
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a coherent signal which can be discriminated from scattered radiation [31]. The process

does not suffer from fluorescence quenching compared to incoherent techniques, such

as LIF [32, 33]. DFWM can therefore probe non-fluorescing species. The dynamic range

which can be covered is large. It has also proven to be highly sensitive, with obtained

signal-to-noise (S/N ) ratios as high as 104 with the species concentrations present in a

discharge [34]. These make DFWM particularly attractive for measurements in luminous

and harsh environments like air and nitrogen plasmas.

Accurate spectroscopic measurements of temperature and species concentrations in

air and nitrogen plasmas are of importance for the understanding of atmospheric reen-

try flows, and for the characterization of arcjets, radiofrequency or microwave plasma

torches. In addition, nitrogen plasmas have much potential application in industry for

the modification and improvement of the biological and chemical properties of the sur-

face of different materials (hardness, anti-corrosion and wear). Flowing post-discharges

in nitrogen-containing plasmas have been used for steel surface nitriding [35], for thin-

film deposition [36] and more recently in bacterial sterilization [37]. In order to gain a

better understanding of elementary processes occurring in these media, also with the aim

of improving the efficiency of its applications, a large number of both experimental and

theoretical works have appeared in the literature during the last few decades (see [38] and

references therein). In air or nitrogen plasmas, the 0-0 band of the N+
2 first negative system

has often been used for rotational and vibrational temperature measurements. Figure 4.13

shows a part of this spectrum. In the figure, slpm is the flow rate unit ‘standard liters per

minute’.

In order to aid some proposed laser experiments and astronomical observations of O+
2

and N+
2 , some of the molecular constants have been remeasured. Although spectra of N+

2

have been known for many years, there were serious omissions of the constants of their

ground electronic states [39]. Rotational analyses of the B 2Σ+
u - X 2Σ+

g system of the 14N+
2

molecule have been extended to include the vibrational levels up to v′ = 4. The appli-

cation of cavity ringdown laser absorption spectroscopy (CRDS) has been demonstrated

by the measurement of the (6,0) band of A2Πu-X2Σ+
g transition in N+

2 molecule [40]. This

electronic transition in the near infrared, known as the Meinel bands, has been studied by
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several investigators [41, 40].

In the work reported, here, the potential of DFWM for cation spectroscopy has been

tested by applying it to the detection of B 2Σ+
u - X 2Σ+

g transition of 14N+
2 with the ori-

gin at 391.03 nm. Until now, the FWM technique has been used for measurements in

molecular free-jet expansions only for a limited class of relatively small molecules and

radicals, such as formaldehyde, SO2 [42, 43], SiC2 [44], C2H2 [45], CS2 [46], C3 [47] gen-

erated by laser vaporization, predissociation spectroscopy of NO [47, 48]. The detection

of C2 and of HC4S also have been reported in a supersonic slit-jet discharge with DFWM

and TC-RFWM [49, 50]. To date, FWM has not been applied to cations in a discharge.

The first detection of a molecular cation N+
2 by DFWM with origin at 391.0 nm has been

reported. A high-quality absorption spectrum of nitrogen ions by DFWM has been ob-

tained. DFWM is very critical to the alignment of the input beams. The measurement

of singlet-singlet transition of C2 with origin at 385.06 nm by the same configuration has

been demonstrated. This transition is excited from a state 8391 cm−1 above the ground

level. This finding is important and promising, because, it paves the way to look for the

vibronic bands of different molecules or radicals, as well.

4.2.2 Experimental

Radicals have been generated by pulsing pure nitrogen or C2H2/Ar gas through a 30.0

mm×1.0 mm slit-jet nozzle. A short (∼ 10 µs) negative high voltage pulse (∼ -1000 V) is

applied to the electrodes. The timing between the gas pulse, discharge and laser is opti-

mized by the help of a digital delay generator with nanosecond (ns) resolution. Backing

pressure of 10 bar is used with a cavity pressure of about 0.04-0.06 mbar. The point of

observation height is set to∼ 3 mm after the orifice of the nozzle. A dye laser pumped by

the third harmonic of a Nd:YAG laser operated at 20 Hz produced pulses of 8 ns duration.

PBBO dye is used allowing continuous coverage of the 386 to 420 nm spectral range with

a 0.1 cm−1 linewidth. An intracavity etalon enabled reduction of the laser linewidth by a

factor of 5. The laser energy is of the order of 1 mJ per pulse and variable neutral-density

filters are used to reduce the laser-beam intensity because saturation of the FWM signal

results in broadening of the absorption lines. Frequencies are calibrated by a wavemeter
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(High Finesse/Angstrom, WS7). The beam is spatially filtered by a set of pinholes and

a telescope in order to obtain a homogeneous profile. Broadband dielectric mirrors and

beamsplitters divide the light into three collinear components and a lens of 1000 mm focal

length overlaps the beams in the center of the vacuum chamber close to the orifice of the

slit nozzle. The crossing angle of the beams is set to 1.4◦ while the beam diameter is about

2 mm in front of the focusing lens defining an overlap region with the plasma produced

by the slit source of ∼ 22 mm in length. The setup is shown in Figure 4.14. The rest of the

configuration has been identical to the one explained in [49]. Thus, the absorption spectra

of N+
2 and C2 have been recorded, whereby the former is found to be produced in a time

earlier by a factor of 10 than the later.

BS1

Ir

Valve

R

SF

R

Ir

Ir
Ir

R

RR

Ir

Ir

L

BS2

Figure 4.14: Schematic of the experimental setup used for Degenerate Four-Wave Mixing. The
Nd:YAG laser is triggered electronically by a pulse generator. R represents broadband dielectric
reectors, P is a prism, BS1 is a 70:30 and BS2 is 50:50 broadband beamsplitter, SP represents spatial
filters, L is lens, Ir is iris and M is a mask. The pulse generator triggers the oscilloscope which
sends data to a computer. Control of the timing between lasers, valve opening and the high-
voltage (HV) pulse applied on the source electrodes is done by the pulse generator via a computer
analogical card. The signal travels along a 4-meter path consisting of spatial filters, resulting in
efficient elimination of scattered light and emission from plasma.



96 4. Molecules studied by four wave mixing spectroscopy

4.2.3 Results and discusson
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Figure 4.15: 0-0 band of the B 2Σ+
u ←− X2Σ+

g electronic transition of N+
2 measured by degenerate

four-wave mixing. The simulation indicates a rotational temperature of 170 K. The signal-to-noise
ratio observed is 103 for the strongest transitions. The inset contains a magnified portion to show
the rotational lines with resolved doubling.

Detection of the origin band of B 2Σ+
u - X 2Σ+

g transition of N+
2 A strong FWM signal

is observed when the laser is tuned to the origin band of the B 2Σ+
u ←− X2Σ+

g electronic

transition of N+
2 . The spectrum obtained is shown in Figure 4.15. The absorption spec-

trum is the blue degraded 0-0 transition of the first negative band of the nitrogen ion with

the origin at 391.03 nm [51]. A large number of rotational lines have been observed. The

pgopher software using a Boltzmann distribution of rotational level population has been

used to produce the simulation. The spectroscopic constants from [52] have been taken

and a rotational temperature of 170 K was assumed for the simulation. The experimental

spectrum matches perfectly the simulated one. The comparison between the two pro-

vides both N+
2 ion density and the rotational temperature (Tr) in the X 2Σ+

g ground state

and the B 2Σ+
u excited state. N+

2 ion density as low as 109 ions cm−3 in the discharge could

be easily measured.
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The spectral profile of individual lines is well reproduced with a FWHM Gaussian of

0.1 cm−1 (1.5286 pm) and Lorentzian of 0.005 cm−1 (0.076 pm). The calculated Doppler

width of the rotational lines of N+
2 is ∼ 0.748 pm, i.e., 0.0489 cm−1 at 170 K. The DFWM

signal detected amounts to S/N > 103 for the strongest transitions. With S/N of about 104

for DFWM, the sensitivity of this setup is estimated to be 109 ions cm−3. The maximum

absorbance of 6% is observed in the P branch. The factor of 2 alternation in the intensity

of the even rotational lines compared with the odd ones, due to the nuclear spin statistics

[53] is not exactly reproduced as in the simulation. This is indicative of the absorption

saturation phenomenon at the experimental conditions used. A clear progression in the

rotational line doublets is observed in the high J transitions of the P and R branch due

to the spin multiplicity [51]. Several rotational lines have been identified and indicated

in the Figure 4.15. For high laser powers (several hundreds of µJ) saturation of the spec-

383.8 384.0 384.2 384.4 384.6 384.8 385.0 385.2
Air Wavelength/nm

0

2

4N
o

rm
a

liz
e

d
 I

n
te

n
si

ty
 /

 n
m

C
2
  C

1
!g - A

1
!u (0

0
)0

DFWM

Simulation
Trot = 140 K
   "# = 0.28 cm-1

Figure 4.16: 0-0 band of the C 1Πg ←− A1Πu electronic transition of C2 measured by degenerate
four-wave mixing. The simulation indicates a rotational temperature of 140 K.

trum was observed. The spectrum would then display a broad envelope, showing no

rotational structure. When the laser-power intensity is reduced (to 20-100 µJ) different
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branches could be easily resolved. The spectrum is recorded near the nozzle slit, where

the temperature of the radicals is higher. At the higher resolution achieved with an intra-

cavity etalon, the intensity and line positions in the scan obtained (Figure 4.15) is found

to be in good agreement with the simulation. For these preliminary measurements, the

rms of the fitted experimental line positions is 0.02 cm−1, which is smaller than the laser

linewidth. About 46 lines are used in the fit with J up to 14.5 in the P branch.

Detection of A 1Πu −→ C1Πg transition of C2 The origin of this transition is 385.06

nm, which is readily detected within the spectral region of the dye. The 0-0 band ob-

tained is shown in Figure 4.16, with a rotational temperature of 140 K. The spectral pro-

file of individual lines is reproduced with a Gaussian of 0.25 cm−1 and Lorentzian of 0.03

cm−1, FWHM. This demonstrates the potential of DFWM on probing different radicals

produced in the same region of the plasma. The radicals can be, even, at different rota-

tional temperatures. The spectra of the different radicals can be obtained by just varying

the delay between the probe beam and the discharge pulse.

4.2.4 Conclusion

In this chapter four wave mixing spectra of C2 and for the first time, of a cation N+
2 pro-

duced in a slit-jet discharge were presented. A coherent beam which can be discriminated

from laser scattering and plasma emission results in high S/N spectra and a high DFWM

sensitivity. It has been applied to obtain the B2Σ+
u ←− X2Σ+

g system of N+
2 alongwith

C1Πg ←− A1Πu electronic transition of C2 with the same configuration with a slight ad-

justment of the alignment. This shows the versatility of the technique for the detection of

radicals over a wide range. The technique provides a spectroscopic tool to facilitate the

unambiguous assignment while offering the possibility of disentangling the overlapping

components using TC-RFWM which is a modified version of DFWM.
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4.3 Detection of HC2S

4.3.1 Introduction

The A 2Πi - X 2Πi electronic transition of HC2S has been extensively investigated experi-

mentally by means of several techniques as well as theoretically. This radical has attracted

interest because of the identification of sulfur containing carbon chains by radio astron-

omy [60, 61, 62]. Furthermore, it is a tetra-atomic molecule exhibiting the Renner-Teller

effect for which a theoretical framework has been developed. It is thus a suitable candi-

date for testing the theory. Its spectrum was first reported by the flash photolysis of thio-

phene. Rotational parameters (Beff and D0) were inferred from emission spectra obtained

between 390 and 450 nm in a radio-frequency discharge [63]. Spin-orbit calculations were

made taking Renner-Teller interactions into account [64]. The ground state was studied

in a slit-jet supersonic discharge by fluorescence [65] and dispersed fluorescence [66]. Ef-

fective Hamiltonian matrix calculations were carried [67] out for a tetra-atomic molecule

(including RennerTeller coupling terms, bending mode anharmonicity, spin-orbit cou-

pling, and Fermi resonance interactions) in order to shed light on the complex ground

state vibrational structure of this radical. Another study was able to retrieve the ν4 and ν5

bending mode harmonic frequencies from microwave spectroscopic data as well as other

constants.

Rotationally resolved spectra of HC4S have already been reported [68]. These initial

experiments clearly established that the ground state of this radical is linear of 2Π symme-

try with inverted spin sublevels. In addition the microwave spectra allowed an accurate

determination of the effective molecular constants for the ground state including hyper-

fine parameters. Optical spectroscopy of HC4S was reported with LIF characterization of

HC4S and DC4S in a free jet environment [69]. The observed bands are due to the 2Π3/2 -
2Π3/2 component. Band origins and effective rotational constants have been determined

for both isotopologues. The analysis yielded effective rotational constants for several vi-

brational states of the upper electronic state. Recently ground-state vibrational levels of

HC4S have been the focus of a dispersed fluorescence study from single vibronic levels

[70].
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In order to gain further insight into the low-lying ground state levels of 2Π3/2 symme-

try we have obtained rotationally resolved spectra by using TC-RFWM. The high selectiv-

ity of the optical-optical double-resonance method permits the unambiguous assignment

of rovibronic DUMP transitions occurring upon specific excitation of one or a few over-

lapping rotational transitions in the origin band of the A 2Π3/2 - X 2Π3/2 system. The

DUMP transitions observed are between the vibrationless A 2Π3/2 state and low-lying

vibrational levels (388-582 cm−1) of the X 2Π3/2 ground electronic state of HC4S. We also

report similar measurements of the 0-0 band of the A 2Π3/2 - X 2Π3/2 electronic transition of

HC2S. Effective rotational constants were determined for the levels observed previously

by dispersed fluorescence.

4.3.2 Experimental setup

The slit of the discharge source is 30 mm×1 mm in size and a negative potential of 1.2

kV is applied to the electrodes separated by a distance of approximately 1 mm. Refer to

Figure 4.14. Backing pressures of 5-10 bar were used and the pressure in the chamber is

0.05 mbar. The timing between the two lasers, the opening of the valve and the discharge

voltage were controlled by a fast electronic delay generator. These timings were critical

for the efficient production of the HC2S and HC4S radicals, which were generated by us-

ing a C2H2/CS2/Ar (1%/0.5%/98.5%) mixture as precursor. The discharge pulse length

was in the range 0.3-3 µs, resulting in a short but intense pulse of radicals. A dye laser

with an intracavity etalon is used in conjunction with a double grating dye laser pumped

with the 355 nm output of two Nd:YAG lasers. Frequency calibration is achieved with a

wavemeter. The spectral bandwidth of the two laser sources was around 0.05 cm−1. For

DFWM, one of the lasers was split into three different components of equal intensities by

broadband beamsplitters and sent into the vacuum chamber in a BOXCAR configuration

[71] using broadband dielectric mirrors. The energy of the lasers used for recording the

spectra was hundreds of µJ to 1 mJ per pulse and after attenuation using neutral density

filters. For TC-RFWM, the third beam was replaced by the second laser beam (probe)

and scanned in frequency as the pump laser remained at a fixed wavelength. A series
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Figure 4.17: Two-color resonant four-wave mixing spectrum. Several R-transitions in the band-
head of the 00

0
2Π3/2 - 2Π3/2 of HC4S transition are simultaneously excited by tuning the PUMP

laser to the bandhead of the origin band at 19982.58 cm−1. By scanning the dump laser an
overview of the ground state vibrational levels in the vicinity of 51 is observed. The two arrows
show unassigned bandheads.

of spatial filters and irises were used to obtain the beam with a Gaussian TEM00 profile

(∼1 mm waist). In the detection arm, a 6-m pathlength lined with irises and spatial filters

helped reject the stray radiation against the signal beam which is coherent and collimated,

resulting in nearly background-free spectra. The signal was detected with a UV photo-

multiplier. Special masks were used to position the three beam crossing angles (which

were around 1.4◦) in order to satisfy the phase-matching condition (Bragg condition) [72].

In order to maximize signal production, the pump beams were positioned so that the

optically induced fringes were directed along the flow of molecules in the supersonic ex-

pansion [72]. The signal was digitized by a fast oscilloscope and averaged during 2-3

seconds for every single point of the spectrum.
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4.3.3 Results and discussion

The A 2Π3/2 - X 2Π3/2 transition of HC4S: TC-RFWM

Guided by previous rotationally resolved DFWM experiments on the origin band and the

dispersed fluorescence data [70] we have obtained rotationally resolved double-resonance

spectra by applying the TC-RFWM technique. After exciting known rotational transitions

in the 00
0 band of the A 2Π3/2 - X 2Π3/2 transition with the PUMP beams, the DUMP (or

probe) laser is scanned in the vicinity of the 51 vibrational level of the electronic X 2Π3/2

ground state. An overview is obtained by tuning the PUMP laser to the bandhead at

19982.58 cm−1 thus exciting several transitions in the R-branch (J = 15.5-40.5) and scan-

ning the DUMP laser between 19400 and 19435 cm−1. The rotationally resolved spectrum

observed is shown in Figure 4.17. Three dominant features are observed which are dis-

Table 4.1: Results for the rotational fits of the bands originating from the ground state in the 2Π3/2

- 2Π3/2 electronic transition of HC2S and HC4S.

Label T0ν B′′
eff Residuals×10−2 ∆E Assignment (B′′

ν - B′′
0)×10−3

HC4S
19414.61(1) 0.047946(11) 0.7 566.07 8191 0.14(1)
19431.68(1) 0.047861(3) 0.6 549.00 51 0.05(1)

HC2S
24 22556.95(1) 0.19617(9) 2.8 1742.56 4252 0.39(9)
23 22587.24(1) 0.19731(2) 0.6 1712.26 3142 1.54(2)
20 22648.56(1) 0.19683(3) 1.5 1650.95 314151 1.06(3)
19 22680.750(3) 0.19671(1) 0.8 1618.76 4351 0.93(1)
18 22703.09(1) 0.19582(5) 2.7 1596.41 32 0.04(5)
16 22746.69(1) 0.19559(5) 2.7 1552.81 314151 -0.19(5)
14 22784.75(1) 0.19672(4) 1.8 1514.76 42 0.94(4)
13 22792.09(1) 0.19665(5) 1.4 1507.41 3152 0.87(5)
12 22800.31(1) 0.19682(4) 0.9 1499.19 4252 1.04(4)
11 22845.93(1) 0.19715(2) 0.8 1453.58 4153 1.37(2)
6 23429.14(1) 0.19693(8) 2.5 870.36 42 1.15(8)
5 23477.25(1) 0.19586(4) 2.6 822.25 4151 0.08(4)
4 23523.05(1) 0.19558(3) 1.9 776.46 31 -0.21(3)
2 23623.53(1) 0.19614(4) 1.2 675.97 52 0.36(4)

placed from the pump laser frequency by 549.23, 566.40 and 576.18 cm−1. Each peak dis-
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plays, in addition, another feature with rotational substructure displaced to the red by∼ 5

cm−1. As has been discussed (Figure 7 in [49]), the analogous excitation of the bandhead

and subsequent scanning in the region of the origin band yields a rotational structure

which is similar to the bands observed in Figure 4.17. Thus, we assign the features in

the SEP spectrum to three parallel transitions that occur from the excited rotational levels

in the 00 A 2Π3/2 state. Based on the previous dispersed fluorescence measurements, we

attribute the observed rotational structures around 19430 cm−1 and 19412 cm−1 to the 51
0

and 80
190

1 transitions, respectively. The fitted effective rotational constants are presented

in Table 4.1.

Figure 4.18: Rotationally resolved stimulated emission pumping by two-color four-wave mixing
trace near 22700 cm−1, recorded in the vicinity of the 50

2 vibronic 2Π3/2 - 2Π3/2 transition of HC2S.
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Rovibronic levels of the A 2Π3/2 - X 2Π3/2 electronic transition of HC2S

The pump laser is tuned to the bandhead of the A 2Π3/2 - X 2Π3/2 origin electronic tran-

sition. Figure 4.18 gives an overview of the spectrum recorded when the probe laser is

scanned in a 350 cm−1 range located around the 42 vibronic feature. The third major peak

Figure 4.19: Portion of the high resolution scan showing several ground state rovibronic features
of HC2S by two-color four-wave mixing. The pump laser is set on the bandhead of the 2Π3/2 -
2Π3/2 origin band. Notice the high S/N (∼103) achieved by the method enabling to carry out a fit
on the weakest features like the 4252 band.

at∼ 19406 cm−1, displaced 576 cm−1 from the origin, has also been observed by dispersed

fluorescence but could not be definitely assigned. It has been suggested to correspond to

a lower Renner-Teller component of a higher bending vibration. A weaker, unassigned

component at ∼ 19410 cm−1 not previously reported by LIF was also present.

The phase matching condition [72] requires that the incident beams subtend different

angles as the probe is scanned in frequency. However, in practice, a small phase mismatch

is permitted and a phase-matching bandwidth of∼ 900 cm−1 is achievable with our setup

without major realignment. A high S/N ratio is achieved on the stronger transitions (∼
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103) because of the inherent background-free character of the FWM technique, enabling

an accurate determination of line positions. In addition, the ground vibronic levels are ro-

tationally resolved, as displayed on Figure 4.19. For these measurements, the intracavity

etalon was removed from the pump laser, enabling a larger number of excited transi-

tions. This resulted in the observation of ∼ 13 lines in the P branch, namely P1(7.5-19.5).

For these measurements, the intracavity talon is removed from the pump laser, enabling

a larger number of excited transitions. This resulted in the observation of∼13 lines in the

P branch, namely P1(7.5-19.5).

The results of the rotational fits are shown in Table 4.1 for the observed ground state

vibrations, with the pump beam set on the R branch (bandhead) of the A 2Π3/2 - X 2Π3/2

origin. The rotational constants in the A 2Π3/2 state were taken from [63] and kept fixed

while B′′
eff and T00 were varied. The centrifugal distortion term is kept fixed as the num-

ber of rotational transitions observed is not high enough to enable its reliable determina-

tion. Provided are more precise determinations of the vibrational frequencies than previ-

ously measured by dispersed fluorescence [66]. The rotational constants inferred in [63]

for commonly detected ground state vibrations labeled 5 and 16 are in agreement with

our findings to within a standard deviation. Their tentative assignment of band 16 is in

disagreement with a recent study of this molecule [66]. We could not deduce a direct

linear trend in the variation of the rotational constant versus the vibrational excitation

rank. This is probably due to the complex Renner-Teller interaction. There are two vi-

bronic bands (4 and 16) for which the rotational constant decrease rather than increase,

relatively to the v = 0 vibrationless state. Both of them involve one quanta of the C-S

stretching mode. A detailed theoretical ab initio study of the ground state vibrations of

this radical will help in the analysis of the rotational constants variation with vibrational

quantum numbers.

4.3.4 Conclusion

Degenerate and two-color FWM spectra were recorded and analyzed for the A 2Π3/2 - X
2Π3/2 electronic transition of HC2S and HC4S. The high S/N ratio enables the precise de-

termination of the line positions. Rotational constants for selected ground state vibrations
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with 2Π3/2 symmetry are determined for both radicals, the double-resonance technique

providing unambiguous assignment. The position of the rovibronic bands has been de-

termined with higher precision compared with previous studies. This work will serve as

a basis for ab initio calculations on HC2S in order to give a better understanding of the

complex ground-state vibrational structure of the radical due to Renner-Teller coupling,

spin-orbit interaction and Fermi resonances.
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A high-resolution study of the X̃2Π3/2 ground state rovibronic energy levels of jet-cooled HC2S radical using
the double-resonance two-color four-wave mixing technique (TC-RFWM) is reported. The rotational structure
of the bands is observed by excitation of selected R-branch lines in the origin band of the Ã2Π3/2-X̃2Π3/2

electronic system. The second laser frequency is scanned to transfer the population from the rotational level(s)
of the upper state to selected vibronic levels of the ground state. Fourteen rotationally resolved vibrational
bands have been recorded for energies up to 1800 cm-1 above the v′′ ) 0 X̃2Π3/2 electronic ground state.
Effective rotational constants and origins are determined for levels that involve fundamental and overtone
combinations of the ν3 (CS stretch), ν4 (CCH bend), and ν5 (CCS bend) vibrations. This illustrates the power
and advantages of the TC-RFWM approach for the study of the ground state manifold of reactive intermediates
produced in low concentrations with high resolution, good signal-to-noise and wide dynamic range.

I. Introduction

The resonant four-wave mixing (RFWM) technique has been
recently applied to spectroscopic investigations of charged and
neutral species generated in a supersonic discharge.1–3 The
detection limit of ∼108 molecules cm-3 or lower determined in
these studies is comparable to that achieved for laser induced
fluorescence (LIF) or cavity ring-down spectroscopy (CRDS)
rendering the RFWM technique highly competitive.1,2,4 Com-
pared to linear methods, the application of RFWM can be
advantageous due to complementary capabilities.2,5 The high
signal-to-noise ratio stems from the fully resonant processes
involved and from an essentially background-free signal.
Furthermore, because the method is based on molecular absorp-
tion, it is not dependent on the lifetime of the upper level and
is consequently applicable to the detection of predissociative
or short-lived excited states.6–8 The nonlinear character of the
coherent method introduces the quadratic scaling of the signal
intensity with species number density.9 This is considered as a
limitation of its sensitivity but leads also to a high dynamic
range of the RFWM response. RFWM has been exploited in a
variety of environments including flames, low-pressure gases
and to a lesser extent in supersonic free-jet expansions.10–12

The paper presents the spectroscopic study of the ground state
energy levels of HC2S radical. It shows that the RFWM can be
a superior method for studying the molecular structure in the
ground state. From the analysis of the rotationally resolved
spectra new structural parameters are determined for a number
of vibrational energy levels. The unambiguous spectroscopic
assignment can be prepared in a straightforward manner using
intermediate level labeling. We show that the approach is
applicable to the species present in low concentrations and the

spectra can be measured with a high signal-to-noise ratio due
to a fully resonant process. The method is background free in
contrast to absorption techniques where a weak signal need to
be extracted from a large, fluctuating one. The laser-like signal
is detected due to coherent character of the four-wave mixing
process and the signal beam can be probed remotely without
significant loss, reducing background due to stray light. This
approach shows the potential of providing a detailed insight to
the spectroscopic pattern in the ground state manifold. An access
to high lying energy levels in the ground state can also be useful
in studies of the reactive properties of transient species such as
unimolecular dissociation.

The investigations discussed here utilize a two-color variant
of resonant four-wave mixing (TC-RFWM) resulting in a
stimulated emission pumping (SEP) type experiment. Classi-
cally, the SEP method is based on optical-optical double-
resonance involving two laser beams.13,14 The first beam (PUMP)
transfers population from an initial ground state to a specific
level in the electronic excited state while a second beam
(DUMP) is used to bring the population back to the ground
state manifold. The common SEP detection relies on the
competition between spontaneous and stimulated emission by
the DUMP laser and results in a small decrease in fluorescence
(fluorescence-dip) signal. Only fluorescing molecules can be
studied using this technique. In contrast, TC-RFWM does not
rely on fluorescing molecules and provides often superior signal-
to-noise ratios. The signal is generated by a nonlinear process
coupling three input laser beams (2 PUMP and 1 DUMP) that
are (i) resonant with two molecular transitions, (ii) share a
common (upper) level, and (iii) satisfy the phase matching
condition. The double-resonance feature offers a high selectivity
for species detection. In addition, intermediate level labeling
simplifies complex and congested one-color spectra, allowing
precise measurements of line positions and, in most cases, a
straightforward assignment of the observed transitions. However,
the technique is sensitive to alignment and requires a high
quality laser spatial profile as well as good control of beam
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intensities to avoid broadening of the molecular transitions due
to saturation effects. A variety of theoretical investigations of
TC-RFWM can be found in the literature including discussion
of the polarization-based schemes and saturation effects.15–18 The
derivation of the signal intensities based on diagrammatic pertur-
bation theory was particularly well tested experimentally.15,19,39

The interest in HC2S stems from its importance in interstellar
chemistry. A number of sulfur containing carbon chains have
been detected by millimeter-wave techniques in star forming
regions and in circumstellar envelopes20 and their importance
in understanding physical conditions in these regions was
discussed.21 Although HC2S has not been yet detected in space,
it is expected to be an important intermediate for the formation
of large sulfur-containing molecules.22 Two bimolecular reac-
tions are proposed to contribute to the synthesis of HC2S under
interstellar conditions: the sulfur cation with acetylene and the
carbon dimer with H2S.22,23

HC2S has been extensively studied by spectroscopy. Since
its first detection via the Ã2Π-X̃2Π electronic transition in flash
photolysis of thiophene,24,25 HC2S has attracted considerable
attention by experiment and theory. It is an example of a tetra-
atomic molecule that exhibits a complex coupling of the
spin-orbit and Renner-Teller effects. In this context, a number
of experimental and theoretical approaches were applied to study
the vibrational and rotational structure of this molecule in both
the ground and excited state. The ground state structural
parameters determined initially from the emission spectra studied
in the range 390-450 nm26 have been improved by millimeter-
wave spectroscopy for several vibrational bands including the
ν4 and ν5 bending modes frequencies.27,28 The extensive studies
by dispersed fluorescence have provided the spin-orbit splitting
of 259 cm-1 in the ground state and the vibrational energy levels
up to 1700 cm-1.29 The excited state of HC2S was investigated
by LIF yielding complex rovibrational structure.30,31 In parallel,
theoretical studies attempted to combine spin-orbit with
Renner-Teller interactions to explain the experimental
findings.32,33 Effective Hamiltonian calculations were carried out
to shed light on the complex ground state vibrational structure
of this radical.34,35 In model calculations accompanying the LIF
studies it has been shown that the large Renner-Teller effect
observed in the excited state and the different HCCS and DCCS
excited state zero-point spin-orbit splitting can be explained
with the assumption of a quasilinear excited state geometry.31

In spite of considerable advances made in the understanding of
the spectral complexity of HC2S, the theoretical approaches
developed so far do not offer an unambiguous explanation of
all features observed.33

In this paper, the structure of the X̃2Π3/2 ground state of the
HC2S radical is further characterized by measuring rotationally
resolved spectra of vibrational levels by TC-RFWM. Due to
the high sensitivity of the method 14 excited vibrational states
could be observed in the ground state manifold, 650-1800 cm-1

above the v′′ ) 0 X̃2Π3/2 level. The selectivity of the
optical-optical double-resonance method permits an unambigu-
ous assignment based on intermediate level labeling and yields
effective rotational constants and band origins.

II. Experimental Setup

The HC2S radical was produced by a slit-jet discharge.36 The
slit length was 30 mm × 1 mm and -1000 V was applied to
the electrodes, which were separated by 2 mm. The discharge
pulse length was 3-10 µs, resulting in a short but intense pulse
of radicals. During the operation of the assembly at 10 Hz, a
pressure in the source chamber of approximately 0.05 mbar was

maintained by the vacuum system for a backing pressure of
5-10 bar. The timing between the two lasers, the triggering of
the valve and the discharge voltage were controlled by a fast
electronic delay generator. These timings are critical for the
efficient production of HC2S which was generated by using a
C2H2/CS2 (1%/0.5%) mixture in argon as precursor. The optical
configuration used has also been described.3 Two separate
Nd:YAG pumped dye lasers were used, one with an intracavity
etalon and the other with a double grating. The spectral
bandwidth of the two laser sources was around 0.05 cm-1.
Frequency calibration was achieved by a wavemeter with an
accuracy of 0.002 cm-1. For degenerate four-wave mixing, one
of the lasers was split into three components of equal intensities
by broadband beam splitters and sent into the vacuum chamber
in a BOXCARS configuration.37 The output energy of the lasers
used was attenuated with neutral density filters. In case of TC-
RFWM measurements, the third beam was replaced by the
output of the second laser (probe or DUMP) and scanned in
frequency as the PUMP laser remained at a fixed wavelength.
The signal beam, which is coherent and collimated in nature,
was separated from the stray radiation by a 6 m detection arm
consisting of several irises and spatial filters to obtain nearly
background-free spectra. The signal was detected with a
photomultiplier. Special masks were used to position the three
beam crossing angles (∼1.4°) to satisfy the phase-matching
condition k1 + k3 ) k2 + k4, where the wave vectors k1, k2

(PUMP), and k3 (probe) generate the signal beam wave vector
k4.9 The PUMP beams were positioned such that the optically
induced fringes were directed along the flow of molecules in
the supersonic expansion.7 The polarizations of the three beams
were vertical in the laboratory frame. The signal was digitized
by a fast oscilloscope and averaged for 2-3 s for every scan
step of the spectrum.

III. Results and Discussion

Initial experiments were performed by applying DFWM
spectroscopy on the origin band of the Ã2Π3/2-X̃2Π3/2

transition of HC2S. The spectrum is reproduced in Figure 1
and shows a well resolved P-branch and a heavily congested
R-branch. A least-squares fit to the resolved line positions
by means of the PGOPHER program38 was carried out by
constraining the rotational and centrifugal distortion constants

Figure 1. Rotationally resolved DFWM spectrum of the origin band
of the HC2S Ã2Π3/2-X̃2Π3/2 electronic system. The inverted trace is
the square of the PGOPHER simulation, assuming a Lorentzian line
shape (0.1 cm-1 fwhm) and a rotational temperature of 60 K.
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of the Ã2Π3/2 state to the values given in ref 26. The
spectroscopic constants found in the previous measurement,21

such as the rotational constant of the lower state, B0′′ )
0.195 693(11) cm-1 and the origin at T00 ) 24 299.4430(20)
cm-1 were confirmed. The low J-numbers observed for the
jet-cooled radicals prevent an accurate determination of the
quartic centrifugal distortion constant, which therefore was
fixed at 2.4 × 10-8 cm-1. A simulated DFWM spectrum at
a rotational temperature of approximately 60 K is shown
inverted in Figure 1. The excellent agreement with the
published values validates the procedure for the evaluation
of rotational constants and band origins and will be applied
in the following for the rotational analysis of higher lying
vibrational levels measured by TC-RFWM.

Rotationally resolved double-resonance spectra were ob-
tained by applying the TC-RFWM technique. The pump
beams were tuned to known rotational transitions in the 00

0

band of the Ã2Π3/2-X̃2Π3/2 electronic system, exciting well-
defined rotational states of the upper level (intermediate level
labeling). Subsequently, with the pump laser frequency fixed,
the dump (or probe) beam was scanned in the range of
selected vibronic bands in the ground state that share a
common upper level with the pumped v′ ) 0 state. Note that
the phase matching conditions9 are met exactly only for one
combination of the pump and dump frequencies. Scanning
the latter causes a phase mismatch, which reduces the signal
intensity. However, in practice, the effect can be neglected
and a range of ∼900 cm-1 is achievable without major
realignment.7 The observed TC-RFWM spectra display
excellent signal-to-noise ratios up to ∼104 for the stronger
transitions and allow an accurate determination of line
positions. Furthermore, the expected simplification by the
double-resonance selection rules reduces ambiguities for the
assignment that occur in the one-color spectrum where
overlapping transitions are frequently present.

Figure 2 exemplifies the method and the assignment procedure
for rotational transitions. The frequency of the pump laser at
24 295.21 cm-1 corresponds to the P1(8.5) transition of HC2S
in the origin band of the Ã2Π3/2-X̃2Π3/2 electronic transition.
By scanning the probe laser over the same band, we obtain a
nearly degenerate two-color four-wave mixing spectrum (upper
trace). Alternatively, the probe laser is scanned around
23520 cm-1, addressing the vibrational level of the ground state
exhibiting one quantum excitation in ν3 (lower trace). The
resonant lines consist of the P1(8.5), R1(6.5), and R1(8.5)
transitions according to the insets in the figure. A minor
contribution of a neighboring transition of the pumped P1(8.5)
in the origin band is observed in the lower trace. In fact, P1(9.5)
is simultaneously excited due to saturation broadening and yields
the “satellite” transitions P1(9.5) and R1(7.5) in the 31

0 band.
TC-RFWM is thus able to characterize the high lying vibrational
levels in the X̃2Π3/2 state of the supersonically cooled radical
by SEP type approach.

As was demonstrated previously,3 a convenient way of using
TC-RFWM is to tune the pump laser to the band head where
numerous rotational levels are excited concomitantly due to
overlapping transitions. A scan of the probe laser yields then
several resonant transitions to the ground rotational level(s) in
a single spectrum. Figure 3 displays an example of TC-RFWM
spectra obtained by pumping the band head of the origin
transition at 24 301.9 cm-1. For these experiments it is advanta-
geous to remove the intracavity etalon of the laser to broaden
the bandwidth to approximately 0.15 cm-1 and to excite,
therefore, a broad range of P-branch transitions simultaneously

(J ) 9.5-21.5). The subsequent scan of the probe laser in the
vicinity of the 52

0 band gives rise to a large number of rotationally
resolved transitions that are in resonance with the labeled states
of the upper level. To avoid power broadening, the measure-
ments have been performed at input intensities below saturation
of the molecular transitions. An overview of the TC-RFWM
spectrum in the range between 22 500 and 22 900 cm-1 is shown
in Figure 3.

Figure 2. TC-RFWM spectrum. The pump frequency was fixed on
the P1(8.5) transition of the origin band of the Ã2Π3/2-X̃2Π3/2 transition
(PUMP). The probe was scanned through the origin (upper trace) and
31

0 (lower trace) bands. The nearly degenerate TC-RFWM (upper trace)
displays three transitions: the degenerate transition at P1(8.5) and two
R1 transitions sharing the upper and lower level (R1(6.5) and R1(8.5),
respectively). The SEP spectrum connecting the v′ ) 0 Ã2Π3/2 state to
the 31 X̃2Π3/2 level only exhibits two resonant lines that share the
common upper level with J ) 7.5 and v′ ) 0. The P1(9.5) transition,
and R1(7.5) which contributes to the 23535 cm-1 peak, are present due
to saturation effects (see text).

Figure 3. Rotationally resolved stimulated emission spectrum of
vibrationally excited ground state levels of the Ã2Π3/2-X̃2Π3/2 electronic
transition of HC2S. The pump laser was set on the band-head of the
Ã2Π3/2-X̃2Π3/2 origin and excites numerous rotational levels simulta-
neously. The horizontal scale (cm-1) at the top shows the energy above
the v′′ ) 0 X̃2Π3/2. The inset is the scheme of the double resonance
approach.
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0 band around 22 840 cm-1 is shown in more detail
in Figure 4. The rotationally resolved band structure resembles
a 2Π-2Π system with a weak Q branch. The assignment of
these transitions is straightforward. Intermediate level labeling
from the X̃2Π3/2 state by the pump laser yields only transitions
to levels in the ground state with the same spin component
Ω ) 3/2. If ambiguities are encountered for the assignment of
specific J-levels, the method described above using a narrow
bandwidth laser is applied and yields unambiguous results. The
substantial signal-to-noise ratio provides accurate line positions
suitable for the determination of effective rotational parameters.

A least-squares fit to the observed frequencies has been
carried out using the PGOPHER program38 and constraining
the molecular constants in the Ã2Π3/2 state to the values of ref
26. For each recorded band, two parameters are obtained, Beff′′
and the band origin. Around 14 lines were used for the fit of
each band. The resulting vibronic origins are determined with
a 10% higher precision compared to the previous work by
dispersed fluorescence.29 Furthermore, rotational constants of

the ground state vibrations are determined for 14 vibrational
levels of which 12 are reported for the first time. The results
are summarized in Table 1. The vibrational assignment and the
labeling of the bands (first column) follow the work of ref 29.
As can be seen in Table 1, among the five normal modes of the
linear molecule, ν3 (CS stretch), ν4 (CCH bend), and ν5 (CCS
bend) are obtained from the detected overtones and combination
bands. The rotational constants inferred in ref 26 for the two
commonly detected ground state vibrational levels (5 and 16)
are in agreement with our results to within one standard
deviation. However, their tentative assignment of band 16 is in
disagreement with the present study. A direct linear trend in
the variation of the rotational constant versus the vibrational
excitation quantum number is not apparent. The finding is
rationalized by considering that Renner-Teller interaction and
perturbations may induce a nontrivial potential energy surface
along the internal coordinates of the molecule. There are two
vibronic bands (4 and 16) for which the rotational constant
decrease with respect to the v′′ ) 0 state (Table 1). The
energetically lowest level of them has been assigned as 31 and
the other as the 314151 combination.

IV. Conclusion

Double-resonance spectroscopy by TC-RFWM offers a way
to access specific vibronic levels of the ground state and to
simplify the complex rotational band structure by intermediate
level labeling. In the present work, TC-RFWM spectra were
recorded and analyzed for the Ã2Π3/2-X̃2Π3/2 electronic transi-
tion of HC2S. These are background-free, show a high dynamic
range (∼104) and high signal-to-noise ratio for the weakest ro-
vibrational bands (∼150), enabling their accurate rotational
analysis to be made. Rotational constants for selected ground
state vibrations with X̃2Π3/2 symmetry were determined by
taking advantage of the unambiguous assignment capability of
the method. The work reports rotational constants for 14 vibronic
bands. With the exception of the constants for the bands 5 and
16 in Table 1, these values are determined for the first time.
An uncertainty of 0.005 cm-1 improves the values by a factor
of 10. The present work combined with the previous results on
HC2S should be an incentive for ab initio calculations and a
better understanding of the complex and overlapping ground
state vibrational structure of this interesting Renner-Teller
molecule.

TABLE 1: Spectroscopic Constants Determined for the Vibrationally Excited Levels in the X̃2Π3/2 Ground Electronic State of
HC2Sa

label T0v Beff′′ Beff′′ (ref 26) residuals (×10-2) level Beff′′ - B0′′ (×10-3)

24 1742.527(13) 0.196140(85) 2.8 4252 0.45(9)
23 1712.2348(28) 0.197288(22) 0.6 3142 1.59(2)
20 1650.9168(64) 0.196803(31) 1.6 314151 1.11(3)
19 1618.7326(34) 0.196677(16) 0.8 4351 0.98(2)
18 1596.388(11) 0.195786(53) 2.7 32 0.09(5)
16 1552.786(11) 0.195553(52) 0.19558(12) 2.7 314151 -0.14(5)
14 1514.7266(77) 0.196683(37) 1.9 42 0.99(4)
13 1507.3883(81) 0.196570(55) 1.3 3152 0.88(6)
12 1499.1669(78) 0.196791(43) 0.9 4252 1.10(4)
11 1453.5528(37) 0.197119(22) 0.8 4153 1.43(2)
6 870.334(11) 0.196899(76) 2.5 42 1.21(8)
5 822.228(10) 0.195820(45) 0.19595(16) 2.6 4151 0.13(5)
4 776.4297(66) 0.195537(30) 1.9 31 -0.16(3)
2 675.9444(62) 0.19610(40) 1.2 52 0.41(4)

a The labels and assignments are based on ref 13. All term values and spectroscopic constants are in cm-1. Values in parentheses are one
standard deviation.

Figure 4. Vibronic structure of the transition detected by TC-RFWM.
The pump was set on the bandhead of the origin band in the
Ã2Π3/2-X̃2Π3/2 transition of HC2S. A least-squares fit to the line
positions yields the rotational constant and the vibronic origin of the
band. A synthetic spectrum with the optimized molecular constants
and assuming a Boltzmann distribution for a rotational population at
40 K is shown inverted (see text for details). Intensities are computed
by taking into account partial saturation of the transitions.39
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Chapter 5

Laser Ablation

5.1 Introduction

Clusters (micro-aggregates of atoms and molecules) possess unique properties. Cluster

science can be distinguished from molecular physics and condensed matter physics. A

point that is usually raised in cluster research is that the clusters bridge the gap between

isolated gas phase molecules and condensed matter [1]. As an example, Figure 5.1 illus-

trates the types of structural isomers which exist for clusters containing between 20 and 32

atoms. The first synthesis of C60 and C70 [2] enabled the study of their structure using var-
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(a)

(e)
(f)

(b) (c)

(d)

Figure 5.1: Structural isomers of (a) ring, (b) symmetry cage, (c) symmetry fullerene, (d,e) (side,
front) one-pentagon bowl, (f) graphitic sheet.

ious techniques including nuclear magnetic resonance (NMR), X-ray diffraction and IR

spectroscopy. The fullerene structures of these two species are now well established. Car-

bon clusters demonstrate some special features which set them apart from other clusters.

These clusters, fullerenes and especially C60, have been a testing ground for statistical

theories. New experimental results concerning carbon clusters have lead to the evolution

of new theoretical approaches for structure calculations and the dynamics of evaporation

and cooling[?]. Smaller carbon clusters have not been isolated and the structures of the

corresponding ionic clusters have been indirectly determined. The spectroscopy, struc-

ture, and energetics of small carbon clusters has been reviewed recently [3, 4] (Figure 5.2).

The observation of C2 molecules is important in several research fields including astro-

physics [9], monitoring of combustion processes [10, 11, 12], industry plasmas [13], for the

growth of carbon nanotubes [14, 15], small carbon clusters and thin film deposition [16].

C2 is by far the most well-characterized of all the carbon clusters [17]. The spectra of neu-

tral pure carbon chains are of special astrophysical interest because electronic transitions

of C2 and C3 have been observed in diffuse and translucent interstellar clouds[18]. In the
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Figure 5.2: Electronic transition of the even- and odd-number carbon chains in neon matrixes
[4, 5, 6, 7, 8].

infrared region, C3 and C5 have been detected in circumstellar shells of carbon-rich stars

[19] (Figure 5.3) and rotationally resolved vibrational transitions of chains up to C13 have

been measured in the laboratory [20, 21, 3]. In the last twenty years, a variety of fullerene

carbon clusters including ball-tube-, onion- and snail-like clusters have been discovered

in arc discharge [2], laser ablation [22], and hydrocarbon combustion [23]. Strong ther-

mal evaporation of the target in laser ablation is known to produce overcooled vapour

[24]. Adiabatic expansion of the vapour further increases the oversaturation degree and

creates favourable conditions for cluster formation. Mass-spectroscopic studies for near-

threshold nanosecond ablation in vacuum at 248 nm revealed no cluster formation in

case of metallic target [25] and only two- and three-atomic molecules with traces of four-

and five-atomic molecules in case of graphite target [26]. Nanosecond laser ablation of

graphite in vacuum at 1064 nm gave larger carbon clusters (up to ∼ C22) at higher laser

intensities [27]. Carbon clusters were not observed at 193 nm [28]. At this wavelength,

the photon energy (∼ 6.4 eV) exceeds the energy of CC bonds (∼ 6.3 eV) and intensive

photodissociation is expected. Cluster formation in nanosecond laser ablation has been

theoretically studied using the droplet model of homogeneous nucleation [29]. By laser

ablation of a metal target (Zn, Mg or Gd) near the stream of a supersonic expansion,
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Figure 5.3: A short section of the spectrum of the moon, IRC+ 10216, and the ratio IRC+
10216/moon showing most of the observed C5 P branch. Also identified are CO lines of various
isotopic species. The CO lines are formed throughout the circumstellar shell and have a different
line shape and excitation temperature from the C5. The frequency scale has not been corrected for
the earth’s velocity. Note that the intensity scale for the ratioed spectrum has been expanded by a
factor of 4 [19].

molecular oxygen cluster anions (02)−n also have been efficiently produced with n in the

range of 1-20 or more [30].

The plasma can be probed and its constituents can be studied by various in situ tech-

niques. Measurement of the density, e.g., of C2 radical by means of cavity ring-down

spectroscopy (CRDS) [31] has been reported recently in different environments, such as,

an oxyacetylene flame [32], a microwave methane / hydrogen plasma [33, 34], a thermal

plasma [35], and a d.c.-arc jet CVD reactors [36]. In these cases the radical density does

not change during the ringdown time. Larger carbon clusters have also been detected

and analyzed by CRDS, e.g, C3 [37], C4 [38], C5 [39] and C9 [40].The application of pulsed

CRDS for the detection of carbon molecules which are present in the laser-induced plume

has been reported in the presented work. The ablation source has been built with some
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improvements over the previous one reported in [39], which is, therefore, expected to pro-

duce better results. C2, C3 and C5 have been detected. This has been done with the aim of

obtaining high resolution spectra of the clusters in the gas phase with narrow bandwidth

lasers.

5.2 Experimental set up

5.2.1 Ablation source

A target rod of 8 mm diameter and 5 cm length, rests in a hollow unit with a slit (1 mm

x 12 mm) drawn on one end and a 2 mm orifice on the far end (refer to Figure 5.4). The

pulsed valve, which controls the flow of gas, is connected to the unit through the orifice.

The whole block is mounted on an X-Y translation stage. The rod is rotated and trans-

lated to expose a fresh surface to the ablation laser using a dc bevel gears set motor. The

feedback loop of the motor driver circuit is broken to modify the servo. This modification

involves introducing a magnet and its sensor. The magnet is placed on the end of a plas-

tic tube attached to the rotating motor shaft. The sensor on a small home-made control

board is positioned near the plastic tube which connects to the motor driver circuit. This

magnet set comes closer after a certain time as the shaft moves. At this instant, it stops

and triggers a change in direction of motion resulting in the motor to turn in the oppo-

site sense. The rod thus translates back and forth over a distance of 15 mm. Figure 5.4

illustrates some of the important aspects of the source. Target rods of different materials

like graphite, aluminium or copper can be used to produce the clusters of corresponding

atoms / molecules. The second / third harmonic of a pulsed Nd:YAG laser (4 ns pulse,

repetition rate 10 Hz from Quantel’s Brilliant model) is used. Pulse energies of 40 mJ to

100 mJ have been used for ablation. The laser beam is focused to a point (∼ 0.7 mm size)

by a spherical lens or along a line (0.5 mm x 5.0 mm) through a cylindrical lens on the

target surface at an incident angle of 30◦. The carrier gas is expanded into a chamber

through the slit with the flow controlled by the pulsed valve. The vacuum chamber is

evacuated by means of a roots blower system to about 10−3 mbar. Normally, argon (Ar)
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Pulsed Valve
injecting gas

Geared Motor inducing 
translation and rotation 
of the rod

Target Rod

Ablation Laser
falling through
slit

PlumePlume
generatedgenerated

Figure 5.4: The ablation source.

or helium (He) has been used as the carrier gas.

5.2.2 Probe

The probe beam is generated by a dye laser pumped by the third harmonic of Nd:YAG

laser operating at 20 Hz with 7 ns long pulses (Spitlight from Innolas). The pulse energy

used is less than 1 mJ per pulse at a spectral linewidth of 0.10 cm−1. Calibration is done

by a wavemeter (HighFinese WS7). The beam is spatially filtered in order to obtain a

homogeneous Gaussian profile. A standard CRDS setup for pulsed radiation is used as

described in [41] . The cavity is formed by two highly reflective plano-concave mirrors

each with 1-meter radius of curvature (99.98% reflectivity) separated by a distance of 52

cm. Figure 5.5 shows the schematic of the assembly. A fraction of radiation couples into

the cavity. The part leaking out from the rear mirror is collected by a photodiode with

amplifier. A broadband filter has been placed in front of the detector to reject the emission
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from the discharge. The ringdown curves are fitted by a home-made high-speed program,

described in detail in [42]. As CRDS is not a zero-background technique, the discharge is

turned off at every alternate laser pulse to make the background correction possible. The

typical cavity ring down time obtained is about 20 µs. The delay between the ablation

pulse at the target and the arrival of the probe beam in the plasma can be varied over ∼

1000 µs. The ablation pulse and the ringdown signal can be monitored by an oscilloscope

to have more control over the delays.

Nd:YAG

Gas Inlet
    +
Target

Ablation Laser

Figure 5.5: Schematic of the experimental setup. L: lens; I:iris; M: mirrors; P: prism; PD: photodi-
ode.

5.3 Results and discussion

Molecules are produced by the laser ablation of a graphite target and recorded using

CRDS. The plasma is probed at a distance of 5 mm above the slit. The pulse energy

required to ablate is found to depend on the radical under investigation. The beam after

the focus on the target, produces laser fluence of ∼ 3.0 to 20.0 Jcm−2 with the cylindrical
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Figure 5.6: The absorption spectrum of the (0,0) d 3Πg←−a3Πu Swan band system of C2. This is
obtained with ablation laser fluence of ∼ 10 Jcm−2 at the wavelength of 532 nm.

and spherical lens, respectively. A wavelength independent loss of about 10−6 cm−1 is

observed. A density of about 4×1010 cm−3 and rotational temperatures of about 300 K are

obtained. Probe beam of 0.15 cm−1 bandwidth has been used in this project.

The absorption spectrum of C2 is measured in the region of 515 nm. Almost the entire

(0,0) d 3Πg←−a3Πu Swan band of C2 is observed. Figure 5.6 shows the spectrum obtained.

The C3 molecule is produced. Figure 5.7 shows a part of C3 transition (Comet Head

System) of ground electronic state X 1Σ+
g to first excited state A 1Πu around 405.3 nm. C5

clusters also have been produced and measured. The Figure 5.8 shows the origin band

of the electronic 1Πu←−X1Σ+
g transition of C5 in the gas phase. The delays between gas

pulse, ablation laser and probe beam are critical and have to be carefully adjusted to

produce a particular cluster in large concentration. This is sometimes difficult to achieve.

A specific observation can be helpful in this direction. A typical discontinuity in the ring
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Figure 5.7: The absorption spectrum of the A 1Πu←−X1Σ+
g transition of C3. The ablation wave-

length: 532 nm; Ablation laser fluence: 11 Jcm−2.

down time occurs at an absorption event. This can be considered as an indication of

approaching the right delays which makes the adjustment process easier. The presented

ablation source is convenient to use because the photon source is outside the vacuum

chamber. Furthermore, the laser ablation is localized both in time (approximately 10 ns)

and in space, and therefore excessive heating of the source is avoided. The rotational

temperature of the clusters remains ∼ 300 K for several microseconds after the ablation

pulse. CRDS with laser ablation provides a platform to study the clusters of varying size

which are produced by laser ablation of a target. It adds the advantages of CRDS to the

technique presented.
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Figure 5.8: The origin band of the 1Πu←−X1Σ+
g electronic transition of C5. The ablation wave-

length: 355 nm; Ablation laser fluence: 16 Jcm−2.
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Chapter 6
Appendix

6.1 Electronic spectrum of the hydrocarbon cation CCCCH+
3

6.1.1 Parallel and perpendicular structures in electronic transition of

polyatomic molecules

In general for any molecule, there are three moments of inertia viz. IA, IB and IC about

three mutually orthogonal axes A, B, and C (internal molecular axes) with the origin at

the center of mass of the system. The moment of inertia about an axis is defined as

I =
∑

mir
2
i (6.1)

where ri is the distance from the atom to the axis. The three moments of inertia deter-

mine the layout of the rotational levels of the molecule. These provide information on

molecular geometry structure as well. The axes are labeled so that IA! IB ! IC . It is

conventional to classify molecules into the following categories (based on the symmetry

of their structure),

1. Linear molecules (or linear rotors) : IA which is the moment of inertia for a rotation

taking place along the axis of the molecule is negligible (Figure 6.1), i.e., IA ) IB =

IC . For most of the purposes, IA is taken to be zero. e.g. HCN, CO2.

2. Symmetric tops (or symmetic rotors) : A symmetric top is a molecule in which two

moments of inertia are the same (Figure 6.2). As a matter of historical convenience,

spectroscopists divide such molecules into two classes of symmetric tops: Oblate
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Figure 6.1: Linear molecule.

symmetric tops (saucer or disc shaped) with IA = IB <IC . e.g. Benzene (C6H6), BF3

Prolate symmetric tops (rugby football, or cigar shaped) with IA <IB = IC . The spec-

tra look rather different and are instantly recognizable. e.g. CH3I, CH3Cl. If a

Prolate Symmetric Top

Oblate symmetric top

Figure 6.2: Symmetric top molecule.

molecule has a symmetry axis of three- or more fold symmetry, it is always a sym-

metric top (Figure 6.3). Molecules of lower symmetry can be near-symmetric tops,

having two rotational constants of close values and with a lack of spectral resolution

they can behave like symmetric tops.

3. Spherical tops (or spherical rotors) : can be considered as a special case of symmetric

tops with equal moment of inertia about all three axes (IA = IB = IC). e.g. SF6, CH4.

4. Asymmetric tops : it has all three moments of inertia different (Figure 6.4). IA $ IB

$ IC
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Figure 6.3: Spherical top molecule.

aa

bb

cc

aa

bb

cc

Figure 6.4: Asymmetric top molecule.

6.1.2 General features of molecular rotation

• Linear molecules

These molecules have two degenerate modes of rotation (IB = IC , IA = 0). Since we

cannot distinguish between the two modes, we need only one rotational quantum

number (J) to describe the rotational motion of the molecule. The rotational energy

levels, F(J), of the molecule based on rigid rotor model can be expressed as,

F (J) = BeJ(J + 1) (6.2)
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where J = 0, 1, 2,...

and Be is the rotational constant of the molecule and is related to the moment of

inertia of the molecule IB = IC by Be = h
8π2cIB

A real molecule is not a rigid rotor though because the bond between the atoms can

stretch at the same time as the molecule rotates. As rotation increases, the centrifu-

gal force stretches the bond, increasing r and decreasing the effective B value. The

bond length also depends, in an average sense, on the vibrational state v.

The selection rules for rovibronic transitions (i.e. transitions that involve electronic

excitation of molecule) are*J = 0, -1, and +1, giving rise to the Q-, P- and R-branches

of the rotational structure, respectively.

• Symmetric Top

The rotational motion of a symmetric top molecule can be described by two inde-

pendent rotational quantum number (since two axes have equal moment of inertia,

the rotational motion about these axes requires only one rotational quantum number

for complete description). Instead of defining the two rotational quantum number

for two independent axes, we associate one of the quantum number (J) with the

total angular momentum of the molecule. The other quantum number (K) is associ-

ated with the angular momentum of the axis which has different moment of inertia

(i.e. axis C for oblate symmetric top and axis A for prolate symmetric tops). The

rotational energy F (J, K) of such a molecule, based on non-rigid rotors model with

the first order centrifugal distortion correction can be expressed in terms of the two

previously defined rotational quantum number as follows.

For a near prolate symmetric top molecule (A >B ≈ C)

F (J, k) = BJ(J +1)+[A−(B+C)/2]k2−Dkk
4−DJkJ(J +1)k2−DJJ2(J +1)2 (6.3)

where, k = -K, K (K >0) and J = K, K+1, K+2, etc.

with B = h
8π2cIB

and A = h
8π2cIA

.
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For a near oblate molecule (C <A ≈ B),

F (J, k) = BJ(J +1)+[C−(A+B)/2]k2−Dkk
4−DJkJ(J +1)k2−DJJ2(J +1)2 (6.4)

where, k = -K, K (K >0) and J = K, K+1, K+2, etc.

with A = h
8π2cIC

.

The value of k must not be greater J, as it represents the component of J (Figure 6.5).

Since the energy does not depend on the sign of k, all states with the exception of K

= 0 are doubly degenerate, corresponding to opposite directions of rotation around

the symmetry axis. The rotational Hamiltonian can be expressed as,

Figure 6.5: Vector diagram for a prolate symmetric top.

Hrot/h = AJ2
a + BJ2

b + CJ2
c (6.5)

A, B, C are the rotational constants of the molecule.

• Asymmetric Top Molecules

Because asymmetric top molecules do not have an axis of symmetry, there is no

preferred direction which carries out a simple rotation around the total angular mo-

mentum
−→
P . The approximate energy levels are derived using the symmetric top

wave functions as a basis, but derivation of the exact levels is very difficult in the

general case, as they cannot be represented by an explicit formula analogous to that
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for the symmetric top [?, ?, ?, ?]. Furthermore, the interactions which were neglected

in deriving the levels for the symmetric top are more significant for the asymmetric

top [?, ?, ?].

Although the quantum number k has no meaning for the asymmetric top, there are

still 2J+l energy levels for each value of J. Each of these are specified by the quantum

numbers Ka and Kc. The degenerate levels of the symmetric rotor (+ K and –K ) are

separated in the asymmetric case; each level of the asymmetric top has a different

energy. For slight deviations from the symmetric top the splitting of the levels is

slight, the quantum number k is approximately defined and the energy levels may

be obtained by perturbation methods. In the more general case, however, there is no

quantum number with any physical meaning to distinguish between the 2J+l levels

of same J. The sublevels are labelled simply as Jτ (τ = -J, -J+l, -J+2, ... +J)

in order of increasing energy, the lowest level being J−J , the next J−J+l, and so on up

to JJ .

An expression for the energy levels has been derived by King, Hainer, and Cross [?],

given as,

F (J,κ) =
1

2
(A + C)J(J + l) +

1

2
(A− C)Eτ (6.6)

where A, B, and C are the rotational constants defined above. Eτ is a numeric, called

the reduced energy, which is a function of J and of an asymmetry parameter κ, de-

fined by Ray [?]. κ is given by,

κ =
2B − A− C

A− C

For a prolate top, κ = - 1, and for an oblate top, κ = +1

6.1.3 Rotational energy levels

Symmetric top Figure 6.6 shows the energy level diagram of symmetric top molecules.

Every k ladder has the rotational levels structure same as linear molecule but offset by

(A –B)k2 in energy. For a prolate top A is greater than B(= C) which implies the energy
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increases for increasing |k| . For an oblate top B(= A) is greater than C, so that the energy

of levels with the same J decreases for increasing |k| .

Prolate symmetric top Oblate symmetric top

Figure 6.6: Rotational energy levels of a symmetric top.

Asymmetric top The behavior of the asymmetric top energy levels is shown in Fig-

ure 6.7. These levels lie between those of the two symmetric tops, their position depend-

ing on the relationship of the intermediate moment of inertia IB to IA and IC . Specifically,

a given asymmetric top level connects a K level (designated K−1) of the limiting prolate

top (IB = IC) with a K level (designated K1) of the limiting oblate top (IB = IA). This leads

to an alternate designation for each Jτ level as JK−1KI and for each reduced energy Eτ as

EK−1KI . JKaKc is also equally used in place of JK−1KI ; this is termed as King-Hainer-Cross

notation. The levels for the same J and for different EK−1KI do not cross each other.

The electronic transitions Electronic transitions have associated vibrational and rota-

tional structure (Figure 6.8). A particular rovibronic transition occurs at a line position ν

with

ν = Te + G′(v′) + F ′(J ′)−G′′(v′′)− F ′′(J ′′) (6.7)
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Figure 6.7: Rotational energy levels of an asymmetric top

where G(v) and F(J) are the vibrational and rotational energy level expressions, and Te is

the equilibrium transition energy between the states. The possibility of geometry changes

Figure 6.8: Rotational energy levels associated with an electronic transition

coupled with the large number of special effects such as vibronic coupling, Jahn-Teller

effect and Renner-Teller effect, to say nothing of fine structure and hyperfine structure,

make electronic spectroscopy of polyatomics a fascinating and challenging area of study

[?].
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6.1.4 Transition types

The spectra of linear and symmetric tops can generally be classified as parallel and per-

pendicular depending upon the direction of the electronic transition dipole moments.

Parallel transitions occur when a transition moment is aligned along the symmetry

axis of the molecule within a given K ladder. The selection rules are,

∆K = 0 and ∆J = ±1 for K = 0,

∆K = 0 and ∆J = 0, ±1 for K+= 0.

If a transition dipole moment is perpendicular to the symmetry axis, its interaction

with the electromagnetic field provides torque around this axis, leading to

∆K = ±1 and ∆J = 0, ±1. Perpendicular modes thus always have P, Q and R branches.

Because the parallel symmetric top selection rules (except for K = 0) are very similar

to those for a perpendicular transition of a linear molecule, the bands will be similar. The

bands thus have simple P, Q, R branches although for the symmetric top each rotational

line will show K-structure at high resolution. As in the pure rotational case, each rota-

tional line will split into J+1 K-components because K = 0, 1, ... J. The spacing between

two adjacent ladders, K and K + 1, is (A - B)(2K + 1) that gives rise to a series of rotational

progressions spaced by 2(A - B), so called K-structure. The scheme of allowed transitions

for the prolate top is shown in Figure 6.9. For asymmetric tops the rotational selection

K =

J
,,

J
,

v
,,

v
,

Figure 6.9: Allowed transitions for prolate rotor for the first few sub-bands. R-, Q- and P-branch
transitions are marked with different colors.
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rules can be classified as a-type, b-type or c-type depending on the components (µa, µb,

µc) of the permanent electronic transition dipole moment vector −→µ , along the a, b or c

principal molecular axes, respectively.

For an asymmetric rotor the selection rules are:

a− type b− type c− type
∆Ka ∆Kc ∆Ka ∆Kc ∆Ka ∆Kc

P 0 -1 -1 -1 -1 0
Q 0 ±1 ±1 ±1 ±1 0
R 0 +1 +1 +1 +1 0

Table 6.1: Selection Rules

More generally,

for a-type transitions when µa += 0,

∆ J = 0, ±1; ∆ Ka = 0 (, ±2, ±4, etc.); ∆ Kc =±1 (, ±3, ±5, etc.);

for b-type transitions when µb += 0,

∆J = 0, ±1; ∆Ka = ±1 (, ±3, etc.); ∆Kc = ±1 (, ±3, etc.);

for c-type transitions when µc += 0,

∆J = 0, 1; ∆Ka = ±1 (, ±3, etc.); ∆Kc = 0 (, ±2, etc.);

The transitions in brackets are weaker than the main transitions. In practice, if the

molecule is a prolate near-symmetric rotor, only transitions with ∆Ka = 0 or ±1 have

significant intensity. For an oblate near-symmetric rotor, transitions with ∆Kc = 0 or ±1

are strong.

6.1.5 Sub-bands of parallel bands: prolate top molecule

Symmetric rotors possess a complex energy level structure and the allowed transitions

between all these levels produce a rich and complex spectrum. For transitions between

nondegenerate vibronic states, we consider the case where the rotational constants A and

B in the upper state are nearly the same as those of the lower state. As indicated in

the Figure 6.10, such bands consist of a number of subbands corresponding to different

K values. Each of these has a P, Q, and R branch. At the bottom the superposition of
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Figure 6.10: Schematic spectrum of parallel band

the subbands is shown as it would appear in the spectrum. Note that in the composite

simulated spectrum, many of the lines are so close as to appear blended. This may have

important consequences in the choice of appropriate spectral resolution.

For a molecule with a threefold axis of symmetry in accordance with the alternation of

statistical weights, there is an intensity alternation of successive subbands: if the nuclear

spin is zero, only subbands with K divisible by 3 appear; if it is 1
2 , these subbands are

twice as strong as those with K not divisible by 3; and if I = 1, the intensity ratio is 11:8.

For D3h symmetry there is in addition a strong intensity alternation in the K = 0 subband:

for I = 0 and I = 1
2 alternate lines are missing, while for I = 1 alternate lines have one tenth

the intensities of the other lines.

6.1.6 Conclusion

A rotationally resolved spectrum of an electronic transition, provides the A, B,and C ro-

tational constants which help in deriving the structural information about the molecule.

This gives insight into the excited state geometry and reveals the symmetry of the excited

state by way of the direction of electronic transition moment.
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6.2 Pulsed amplification system

1. The AOM introduces a delay of ∼ µs between the TTL pulse applied to the AOM

driver and the first order diffraction beam output which makes the seed beam. This

is due to the limited speed of the acoustic waves generated at the base of the AOM

and a finite distance of the input aperture of the AOM. The speed of the acoustic

waves is 3630 ms−1. The distance of the input aperture from the source of the wave

is 3 cm. The time required for the acoustic waves to overlap with the input funda-

mental beam is

t =
3× 10−2

3630
= 8.2 µsec (6.8)

2. Care should be taken that all modes exiting the cavity are detected with equal effi-

ciency, since transverse modes are spatially more extended. If the effective surface

of the detector is small, a lens with an appropriate diameter and a short focal length

should be used to focus the light onto the detector.

3. There is a disadvantage of the continuum-mode approach. The spatial resolution

of CRD spectroscopy is not optimal because of the spatial extent of the transverse

modes.
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