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1 Introduction

Spectroscopy is the study of the interaction between light and matter. The photo-excitation
triggers the transition between the quantized energy states, so that the information of the energy
levels can be obtained, and some of the material properties can be determined by their spectrum
features. Comparing with the traditional spectroscopy, the ultrafast laser spectroscopy, based on
the cutting-edge laser technique, opens a door to dynamically investigate the fundamental
interactions instead of the static response. A femtosecond laser is a laser which emits optical
pulses with a duration well below 1ps (picosecond = 10-12 seconds) in the domain of femtosecond.
It thus also belongs to the category of ultrafast lasers or ultrashort pulse lasers. The generation
of such short pulses is nearly always achieved with the technique of passive mode locking. Under
the condition that the cavity length in a laser must equal an integral number of wavelengths,
many modes can exist. Each mode has a slightly different frequency and wavelength. In a mode
locked laser, the electric field associated with the different modes must add constructively at one
point and destructively elsewhere to create a high intensity spike. This leads to a dramatic
increase in the peak intensity of the laser output for a very short time, while at other times little
or no output is produced. This mode locking corresponds to a short pulse of light travelling back
and forth between the laser mirrors. Today's femtosecond lasers are based on self-mode locking
in titanium doped sapphire solid state lasers, and in principle are relatively simple in concept. The
system consists of several mirrors, the Ti:sapphire crystal, a pair of prisms and a pumping laser
source. Light reflected from the output window is focused through the Ti:sapphire crystal, and
re-collimated by another mirror before passing through the prisms to the cavity and mirror. Four
mirrors are used in this system to obtain a very tight focus through the Ti-sapphire. When a pulse
of light is introduced from the pump laser (which can be a frequency doubled Nd:YAG or Nd:YLF
laser) the light intensity at the focus can be very high, increasing the refractive index at the center
of the crystal. Thus high intensity light sees the crystal as a lens, while low intensity light is
unaffected. This results in a self focusing effect for a short high intensity pulse, which is used to
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preferentially select the pulsed mode locked set of modes that provide short pulses. The intensity
of any pulse propagating within the laser increases faster than that of the continuous light.
Eventually the pulse consumes all the energy pumped into the laser and the continuous wave
output is suppressed. The prisms perform a critical function in this type of laser. When such short
pulses travel along the laser cavity, the prism pair equalizes the time it takes for the slightly
different wavelengths in the laser pulse to travel back and forth across the laser, thus ensuring
that the short pulse retains its original shape. There are many applications such as laser
machining and ablation, generation of electromagnetic radiation at unusual wavelengths (such
as millimeter waves and X-rays), and multiphoton imaging. The difficulty in applying femtosecond
laser pulses is that the broad frequency spectrum can lead to temporal broadening of the pulse
on propagation through the experimental set-up. In this article, we describe the generation and
amplification of femtosecond laser pulses and the various techniques that have been developed
to characterize and manipulate the pulses
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1.1 History of the “LASER”.
The term laser came from the acronym of Light Amplification by Stimulated Emission of
Radiation. Laser is a device, which is emitting light through an optical amplification process. This
process based on the stimulated emission of electromagnetic radiation.[1]
The laser’s history starts 1900, when Max Plank published his work on the law of radiation, which
deduced the relationship between energy and the frequency of radiation, essentially saying that
energy could be emitted or absorbed only in discrete chunks(quanta). Albert Einstein was
inspired by his theory, who release a paper on the photoelectric effect in 1905, which proposed
that light also delivers its energy in chunks (quanta), now called photons.[2] Later, in 1917
Einstein published the paper “Zur Quantentheorie der Strahlung” (On the Quantum Theory of
Radiation). He described the theory of stimulated emission, establishing the underlining principle
behind the maser and laser. Einstein theorized that, besides absorbing and emitting light
spontaneously, electrons could be stimulated to emit light of a particular wavelength. It took
nearly 40 years for scientists to prove his theory correct.[3,4] Finally, the first working laser was
developed by Theodore Maiman at Hughes Research Lab in 1960, by shining a high-power flash
lamp on a ruby rod (length: 2cm, diameter: 9mm) with silver-coated surfaces. He promptly
submitted a short report of the work to the journal Physical Review Letters, but the editors
turned it down. Subsequently, they placed the crystal in a helical flash tube and they flash it with
polychromatic light. As a result, a thin monochromatic radius of red light created on one side of
the crystal. In 1961 Javan manufactured laser using gas He-Ne. After that, they were constructed
lasers, wich contained organic bases, molecular or ionized gases, composite impregnated crystal
and others as active via. In 1962, William B. Bridges from United States created the first argon
laser. After two years Kumar Patel made the CO2 laser. Furthermore, in 1968, Leon Goldman,
also from United States, created the Nd:YAG laser (neodymiumdoped yttrium aluminium garnet).
Horace Furumoto made the Flashlamp Pumped Organic Scintillator Lasers in 1969, and they used
for first time, in 1970, the diode laser. [5,6]

3|Page

Figure 1-Nd:YAG laser

1.2 Principle of Laser
Laser consists of three main parts: the pump source, the gain medium and two mirrors (optical
resonators), which are designed to make light oscillating between them. The gain medium and
the two mirrors are called optical cavity. Above is the configuration of a simple laser. In the right
side of the image, the mirror is almost 100% reflective. In the middle, between the two mirrors
is the gain medium and on the left side of the image there is a partially reflective mirror. The gain
medium usually is a chemical element, which electrons excite and after they drop to a lower
energy level through the process of stimulated emission. [11-13]
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Figure 2-Absorption, spontaneous emission and stimulated emission

When a photon with energy hf=E2-E1 collides with an electron, which is in energy state E1. The
electron absorbs the photon and jumps in a higher energy level E2. This process is called
Absorption (a on figure2). If the photon has less energy than the difference E2-E1, then the
electron does not absorbs the photon. If the higher states are occupied, then the photon does
not absorbed. Another important process is the Spontaneous Emission (b on figure2). The
electron, after the pass of an amount of time, falls from an excited state to a lower state, i.e. falls
from state E2 to state E1, by emitting a photon with energy hf=E2-E1. Alternatively, if the excitedstate atom is perturbed by an electric field of frequency f (hf=E2-E1), it may emit an additional
photon of the same frequency and in phase, thus augmenting the external field, leaving the atom
in the lower energy state. The result of this process is two emitted photons with identical phase,
frequency, polarization, and direction of travel. This process is known as stimulated emission. So,
by spending only one photon as an input, two photons of the same phase and frequency appear
at the output. As a result light amplification is succeeded. The laser color (its frequency) depends
on the gain medium. Concluding, the functionality of a laser is based to two main processes, the
stimulate emission, which it was explained above and the population inversion. Population
Inversion is a phenomenon, which is described by thermodynamics. The two energy levels are E1
and E2 and E2 > E1. N1 and N2 is the population of electrons in each energy level respectively.
In order to have N2 > N1, the system has to be in a situation of non-thermal equilibrium. It does
not occur naturally, so in order to achieve inversion, the laser medium must be pumped in some
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way. The phenomenon of population inversion with the process of stimulated emission are
responsible for the light amplification.

1.3 Types of Laser:

There is a scale of size and type of a laser, starting from the most simple lasers, such as He-Ne
laser-mostly used at school till the most complicated systems of lasers at Shiva, Lawrence
Livermore Laboratories, USA. The lasers might differ in terms of the gain medium and the
stimulation method that they use.

1. Optical pumping lasers: In this family the lasers are solid material lasers such as Nd:YAG
and Nd:Glass. Some of their main features are: the high output power, order of MW(Mega
Watt) in pulse function, which production is in a very short scale of the order of
nanosecond.
2. Lasers of electric Discharge: Now we examine iontic, atomic and molecular lasers. You can
find them in market as pulse lasers or dc lasers. Some examples of gas lasers are N2, HeNe, CO2,H2O and more. In these lasers excitation is result of an electric discharge.
Electrons accelerate in an electrical field and collide with atoms, molecules or ions of the
gain medium. After the collision they are in an excited state.
3. Chemical Lasers: In this category belongs the gas lasers such as HF and CO. For such a
laser the population inversion is achieved by a series of exothermic chemical reactions.
You should note that mainly lasers such as HF laser could function in dc or in pulses with
electrical output bigger than 100%. The electrical performance of a laser is defined by the
ratio of energy of the beam produced by laser divided by the energy consumed by the
laser.
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4. Lasers stimulated by other lasers: In that case the pump source (external source of
excitation) is another laser. Their emission area is located in far-infrared zone and more
specifically in λ=202000μm. That happens when the pump source radiates in infrared. A
popular example laser is the CO2 laser.
5. Semiconductor Laser: Semiconductor’s lasers are of small dimensions. They are produced
massively and for their manufacture scientists use diode’s and transistor’s construction
techniques. They are used mostly in telecommunications’ industry and in optical fibers’
industry. They are preferred because of high and their small size. A famous laser of this
kind is crystal diode GaAlAs, which emits in 0,82μm and it is a perfect light source for
communication industry.[7]
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2 Ultrafast Lasers

2.1 Generation of ultrashort pulses
In order to follow and understand events that occur over a short period of time, an experiment
needs time resolution this event. Therefore, the equipment used must involve a component
changing faster than the process under investigation. For example, in order to follow the motion
of hummingbird wing during the flight, the camera must allow exposure times so short, that the
motion of the wing during the exposure period is negligible: if hummingbird flutters its wing in
0.01 s, the exposure time of the camera has to be as short as 1/1000 s. In conventional cameras,
the exposure time is controlled by a shutter – a mechanical device. This mechanical shutter can
only open and close on a millisecond time scale. However, the role of the camera shutter in
ultrafast spectroscopy is played by a fast-changing light parameter, namely its intensity given by
the square of the amplitude of the electric field. In other words, time resolution in ultrafast
spectroscopy comes from short laser flashes called pulses. In the following, we will concentrate
on the equipment issues of ultrafast spectroscopy: how to make a laser to produce short light
flashes, and how to make the particular kind of light required for time-resolved experiments.

Under normal operation a laser produces a continuous-wave beam, in order to generate pulse
two solutions are available:
•

Q-switch or a variable attenuator inside the laser cavity (usually resulting in high energy
pulses with the duration of several nanoseconds)

•

Mode-locking of the light modes inside the laser cavity (for obtaining pico- and
femtosecond pulses).
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2.2 Q-Switching
Q-switching is achieved by putting some type of variable attenuator inside the laser’s optical
resonator (optical resonance cavity). When the attenuator is func-tioning, light which leaves
the gain medium does not return, and lasing cannot begin. This attenuation inside the cavity
corresponds to a decrease in the Q factor (quality factor) of the optical resonator. As the Q
factor is inversely proportional to the bandwidth of the resonator with respect to its center
𝑓

𝑟
frequency, 𝑄 = 𝐵𝑊
. When there is almost no resonance means low Q factor.A high Q factor

corresponds to low resonator losses per roundtrip that means high oscillation frequency. The
variable attenuator is commonly called a "Q-switch", when used for this purpose.[14]

Initially the laser medium is pumped while the Q-switch is set to prevent feedback of light into
the gain medium. This is producing an optical resonator with low Q. This produces a population
inversion, but laser operation cannot yet occur since there is no feedback from the resonator.
Since the rate of stimulated emission is dependent on the amount of light entering the
medium, the amount of energy stored in the gain medium increases as the medium is pumped.
Due to losses from spontaneous emission and other processes, after a certain time the stored
energy will reach some maximum level. Since this maximum stored energy is reached, the
medium is said to be gain saturated. At this point, the Q-switch device is quickly changed from
low to high Q, allowing feedback and the process of optical amplification by stimulated
emission to begin. Because of the large amount of energy already stored in the gain medium,
the intensity of light in the laser resonator builds up very quickly. This also causes the energy
stored in the medium to be depleted almost as quickly. The net result is a short pulse of light
output from the laser, known as a giant pulse, which may have a very high peak intensity.
There are two main types of Q-switching:
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2.2.1 Active Q-Switch:
Here, the Q-switch is an externally controlled variable attenuator. This may be a mechanical
device such as a shutter, chopper wheel, or spinning mirror/prism placed inside the cavity.
Most commonly some form of modulator is used, such as an acousto-optic device, a magnetooptic eﬀect device or an electro-optic device (a Pockels cell or Kerr cell). The reduction of losses
(increase of Q) is triggered by an external event, typically an electrical signal. The pulse
repetition rate can therefore be externally controlled. Modulators generally allow a faster
transition from low to high Q, and provide better control. An additional advantage of
modulators is that the rejected light may be coupled out of the cavity and can be used for
something else.

Figure 3-Active Q-switch procedure steps

2.2.2 Passive Q-Switch:
In this case, the Q-switch is a saturable absorber, a material whose transmission increases
when the intensity of light exceeds some threshold. The material may be an ion-doped crystal
like Cr:YAG, which is used for Q-switching of Nd:YAG lasers. Initially, the loss of the absorber
is high, that means a low Q inside the optical resonator. As the laser power increases, it
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saturates the absorber. Ideally, this brings the absorber into a state with low losses, which
means high Q factor. In other words, as the absorber saturates, it permits light travel through
and then partly reflecting on the mirror. That results a rapid pulse energy amplification in gain
cavity. As a result, eﬃcient amount of the stored energy is extracted by the laser pulse. After
the pulse, the absorber recovers to its high-loss state before the gain recovers, so that the next
pulse is delayed until the energy in the gain medium is fully replenished. The pulse repetition
rate can only indirectly be controlled, e.g. by varying the laser’s pump power and the amount
of saturable absorber in the cavity.

Figure 4- Passive Q-Switch. The Q switch absorbs the light until reaches saturation. Then it permits light
travel through and then partly reflecting on the mirror. That results a rapid pulse energy amplification in
gain cavity.

2.3 Mode-Locking
The second way to produce ultrashort pulse is more conventional and it is called Mode-locking.
In a simple laser resonator, there exists many diﬀerent modes, which oscillates with
independent frequencies, with no fixed relationship between each other. Moreover the phase
of each mode is random. The basic principle of mode locking is to make this phase relation
between the diﬀerence constant and as small as possible. From the uncertainty principle
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ΔEΔt≥ ħ/2, results that as the ΔE is increasing, that is the pulse is broadened in frequency
domain, the shorter becomes in time domain.[15]

In a case when the modes operate phase between them, the laser output behaves quite
diﬀerently. Instead of a random or constant output intensity, the modes of the laser will
periodically all constructively interfere with one another, producing an intense burst or pulse
of light. Such a laser is said to be ’mode-locked’ or ’phase-locked’.

These pulses occur separated in time by =

2𝐿
𝑐

, where 𝜏 is the time taken for the light to make

exactly one round trip of the laser cavity. This time corresponds to a frequency exactly equal
1

to the mode spacing of the laser, 𝛥𝑓 = 𝜏 .
In contrast with the Q-switch method, here the laser oscillator is left to reach a steady state
and the oscillation in the cavity is not blocked. The method used to obtain these operating
conditions consists in using a rapid light modulator that can chop the light in the cavity into
periods of exactly the same length as a round trip. Thus, only those photons allowed to pass
through the modulator in its on-state will be amplified and will always find the modulator in
this state after each round trip. The other photons elsewhere in the cavity will be subject to
losses when they travel through the modulator. Each time the pulse passes from the
modulator is shorten even more in the time domain. However, as the pulse is shorten in time,
the eﬀectiveness of the modulator is decreasing. Steady state will be achieved at some time,
that is pulses’ duration will be stabilized.[16]
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Figure 5-(a) A Laser can be mode-locked using an electro-optic switch in the optical cavity that
becomes transparent, after T seconds. Each time the pulse in the resonator bounds at the
right mirror, every T=2L/c seconds, a portion of it is transmitted, which constitutes the output
pulse from a mode-locked laser. (b) The output light intensity from a mode-locked laser is a
periodic series of short intense optical pulses that are separated in time by T=2L/c seconds,
the round trip time for the pulse in the resonator. (c) A mode-locked laser has its N modes all
in phase so that the modes add correctly to generate a short pulse every T seconds.

2.3.1 Active Mode-Locking
In the active mode-locking an external source stimulates the gain medium. Mode locking is
achieved with a modulator, i.e. an electro-optic modulator placed in the laser cavity. The
principle of active mode locking is based on modulating the res-onator losses and let a pulse
leave the laser cavity when the losses are minimum. As the pulse passes out the cavity, the
wings of the pulse experience a little attenua-tion, which eﬀectively leads to pulse shortening
in each round trip, until this pulse shortening is oﬀset by other eﬀects, e.g. gain narrowing.
Concluding, Active mode locking requires exact synchronism of the modulation with the
resonator round-trips, that can be succeed by adjust the modulator frequency.
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2.3.2 Passive Mode-Locking
In a passively mode-locked laser, the loss modulation is done by a saturable absorber
incorporated into the laser resonator. This mechanism allows us to generate shorter pulses
than with active mode locking, because passive mode-locking can modulate the resonator
losses much faster than any electronic modulator.Each time the pulse hits the saturable
absorber, it saturates the absorption, thus temporarily reducing the losses. In the steady state,
the laser gain can be saturated to a level which is just suﬃcient for compensating the losses
for the circulating pulse, whereas any light of lower intensity which hits the absorber at other
times will experience losses which are higher than the gain, since the absorber cannot be
saturated by this light. Losses drop when the saturation threshold is crossed. Short and
powerful pulses perform lower losses. In each resonator round trip, the saturable absorber
will then favor the light which has somewhat higher intensities, because this light can saturate
the absorption slightly more than light with lower intensities.

Figure 6-This is a visual representation of a Kerr-lens medium. As the refractive index changes as
the square of the electrical field applied, for low intensity pulses the refractive index does not
change significantly. However, an important change is noted for high intensity pulses, thus the
self-focusing phenomenon is observed
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There are also passive mode-locking lasers that use the nonlinear optical eﬀects in the intracavity components to provide a method of selectively amplifying high-intensity light in the
cavity, and attenuation of low-intensity light. One of the most successful schemes is called
Kerr-lens mode-locking (KLM), also sometimes called "self mode-locking". This uses a
nonlinear optical process, the optical Kerr ef-fect, which results in high-intensity light being
focused diﬀerently from low-intensity light. Ti:sapphire is the laser medium most commonly
used in Kerr-lens mode-locked lasers. One of the main reasons for this is its large gain
bandwidth, extending from 700 nm to more than 1000 nm, which is necessary for ultrashort
pulses to be gener-ated. In these lasers, the Kerr medium is the Ti:sapphire crystal itself.

2.4 The Titanium Sapphire femtosecond laser
Titanium Sapphire laser was invented by Moulton in 1982. Femtosecond Kerr-lens modelocked (KLM) Titanium Sapphire laser was realized by Sibbett in 1991.[9] This laser possesses,
which will be studied further in the next paragraphs, is a favorable combination of properties
which are up to now the best among all known broadband laser materials. First, the active
medium is solid-state, that means long operational time and laser compactness. Second,
sapphire has high thermal conductivity, exceptional chemical inertness and mechanical
resistance. Third, it results a very broad generated spectrum.

Titanium doped sapphire (Titanium Sapphire) is a solid-state laser material with extremely
desirable properties. Since the birth of the laser, nearly 40 years ago, scientists have been
continually interested in generation of ultrafast laser pulses in the picosecond and
femtosecond time domain. So the general Fourier transforms of a pulse can be written:

𝐸(𝑡) =

1 +∞
∫ 𝐸(𝜔) 𝑒 −𝑖𝜔𝑡 𝑑𝜔
2𝜋 −∞
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𝐸(𝜔) =

1 +∞
∫ 𝐸(𝑡) 𝑒 +𝑖𝜔𝑡 𝑑𝑡
2𝜋 −∞

where E(ω) and E(t) represent the frequency and time evolution of the electric field of the
pulse, respectively. Since half-maximum quantities are experimentally easier to measure,
the relationship between the duration and spectral bandwidth of the laser pulse can be
written as:

𝛥𝑓𝛥𝑡 ≥ 𝐾
where f is the frequency bandwidth measured at full-width at half-maximum (FWHM) with
ω = 2πf and Δt is the FWHM in time of the pulse and K is a number which depends only on
the pulse shape. Thus in order to generate a laser pulse within femtosecond time domain
one needs to use a broad spectral bandwidth. If the equality is reached in equation above
one speaks about a Fourier-transform-limited pulse. The minimum time duration of a pulse
can be calculated, given a spectrum with Δλ (nm) at FWHM, central wavelength λ (nm) and
the speed of light c:

𝛥𝑡 ≥ 𝐾

𝜆2𝜊
𝛥𝜆 ∙ 𝑐

Titanium-sapphire lasers are most suitable nowadays for generating femtosecond pulses.
That is coming from inequality above, because small central wavelength or big Δλ means
even smaller Δt. It can generate the shortest pulses with durations down to approximately
5 fs. The tuning curve of such a laser in a continuous wave regime (Continuous Wave) spans
the wavelength range of over 400 nm between 670 and 1050 nm. It means that in an
optimized Mode-Locked regime the laser can emit pulses having such a broad spectrum.
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Figure 7- Ti:Sapphire Laser

2.5 CPA:Chirped Pulse Amplification
The chirp of an optical pulse is usually understood as the time dependence of its instantaneous
frequency. A chirp is called positive if lower frequency light travels ahead of higher frequency
light and negative if opposite holds. The reference to the chirpyness of a material is equivalent
to the term of Group Velocity Dispersion (GVD). Group Velocity Dispersion is defined as the
propagation of diﬀerent frequency components at diﬀerent speeds through a dispersive
medium. This is due to the wavelength-dependent index of refraction of the dispersive
material. Nor-mal dispersion (up-chirp) is the phenomenon, where the group velocity
decreases with increasing optical frequency, which occurs for most transparent media in the
visible spectral region. Anomalous dispersion (down-chirp) occurs in some unusual
circumstances, where the rate of change of the index of refraction with respect to the
wavelength changes sign (becoming negative). In such a case, it is possible for the group
velocity to exceed the speed of light (𝑢𝑔 > 𝑐). Anomalous dispersion occurs, for instance,
where the wavelength of the light is close to an absorption reso-nance of the medium. When
the dispersion is anomalous, however, group velocity is no longer an indicator of wave-packet
velocity. Here is an equation representing the dependence of group velocity from wavelength,
where D is the dispersion parameter.
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𝐷=

2𝜋𝑐 𝑑 2 𝑘
𝜆 𝑑𝜔 2

Chirped pulse amplification, is the method used to amplify a pulse, that has been chirped
before get amplified. The purpose of this procedure is to avoid damage and nonlinear
eﬀects during amplification. Chirped Pulse Amplification initially was developed for radar
technology, but later applied to optical amplifiers. Increasing laser peak power and intensity
has been one of the most important problems for laser science and technology, which lead
to the birth of Chirped Pulse Amplification.
A modern Chirped Pulse Amplification laser consists of the following main parts:
femtosecond oscillator, stretcher, amplifier, compressor and focusing system. The seed
pulses, usually obtained from a Kerr-mode-locked ultrashort pulse oscillator. These
femtosecond pulses are then chirped using a dispersive delay line consisting of a diﬀraction
grating arrangement or an optical fiber, called stretcher. The pulse is stretched from a
duration in the frequency domain, under 100 fs to typically 100 ps, decreasing its peak
power. At the amplification stage the energy of the pulse is increased. There are two types
of amplifiers: regenerative amplifiers and multi-pass amplifiers. As, it is mentioned later in
the experimental configuration analysis, in this work, a regenerative amplifier is used. Some
of the properties of a regenerative amplifier are the low output energy level (< 1 mJ), the
big number of passes through the laser medium, the high amplification factor and the
spectral bandwidth narrowing. After amplification a negative chirp provided by a
compressor. At the moment, which the pulse is very energetic, a second grating pair is then
used to ’re-compress’ the pulse back to femtosecond duration.
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Figure 8-CPA: Chirped Pulse Amplification

2.7 Femtosecond CW-pumped Regenerative Amplifier
The recent development of tunable solid-state lasers, especially Ti:sapphire lasers, has
engendered a dramatic advance in the average power of femtosecond oscillators and amplifiers.
Whereas femtosecond dye oscillators and amplifiers generally have operated with average
powers in the range of tens of milliwatts, Ti:sapphire system have been demonstrated at the 1W
level. In fact, dye amplifiers operating at repetition rates in the 1 to 10 kHz range generally
produce pulses in the 1 to 10 μJ range. However, recently developed multikilohertz pulsepumped Ti:sapphire regenerative amplifiers produce 0.3-1 mJ of energy per pulse. Amplification
of femtosecond pulses to micro joule energies by using pulse-pumped dye amplifiers is limited
to approximately 10 kHz by the repetition rate of the pump lasers. The superior energy storage
of Ti:sapphire makes it possible to amplify femtosecond pulses to the microjoule level in a cwpumped regenerative amplifier. The gain storage time of Ti:sapphire is 3μs, which makes it
possible to extract efficiently the energy stored by the pump at repetition rates of as much as
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250 kHz. A 5W semiconductor pump solid state laser, are used to pump the oscillator, and 10 W
laser is used to pump the amplifier.

Figure 9- The Laser Set up, which used for the experiment

The oscillator is a self-mode-locked Ti:sapphire laser. It produces 50fs pulses at 800 nm at a
repetition rate of 76 MHz, with an average power of 500 mW. A fraction of the oscillator output
is aligned through a Faraday isolator and injected into the amplifier cavity. The design consists of
a folded astigmatically compensated four-mirror cavity, in which one end mirror has been
replaced by a cavity dumper.
The Ti:sapphire crystal is pumped by the solid state laser beam that is focused through one of the
curved folding mirrors by a 10-cm focal-length lens. Cavity focusing was optimized at the 10-W
pump power. A Bragg cell (quartz) is included in the cavity as a Q switch. This allows the
Ti:sapphire to store energy for the amplification of the injected pulse from the oscillator (Mira).
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Figure 10-Timing sequence for the acousto-optic switching of the regenerative amplifier, showing schematically the
rf amplitudes applied to the Bragg cells and the resulting expected optical pulse train in the cavity.

Figure 11-The RegA optical cavity
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The optical cavity of the RegA laser has two strongly focussed regions. The one is for the
titanium:sapphire gain medium and the other one for the acousto-optic cavity dumper used to
switch pulses in and out. A primary consideration in the design of a such a cavity is control of the
beam sizes at these two locations. A further design requirement for RegA is that the cavity have a
length close to the 1.97 m long (76 MHz) Mira Seed laser. This allows use of a 76 MHz drive signal
from the Mira to accurately synchronize the injection and extraction to the amplifier with the
incoming oscillator pulse train. The other important element in the RegA optical cavity is the
acousto-optic Q-switch. This serves to hold off lasing in the cavity until the Mira pulse is injected.
The long arm between the two tightly focussed regions allows the positioning of the Q-switch in
the cavity near to a weak optical waist.
The Q-switch is an acousto-optic modulator used to prevent lasing in the RegA cavity until a pulse
from the Mira is injected. This allows the Ti:Sapphire crystal to store energy for the amplification
of the injected pulse. The Q-switch uses a normal angled TeO2 crystal with an acousto-optic
transducer matched to respond to 80 MHz RF excitation. The 80 MHz acoustic wave generated
in the Q-switch by the RF excitation is aligned at Bragg angle to diffract out part of the beam
inside the RegA cavity. This loss holds off spon- taneous lasing in the cavity. The RF drive to the
Q-switch is turned off suddenly and a single Mira pulse is injected into the RegA cavity by the
cavity dumper described in the next section. By timing this injection appropriately, the injected
pulse can be amplified in the RegA cavity and ejected by the cavity dumper while containing most
of the titanium:sapphire stored energy. After ejection of the pulse, the Q-switch loss is turned
back on again to allow the stored energy in the titanium:sapphire to build up again for the next
pulse. The cavity dumper is a high speed acousto-optic modulator used to inject and eject the
single pulse amplified in the RegA cavity. It is a Brewster angled SiO2 plate with an acousto-optic
transducer matched to respond to 380 MHz RF excitation. The 380 MHz acoustic wave generated
in the cavity dumper efficiently diffracts out any optical beam aligned at the acoustic Bragg angle.
The controller electronics supplies a sufficiently short RF pulse to create a short acoustic pulse
and diffract only one pulse out of a 76 MHz pulse train. Two pulses are launched into the cavity
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dumper by the controller; one to inject a pulse into the RegA cavity soon after the Q-switch is
turned off, and a second to eject this pulse from the RegA cavity after it has reached maximum
energy. This section describes the theory and operation of the cavity dumper in the RegA in more
detail. The cavity dumper AO modulator deflects part of the light in a laser beam. The deflection
process is induced by the interaction in a non-linear medium between an acoustic wave and an
optical wave. The cavity dumper AO modulator Bragg cell consists of a SiO2 opti- cally polished
slab, with a PZT transducer (LiNb03) bonded on one. The face of the slab opposite to the
transducer is cut at an angle in order to prevent a normal reflection which would allow the build
up of an acoustic standing wave. When a radio frequency excitation is applied to the PZT
transducer, an acoustic wave is launched into the SiO2 slab. This acoustic wave, corresponding
to the pressure modulation in the material, can be considered, in a first approximation, as a plane
wave traveling in the direction perpendicular to the PZT bonded slab face. Since the optical index
of refraction in the material (SiO2) is coupled to the modulating strain field of the acoustic wave
through the photoelastic effect, the regions of compression and depression exhibit a different
optical index of refraction. The optical index of refraction distribu- tion within the SiO2 is the
image of the acoustic wave, and consti- tutes a traveling optical phase grating. A beam of light
passing through such a phase grating will be partially diffracted. While this situation is perfectly
acceptable for a standing wave mode locker device where the diffracted energy is unused, in the
case of a cavity dumped system, the diffracted light constitutes the output of the RegA laser and
must be confined in one unique beam. One important limitation on diffraction efficiency is due
to the speed of sound in the material. In the case of SiO2, the speed of sound is 4.2 km/s or 4.2
µm/ns. To select a pulse from a 76 MHz pulse train, the acoustic pulse time must be limited to
less than the single cycle time of 13 ns. Now the 4.2 µm/ns speed of sound means a 10 ns long
acoustic pulse is only 42 µm in width. An optical beam with a diameter in the cavity dumper cell
greater than 40 µm will therefore only have its center diffracted by the acoustic pulse. For the
cavity dumper in the RegA cavity, the beam diameter is between 50 and 60 µm, so this effect
limits the diffraction efficiency and leads to a elliptical extracted beam, elongated in the vertical
direction. Reducing the spot size in the cavity dumper to alleviate this effect is undesirable
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because of the potential for optical damage in the cavity dumper—the laser is designed to
operate at up to one half of the measured damage threshold in the cavity dumper.

2.8 Autocorrelation
Optical autocorrelators are used for various purposes, in particular for the measurement of
the duration of ultrashort pulses with picosecond or femtosecond durations, where an electronic
apparatus would be too slow.[17] The field autocorrelation may be used to calculate the
spectrum of a source of light, while the intensity autocorrelation and the interferometric
autocorrelation are commonly used to estimate the duration of ultrashort pulses produced
by modelocked lasers.
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In an intensity autocorrelator as shown above, a beam splitter splits an incoming pulse into two
pulses, which are then focused and sent into a crystal. The arm length difference and thus the
relative timing of the pulses can be mechanically adjusted via the variable delay line. (Different
kinds of delay lines are used, e.g. using rotating glass blocks or mirrors mounted on
loudspeakers.) If the arm length difference is made small, so that the pulses meet in the nonlinear
crystal, the process of sum frequency generation occurs, leading to an output with a
shorter wavelength. If the relative time delay is increased, so that the overlap of the two pulses
in the crystal is reduced, the mixing product becomes weaker. Obviously, that overlap is lost
sooner if the pulses are rather short.
For measuring the pulse duration, the power of the mixing product is recorded as a function of
the arm length difference (this can be done under computer control, using a motorized
translation stage to move the delay line, or simply a loudspeaker moving a corner cube). The
dependence of the autocorrelation signal on the temporal delay is given by
A(τ) = ∫ P(t) ∗ P(t + τ)dt

2.9

Pump-probe technique

Ultrashort pulse is an electromagnetic pulse whose time duration is of the order of picosecond
(10−12) or less. This ultra-short laser pulse is separated into two pulses. The one called pump and
the other one called probe. Between those two pulses there is an optical delay which can be
configured by us. The intense pump pulse excites the sample, causing a change in its properties.
The changes which initiated by the pump pulse are monitoring by a weaker probe pulse. The time
course of the excited state is looked into by changing the time delay (∆t). The pump-probe
technique may be used to investigate such properties as reflectivity, transmission, Raman
scattering, and induced absorption. [8]
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Figure 12-A simple example of pump-probe technique

2.10 Transient Reflectivity and Transmission measurements
This is a typical pump-probe technique where an ultra-shot laser pulse is divided into two parts.
The first is far more intense, called pump and the other, is much less intense, is the probe. These
two pulses follow different optical paths, with one of the optical paths (normally the probe path)
having the ability to vary the distance using a precise motorized transitional stage.
The pump and the probe are overlap over the same spatial area on the sample. The probe beam
has to be completely within the excitation area beam. A photodiode is responsible to detect the
reflection-transmission beam, depending of the wavelength of probe pulse. A lock-in amplifier
along with an optical chopper is utilized to improve the sensitivity of the measurements. The
chopper is placed in the path of the pump beam, which modulates the excitation, thus giving a
synchronization signal to the lock-in amplifier.
In these types of measurements taking advantage of the strong nonlinear interaction of the
ultrashort pulses with mater, a small part of the ultrafast pulse is focused in transparent material
such water, ethylene glycol or glass such a sapphire window to generate white light. This white
light which has a spectral range between 420nm to 1000nm can be used to probe the dynamics
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in the photo-excited material. Typically, part of the fundamental intense laser pulse is used as
the pump, whereas the weak probe is chosen from the white light continuum. This will allow the
selection of the excitation states being probed. [8]
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3 Experimental Section
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3.1 Optical and Detection set up
The dynamic behavior of carriers in InN nanowires following femtosecond pulse excitation
through the temporal behavior of reflectivity and transmission. In the experiment the amplifier
system consisted of a mode locked Ti:Sapphire generating 75 fs pulses at 800 nm. These pulses
were amplified with a high repetition rate regenerative amplifier, cavity dumped by an acoustooptic modulator, generating 1.2W, 75 fs pulses at 250 kHz center at 800 nm.

Figure 13-Laser system and optical setup
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The amplified pulses were used to generate 400 nm using non-linear BBO crystal. A half wave
plate and a polarizer in front of the non-linear crystal were utilized to control the intensity of the
pump incident on the sample. A small part of the fundamental energy was also used to generate
a super continuum white light by focusing the beam on a sapphire plate. An ultrathin high
reflector at 800 nm was used to reject the residual fundamental pulse from the generated white
light to eliminate the possibility of effects by the probe beam. The white light probe beam is used
in a non-collinear geometry, in a pump-probe configuration where the pump beam was
generated from the frequency doubling of the fundamental. Optical elements such as focusing
mirrors were utilized to minimize dispersion effects and thus minimizing the broadening the laser
pulse. The reflected and transmission beams are separately directed onto their respective silicon
detectors after passing through a band pass filter selecting the probe wavelength from the white
light. The differential reflected and transmission signals were measured using lock-in amplifiers
with reference to the optical chopper frequency of the pump beam. The temporal variation in
the photoinduced absorption is extracted using the transient reflection and transmission
measurements, which is a direct measure of the photoexcited carrier dynamics within the
probing region. Precision measurements of the spot size on the sample of the pump beam along
with measurements of reflection and transmission at the pump wavelength provided accurate
estimation of the absorbed fluence (ranging from 10 μJ/cm2 to 5 mJ/cm2). [10]
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Figure 14-Optical setup for pump-probe

The above figure represents the experimental setup for pump-probe technique. As the pulse
leaves the laser system enters in the pump-probe set up. After the pulse enters the setup, there
is a beam splitter that separates the beam into two: the pump and the probe. The important is
that pump and probe must cover the same distance up to hit the sample. Pump passes through
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a λ/2 plate and a polarizer. The intensity of transmitted beam can be control by adjusting the
λ/2 plate. Subsequently the pump passes through BBO (Beta Barium Borate), thereby
generating pulses centered at 403nm. It uses the phenomenon of second harmonic generation
(frequency doubling), which is a non-linear optical process. Photons with the same frequency
interacting with a nonlinear material are eﬀectively "combined" to generate new photons with
twice the energy, and therefore twice the frequency and half the wavelength of the initial
photons.
Probe passes within the translational stage, which varies the optical path, between pump and
probe and therefore the optical delay between them. The probe hit the sample through a
sapphire crystal. The white light generated has a spectral profile covering the range between
450nm and 1000nm. In order to take different measures for different probe’s wavelengths,
different filters were used.
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3.2 Pulse width Measurements
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Figure 15- Pulse width measurements for the RegA Ultrafast laser
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This signal was obtained using autocorrelation technique of the pulse with itself at the
fundamental output of the laser (800nm). An ultrathin BBO crystal was utilized to obtain accurate
measure of the pulse. Once a second harmonic signal was obtained, a computer control
translation stage was used to map out precisely the signal giving us a measure of the pulse width.

3.3 Focusing characteristics of the pump beam
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Figure 16-Amplitude versus position of laser beam
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The laser beam (pump beam at 400nm) with focusing lens at 8mm with translation stage. The
translation stage was moving by steps (each step at 25μm). While it was moving, a computer
program was measuring the amplitude of the beam. After many measurements the Gaussian
graph was made (figure 20). Using the FWHM the diameter of the beam found at 500μm.

3.4 Sample under Investigation
Semiconductor nanowires have received increasing attention over the past years since they
constitute an important class of fundamental building blocks for the development of
nanotechnology. In this work we will investigate the carrier dynamic behavior of InN NWs were
grown using a chemical vapour deposition (CVD). The system consists of four mass flow
controllers and a horizontal tube furnace, capable of reaching a maximum temperature of
1100C. More specifically InN NWs were grown on n+ Si(111), covered with a thin layer of Au that
had a thickness of 1-2 nm. The Au/Si(111) samples had an area  1 cm2 and initially the silicon
was cleaned in HF, rinsed in de-ionised water and dried prior to the deposition of the Au layer in
order to remove the native oxide and surface contamination.
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Figure 17-nanowires
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4 Data Analysis
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In this work the excitation of the NWs was accomplished with an ultrafast laser pulse at 400 nm
corresponding to 3.1 eV photons which is much higher than the energy band gap of InN. This
excess kinetic energy resulted in generating carriers located high in the energy band structure of
the NWs.
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Figure 18-Differential absorption signal vs. time delay for different photon wavelengths in InN
NWs
The first graph (Figure-15) shows typical differential absorption measurements as a function of
time delay between the excitation and the probing pulse under the fixed pump fluence of 50
μJ/cm2 at various probing photon wavelengths. We can see the evident from the time-resolved
data that there is a complex behavior in the induced absorption which depends on the probing
photon wavelength. For probing wavelengths below 850 nm there is a drop in the induced
absorption signal followed by a recovery towards equilibrium.
Nevertheless, when the probing wavelength increasing, the minimum signal decreases (from
780nm to 800nm) and eventually a positive contribution to the absorption changes becomes
dominant (850nm and over). This observed nontrivial behavior in the time-resolved data is
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attributed to an interplay between the two effects of state filling and photoinduced absorption.
Following excitation of carriers from the valance to the conduction band, it results in the
occupation of normally unoccupied states thus reducing the absorption which appears as a
negative absorption change in transient measurements.
Therefore, photo-excitation of the carriers with an ultrafast pulse provides the means of
monitoring the temporal evolution of the occupied states and more specifically the relaxation of
the photoexcited carriers out of these states. In addition to the negative start filling described
above, there are also effects due to secondary excitations of the photogenerated carriers to
higher energy states induced by the probing laser pulse. This mechanism will be observed as a
positive change in absorption with its strength depending on the coupling efficiency and the
number of carriers present in the initial coupled energy state. In time-resolved absorption
measurements, both effects may be present with their relative contributions depending on the
energy states of the material under investigation.
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Figure 19- femtosecond pulse excitation at 3.1 eV (see vertical error “a”) and subsequent
relaxation of the photexcited carriers in the InN NWs. The bl arrow indicate the probing photon
where coupling between the valence and occupied conduction band is established thus state
filling is observed. The vertical arrow “c” represents secondary excitations (PA) of the carriers by
the probe pulse.

For the InN NWs used in this work clearly evident from transient absorption data (Figure 18), SF
is the main contribution for photon wavelengths between 500 nn and 750 nm, where direct
coupling from the valence to the conduction probing state is possible (Figure 19 line b). On the
other hand, for probing wavelengths longer than 830 nm a positive photo-induced absorption is
the dominant effect where direct coupling from the valence to the conduction band is not
possible due to the already occupied states in the conduction band from the free carriers intrinsic
to the fabrication of the NWs and the injected photogenerated carriers by the pump laser pulse.
A simple schematic diagram of a model explaining the behavior of the InN NWs following
femtosecond pulse excitation is shown in Figure 19. The diagram shows a representation of the
band diagram of InN around the Γ point of the Briouluin zone. The accepted fundamental band
gap of InN is about 0.7 eV however due to a large free electrons density present associated with
the fabrication of the NWs it results in the occupation of states near the bottom of the
conduction band. As a consequence the interband absorption edge energy is much higher than
the actual band gap energy. This is clearly seen as the zero crossing point (~1.52 eV) in the inset
of Fig. 3 and is associated with the transition point between state filling and photo-induced
absorption. We should point out that extrapolation of the square of the optical absorption
coefficient obtained from optical absorption measurement on the NWs (see Fig. 20) revealed an
absorption edge energy of approximately 1.35 eV. The larger values of 1.52 eV determined using
transient absorption measurements is due to the additional injected carrier density during
photoexcitation of the NWs by the pump femtosecond laser pulse.
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Figure 20- A variation of the square of the optical absorption coefficient against the photon energy for the InN NWs
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Figure 21-Plots of time constants obtained from single exponential fits to the recovery of transient
differential absorption signal as a function of the fluence for different probing wavelengths
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At the above graph (Figure 16) we display the time constants obtained from a single
exponential fit to the recovery of the transient differential absorption measurements as a
function of incident fluence on the NWs (nanowires). The first key observation from these data
is the value of the time constant (around 600 fs) at the lowest fluences. The time constants
determined from transient differential absorption measurements for the long probing
wavelength 980 nm provide a direct measure of the decay time constant for the photogenerated
carriers following their energy relaxation to the optical absorption edge. This appears to be very
fast and most likely a non-radiative decay into surface related states in the NWs. Moreover, this
time constant is increasing in a non-linear fashion with increase of the fluence as seen in the
graph. Similarly, the time constants extracted when probing higher energy states are also
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Figure 22- Differential absorption signal vs. time delay for different fluence in InN NWs with
probing photon wavelength at 500 nm (left) and 980 nm (right)
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To further investigate the dynamics near the transition point between state filling and free carrier
absorption time-resolved differential absorption measurements at various fluences were taken
with probing photon energy. Figure 17 shows some of these measurements. Evident from these
figure is the non-linear behaviour. When the wavelength is short (figure 17, left), independent
from fluence, the temporal response of the differential absorption suggested state filling is the
main negative contribution. On the other hand, when the wavelength is long (figure 17, right), it
is also independent from fluence and appears as a positive contribution.
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Figure 23- Differential absorption signal vs. time delay for different fluence in InN NWs near the
absorption edge.

To further investigate the dynamics near the transition point between state filling and free carrier
absorption time-resolved differential absorption measurements at various fluences were taken
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with probing photon energy near that region. At the lowest fluences the temporal response of
the differential absorption suggests state filling is the main contribution. Nevertheless, with
increasing fluence there appears a positive contribution affecting the normal exponential
recovery of state filling. This effect becomes more dramatic with increasing fluence with the
positive contribution becoming larger and more pronounced as clearly seen for the 800 nm
probing wavelength. This behaviour is attributed to the complex relationship between the effects
of state filling, bandgap renormalization and free carrier absorption. We should point out that
for the highest fluence there appears to be a positive contribution to the differential absorption
which remains constant and persists for times longer than 500 ps which corresponds to the
maximum travel of the translation state in the pump-probe setup.
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5 Discussion and Conclusion
In conclusion, we have investigated ultrafast carrier dynamics in InN NWs grown via chemical
vapour deposition. Furthermore, intensity measurements revealed that the photogenerated
carriers following their energy relaxation near the absorption edge relax into defect/surface
related states on a picosecond time scale. The exact value depends on the number of
photogenerated carriers inject into the NWs. Interesting non-linear behaviour the temporal
differential absorption due to an interplay between state filling, band gap renormalization and
free carrier absorption have been observed near the optical absorption edge of the InN NWs. At
the lowest fluences the temporal response of the differential absorption suggests state filling as
the main contribution. Nevertheless, increasing fluence appears a positive contribution affecting
the normal exponential recovery of state filling. This effect becomes more dramatic with
increasing fluence as the positive contribution becoming larger. When the fluence was increasing
the time constant was also increased.
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