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Differential absorption spectroscopy has been utilized over the past decades, to
determine the dynamics of various interactions in novel material, following photoexcitations. The techniques most widely used are variations of what is refereed to
pump-probe spectroscopy. In these techniques the incident ultrashort pulse is divided
into the pump pulse, which is used to excite the material, and a much weaker probe
pulse, utilized to detect changes induced by the pump. The temporal resolution is
achieved using a sub-micron motorized translation stage. Most often, white light
generation has been the mean of generating probe pulses over a broad band of
wavelengths. Although this has been possible for wavelength range in the visible to
near IR, white light generation in the far IR is not very stable making it impossible to
make measurements. It is, therefore, the primary objective of this work to setup a pump
probe spectroscopy measurement system using an OPA (optical parametric amplifier),
thereby obtaining stable probing wavelengths up to 1.8 μm. This stability in the probing
wavelengths will provide signal to noise ratio of better than 1x10-4. Finally, to test the
new optical setup, time resolved measurement will be carried out on a thin film of PbS
quantum dots with an absorption band at 1600nm.
The challenges that one is facing in constructing such an optical pump-probe setup
are as follows:
1. Optimization of OPA system providing stable laser pulses. Critical to the
ability of generating stable short pulses from the OPA is the proper white light
generation and alignment through the preamplifier and amplifier section of the
OPA.
2. Setup the translation of the pump/probe beam over a range of the translation
stage, which in this case is 50cm
3. Precise overlap of the pump and probe beam over the range of the translation
with minimum deviation/pointing stability.
4. Detection of small changes using lock-in amplifier and proper IR detectors.
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1.0 Introduction
Ultrafast lasers have been a key instrumentation in understanding interactions in
matter and in particular time resolving the various processes that occur on
picoseconds and femtoseconds time scales. Carrier scattering, carrier thermalization,
carrier-phonon interaction, energy transfer etc. have been some of the processes that
have been investigated. Here in this work, our objective is the construction of an
Optical Parametric Amplifier (OPA) based pump-probe setup, for investigating
interactions in the IR part of the spectrum. This chapter will provide a brief introduction
to the history of laser and ultrashort pulse generation.

1.1History of Laser
The concept of lasers was “predicted” by Albert Einstein back in 1917, by describing
the theory of absorption and stimulated emission via a re-derivation of Max Planck’s
law of radiation. It was until 1933 that Einstein’s theory was confirmed by the
experiments of Ladenburg and Kopfermann, but have not explored deeper cause, at
that time scientists believed that there were always more atoms in the lower state than
in any higher state, making the stimulated emission to be always smaller than the
absorption. This assumption was proved wrong when Charles Townes found a way to
obtain a microwave population inversion, making the first maser (microwave
amplification by stimulated emission of radiation) in 1953, which was mainly used for
molecular spectroscopy. Furthermore, Townes realized that shorter wavelengths
would be more powerful tools for spectroscopy applications and pointed this out to
Schawlow. Schawlow came up with the idea of placing a mirror on each end of the
device cavity, to bounce the light back and forth, thereby amplifying only the beam. He
also thought that this would enable them to tune the laser to have one frequency by
changing the line width. The acronym “LASER” (Light Amplification by Stimulated
Emission of Radiation) was first published by Gordon Gould in 1959 which would then
be used for every kind of wavelength. The first ever laser was made by Theodore H.
Maiman in 1960, where he used a flashlamp-pumped synthetic ruby crystal to produce
red laser light at 694 nanometers wavelength. The device was only capable of
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producing pulsed emissions, but Ali Janvan and William R. Bennett managed to
construct the first ever gas laser, using helium and neon, which was capable of
continuous operation in the infrared.

1.2 History of short pulses
Since the initial demonstration of the laser, there has been a great deal of
advancement, in the lasing materials available as well as the optical elements that
maybe placed within the resonator, thereby changing the characteristics of the actual
laser beam output. It is well known that a laser in its most common operation will
produce a continuous-wave beam (CW), where the energy is continuously coming out
of the laser. However, one of the interesting properties of the laser is when it
accumulates the energy in the cavity and then releases this energy in a short burst of
output as a pulse. The first technique utilized to accomplish this it is known as Qswitching, a process in which the laser emits nanosecond pulses, by modulating the
intracavity losses of the laser resonator.
In order to create much shorter pulses a new technique was necessary, known as
mode-locking. This technique uses the laser cavity to create longitudinal modes,
standing waves that oscillate at a fixed phase between each other, and then releasing
them all at once. This way, the energy still remains high, but because of the fixed
phase between the waves, the duration of the generated pulses is much shorter,
reaching the picoseconds/femtoseconds timescales.
The first method of mode-locking was what is referred to as active mode locking. In
this type of mode locking, an acousto-optic modulator is placed in the cavity, which
controls the resonator losses in exact synchronism with the resonator round-trips.
However, this technique was surpassed, with the use of a continuous wave saturable
absorber known as passive mode-locking.
In a dye laser the laser gain medium is the dye, which has a broad bandwidth making
it possible to tune the output wavelength of the system. In dye lasers passive mode
locking is possible, where an electric modulator is not necessary, but instead uses a
saturable absorber. Compared with active mode locking, passive mode locking can
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generate much shorter pulses (femtoseconds), because a saturable absorber, can
modulate the resonator losses much faster than any electronic modulator.

This

method was the dominant technique for creating ultrashort pulses for many years, as
it had improved the accuracy of pump-probe measurements immensely.

Figure 1.1 A picture of a dye laser, where the gain medium is a dye flowing in a form of jet in
air and captured by a tube where it is recirculated. The dye absorption and emission
properties, as well as the laminar flow from the jet, makes it possible to be used as the gain
medium of the laser.

The latest method for producing ultrashort pulses is the Kerr-lens mode locking (KLM).
The Kerr-lens mode locking uses a saturable absorber, like in passive mode locking,
but also utilizes the Kerr effect in a nonlinear medium. Due to the nonlinear nature of
the medium, the laser beam is subject to self-focusing, meaning the beam radius is
decreased, because of the increased refractive index of the inner part of the medium,
and focused on a single point, making the pulse duration shorter and shaping it to a
Gaussian form. Adding on this effect, the Kerr effect causes the refractive index of the
medium to change as a function of laser intensity. This causes the medium to amplify
the peak of the laser beam, while absorbing the edges of the beam. A very suitable
medium for Kerr-lens mode locking is titanium-doped sapphire crystals (Ti:sapphire),
for having nonlinear texture and is able to produce a broad bandwidth. KLM
Ti:sapphire lasers replaced the dye lasers, because they are a simple system,
versatile and produced shorter and more powerful pulses, with peak power greater
than 5MW, compared to the kW of the dye-laser.
Ultrashort pulses play a key role in a number of fields, from physics, chemistry, biology,
medicine, and even in the everyday life. One example is microfabrication or laser
6

shaping. When a CW laser is used to cut (burn) any material, the continuous heat from
the laser creates a heat zone around the target, where the material melts, enlarging
the hole and causes micro cracks, which can damage and weaken the material.
Thanks to the shortness of the laser pulses, it’s possible to precisely cut through any
material, while also massively reducing the heat affected zone and any damage on
the material.

Figure 1.2 The first picture shows the effect of laser shaping using a CW laser, whereas in
the second picture with a short pulse laser. The damages from a short pulse laser are less
critical to the material, in comparison to the CW laser. The CW laser evaporates a bigger area,
but can also create micro cracks into the material, making its surface rugged with debris.
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1.3 Validation of Optical setup and Sample of Quantum Dots
The purpose of this project is to design and produce a reliable pump-probe based
differential absorption measurement system, that works in the Infrared Region (IR) of
the spectrum. To achieve this, an Optical Parametric Amplifier (OPA) system is used,
in conjunction with an Ultrafast Amplifier, allowing for the generation of ultrashort
pulses tunable from UV to 1800nm. To test the effectiveness of the femtosecond
pump-probe OPA system, a thin film sample made of PbS quantum dots spin coated
on a quartz substrate will be utilized. The quantum dot size was approximately 6nm
giving an absorption band around 1600 nm.
Quantum dots are often referred as man-made semiconductor particles, whose size
are normally a few nanometers. Their extremely small size renders their optical and
electronic properties different from those of bulk materials. The majority of QDs have
the ability to emit light of specific wavelengths if excited by light or electricity. The
electronic characteristics of QDs are determined by their size and shape, which means
we can control their emission wavelengths by tuning their size. Due to these
properties, QDs find applications in a wide variety of electronics like solar cells,
transistors, LEDs, medical imaging, and quantum computing.

Figure 1.3 Various quantum dots with different sizes are shown, demonstrating the different
lights that the quantum dots emit, while being exposed to the same wavelength of light (blue
light).

8

2.0 Ultrafast Laser System

This chapter begins with, a brief description on dispersion characteristics of a short
pulse and its broadening, due to its propagation through dialectic material like glass.
There will be an explanation on how the ultrafast pulses are generated through the
use of the mode-lock technique, and how these pulses can be amplified to gain more
energy, while maintaining their short duration. Finally, there will be a description how
can the pulses be tuned to any desired wavelength, using non-linear interaction and,
in particular, Optical Parametric Amplifiers.

2.1 Ultrafast Pulses dispersion characteristics
A complete description of the electric field can be given either in the time or frequency
domain. For a pulse with temporal duration Δt, this corresponds to spectral bandwidth
of Δω.
∞

𝐸(𝜔) = ∫ 𝐸(𝑡) exp(−𝜄𝜔𝑡) 𝑑𝑡
−∞

∞

𝐸(𝑡) =

1
2𝜋

∫ 𝐸(𝜔) exp(𝜄𝜔𝑡) 𝑑𝜔
−∞

Minimum duration-bandwidth Product ΔωΔt ≥ 2πκ

2.2 Dispersion and pulse Broadening
When a short pulse goes through a dispersive medium, its various frequencies get
separated in time via two ways. First, the group delay, which is the delay of the center
of the pulse, in comparison to a pulse traveling in the air. Second, normally dispersive
media enforce a positive frequency sweep or “chirp”, meaning it causes the
frequencies of the pulse to increase through time.
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Figure2.1. Diagrams of the electric field of (a) a non-interacted Gaussian pulse and
(b) the same beam, after going through a positively dispersing medium. A positive
chirp can be seen on the trace in (b).

To understand the effects of the chirp, it is useful to translate the phase shift as a
function of frequency ω. The phase, φ(ω) can then be developed as a power series
about the central frequency ωο (Equation 1):
1
1
𝜑(𝜔) = 𝜑(𝜔0 ) + (𝜔 − 𝜔0 )𝜑 ′ (𝜔0 ) + (𝜔 − 𝜔0 )2 𝜑 ′′ (𝜔0 ) + (𝜔 − 𝜔0 )3 𝜑 ′′′ (𝜔0 ) + ⋯
2
6
where φ’ is the group delay, φ’’ the group delay dispersion(GDD) and φ’’’ is the thirdorder dispersion.

Consider a transform-limited Gaussian pulse with a central frequency ω0 and a pulse
width (fwhm) τin. Then its electric field, Ein, takes the form (Equation 2):
2𝑙𝑛2𝑡 2
𝐸𝑖𝑛 (𝑡) = 𝐸0 𝑒𝑥𝑝 [− (
) + 𝑖𝜔0 𝑡]
𝜏𝑖𝑛 2
The electric field of the Gaussian pulse, after exiting the dispersive medium, can be
calculated by transforming Ein to the frequency domain and adding the phase power
series in Equation (1), before transforming back. Suppose the only contribution is
coming from the GDD term, then the electric field Eout would be (Equation 3):
𝐸𝑜𝑢𝑡 (𝑡) = 𝐸0 𝑒𝑥𝑝[𝑖(𝜔0 𝑡 − 𝜑) − 𝛤(𝑡 − 𝜑 ′ )2 ]
where (Equation 4)
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𝜏𝑖𝑛 2
𝛤=(
+ 2𝑖𝜑 ′′ )
2𝑙𝑛2

−1

The dispersion causes two things. First, the τout part of the Gaussian Eout, is
analogous to τin from Ein, and it’s broadened by a factor (Equation 5):
τ𝑜𝑢𝑡
𝜑′′2
= √1 + 4 16(𝑙𝑛2)2
τ𝑖𝑛
τ𝑖𝑛
Second, a chirp is appeared in the output pulse, with a sign that is opposite of that of
φ’’.
The GDD, φ’’m, cause of the length of the material lm, is related to the refractive index
of the material, n(λ), at the central wavelength, λ0, through its second derivative with
respect to wavelength (Equation 6):
𝜆0 3 𝑙𝑚 𝑑 2 𝑛(𝜆)
𝜑′′𝑚 =
2𝜋𝑐 2 𝑑𝜆2

Figure 2.2. Refractive index in relation to wavelength data for (A) fused silica, (B)
Schott BK7, (C) Shott SF10 and (D) sapphire. The points are measured values and
the lines are fittings to Sellmeier equations.
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Figure 2.3. Gaussian pulse width before and after traveling through 10mm of fused
silica. The broadening is caused by the group delay dispersion (GDD)

2.3 The Generation of Ultrafast Pulses
Ultrashort pulses are generated using what is known as mode locking. This technique
allows the generation of pulses with duration as short as femtoseconds. The duration
of the ultrashort pulses depends on two factors. First, the gain medium must have a
wide bandwidth, thereby allowing a large number of longitudinal modes oscillating in
the cavity. The second factor is associated with the optical cavity of the laser,
specifically its length. This determines the frequencies that are allowed to exist within
the cavity with spacing of 𝛥𝑣 =

𝑐
2𝐿

, satisfying the condition of standing waves in the

laser cavity.
A necessary condition for the resonator to sustain oscillations is that a cavity round
trip must be an Integral number of wavelengths

2𝐿 = 𝑞,

𝑞 = 1,2,3 … ..
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The resonator sustains only frequencies that have separation c/2L

𝑣𝑞 = 𝑞

𝑐
2𝐿

Figure 2.4 Time distribution of output intensity for four and ten modes with random
phases compared with same phases (phase-locked).

If the modes, in the cavity, were oscillating independently, then the output intensity
would randomly fluctuate with time. However, because only modes with a fixed phase
between them are allowed, instead of a random output intensity, all the modes
periodically interfere with one another, producing an intense burst of light, a pulse. The
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duration of each pulse of light is determined by the number of modes oscillating, hence
the necessity of the medium to have a wide bandwidth; the greater the number of
modes, the shortest the duration of a pulse and their intensity increases. Such a laser
is said to be "mode-locked" or "phase-locked".

𝐸(𝑡) = 𝐸0 𝑒 𝜄(𝜑0+𝜔𝑁−1 𝑡) [1 + 𝑒 −𝜄𝛿𝜔 𝑡 + ⋯ + 𝑒 −𝜄(𝑁−1)𝛿𝜔 𝑡 ]
𝛿𝜔 = 2𝜋 (

𝑐
2𝜋
)=
2𝐿
𝑇

𝑁𝛿𝜔𝑡
sin2 ( 2 )
𝐼 = 𝐸𝐸 ∗ = 𝐸0 2
𝛿𝜔𝑡
sin2 ( 2 )

Figure 2.5 An example of a mode lock cavity. All the waves that survive in the cavity,
oscillate with frequencies with a fixed phase between them. Because of the fixed
phase between the waves, there are some noticeable points, where all the waves
collide with each other, resulting in the combination of all their energies and generating
a huge pulse.

There are two kinds of mode-locking methods: “active” or “passive”. Active methods
require an external signal to induce a modulation of the intracavity light, whereas
passive methods use a saturable absorber to act as a signal for the modulation (selfmodulation).
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Figure 2.6. External modulation of the laser intracavity losses or the laser gain using
an optical switch

Figure 2.7. Insertion of a saturable absorbing medium into the cavity
To produce ultrashort pulses, the passive methods are more commonly used, mainly
the Kerr-lens mode-locking technique (or self-mode locking technique). In this case,
the nonlinear properties of the gain medium are utilized, thereby decreasing the losses
of the stronger intensity peaks. Thus, for high intensities, Kerr effect which is a third
order nonlinear effect becomes apparent and is responsible for changes in the material
refractive index, which become linearly dependent on the light intensity.
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Figure 2.8. The nonlinear index of refraction will be highest at the center of the beam
when it passes though the crystal causing self-focusing.

Due to the Gaussian spatial shape of the beam, its different parts experience a
different refracting index, as they propagate through the medium. Centre parts of the
beam feel a larger refractive index, which progressively decreases for the outer parts
of the beam. Therefore, the gain medium acts as a converging lens. The higher
intensity parts of the beam will be strongly focused, while the weaker parts will
experience a negligible focus. The intensity dependence of refractive index is also
responsible for the shortening in the time pulse duration. Due to the finite duration of
the pulse, the refractive index change is also time dependent. Consequently, the pulse
phase is temporally modified, which in turn broadens its spectrum and can result in
pulses with shorter duration. This effect is called self-phase modulation.

The most common ultrashort laser pulses are generated using a laser oscillator based
on a sapphire crystal (Al2O3) that is doped with Ti3+ ions usually referred to as
Ti:sapphire, These ultrafast lasers are tunable and emit light in the range from 620
to 1100 nanometers. They are usually pumped with another laser, most common being
a frequency-doubled Nd:YAG, which uses second-harmonic generation process to
produce laser with double the initial wavelength (near 515nm). The titanium doped
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sapphire based laser operate most efficiently at wavelengths near 800 nm, which is
the peak of the emission spectrum.

Figure 2.9. The absorption and emission spectrum for titanium-doped sapphire
crystal.

The propagation of the short pulses in a typical Ti:sapphire laser cavity is rather
complicated, mainly due to the broad bandwidth of the ultrafast pulse and the
dispersion characteristics of matter. As the pulse propagates though the laser crystal,
it broadens due to dispersion of the crystal, where the longer wavelength is traveling
faster than the shorter ones. However, in a pair prism configuration (shown in the
figure), one can achieve negative group-velocity dispersion with a continuous
adjustment of the dispersion though zero, due to the positive dispersion of the
transparent material (glass).
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Figure 2.10. A schematic of a simplified self-mode locked for titanium-doped sapphire
based laser cavity, producing a train of pulses.

The Ultrafast oscillator used in this work is called MICRA and its commercially
manufactured by Coherent Lasers INC. The Micra laser system incorporates a diode
pump laser (Verti) into one box with the femtosecond oscillator cavity, as shown in the
Figure 2.11. Advantages of this design include a smaller overall footprint, as well as
increased stability, due to several factors: the pump source is fixed at a short distance
from the Ti:sapphire crystal, any air currents along the pump beam path are greatly
reduced, and the entire system remains in thermal equilibrium with the water-cooled
baseplate. Optimal alignment of the pump beam into the oscillator cavity is maintained
by the PowerTrack beam steering system. A feedback loop controls the orientation of
the first pump steering optic, while monitoring the Micra output power level. In addition
to correcting any long-term drift associated with the Verdi beam pointing, this
mechanism reduces system warm-up time to less than a few minutes.
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Figure 2.11. A schematic of the MICRA Laser Head Layout. The green beam at 532
generated by the Verdi excites the Ti:sapphire Laser crystal in the oscillator cavity
where the red beam traces out the path of the femtosecond pulses.

The oscillator itself employs Kerr lens mode-locking in combination with an intracavity
prism pair to generate low-noise, large-bandwidth, and high peak power ultrafast
pulses. The prisms are adjustable along with a slit assembly, to provide tunability of
the bandwidth and center wavelength. Precise control of the spatial mode profile
allows stable operation at bandwidths in excess of 100 nm, while maintaining highquality mode. The cavity also features automated mode-locking initiation, by means of
a solenoid-driven movable mirror mount.

Figure 2.12. A schematic diagram of the MICRA Laser Head with actual optical
elements in the femtosecond laser cavity.
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It should be pointed out that the Verdi head is sealed in a factory cleanroom, to ensure
optimal performance. The gain medium is Neodymium Yttrium orthovanadate
(Nd:YVO4), which generates a fundamental wavelength at 1064 nm. Frequencydoubling occurs within a Lithium triborate (LBO) nonlinear crystal within the laser cavity
itself to produce green light at 532 nm, allowing for efficient absorption by the
Ti:sapphire crystal. The enhanced stability of the Verdi can be traced to the resonator
design, all solid-state construction, and the use of semiconductor diode lasers as a
pump source. Diode lasers directly convert electrical energy to laser light with high
efficiency. In the Micra laser system, a pre-packaged diode module is installed in the
power supply, and the diode output is relayed to the Verdi head through fiber optic
cables in the umbilical.

Figure 2.13. A schematic diagram of the Verdi Laser Head with the optical elements
in the cavity shown.

This system is a diode pumped Nd:YVO4 laser (Verdi), used to produce a continuous
wave of 532nm wavelength, in order to excite the titanium doped sapphire. The excited
atoms produce various wavelengths, which make a few roundtrips before being sent
out as a pulse. Only wavelengths with a certain frequency survive, so they add up.
An important note is that, along with a set of mirrors, there are two prisms placed on
the roundtrip path. These are responsible for compensating the pulse broadening
effects that occur on the mirror, thus trying to keep the duration of the pulse as minimal
as possible. The Micra can generate pulses of 798nm wavelengths of 30fs duration,
at a rate of 80MHz, with energy of 5nJ per pulse.
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Figure 2.14 The setup of the Micra ultrashort pulses generator with the various output
beam characteristics.

2.4 The Amplification of Ultrafast Pulses
The ultrashort pulses generated in a mode-locked oscillator are generally a few
nanojoules, which are normally very weak for most experimental work. In view of this,
an ultrafast amplifier is utilized, to increase the energy of these pulses usually by
several orders of magnitude (x106). Therefore, a complete ultrafast laser system
consists of a mode locked oscillator and a regenerative amplifier.
Mode-locked Ti:sapphire laser like the MICRA system utilized in this work produces
pulses a few nanojoules, which is extremely small to notice any induced changes from
light mater interactions. Therefore, it is necessary to amplify these pulses by several
orders of magnitude. However, one major obstacle is the high peak power of the
ultrafast beam passing through the amplifying media. It is well known that, when an
intense beam travels through a laser crystal like Ti:sapphire it tends to self-focus,
which is a nonlinear optical effect where an intensive light beam modifies the refractive
index of the material it is passing. This will cause the beam to focus and further amplify
the effect. Therefore, self-focusing makes it necessary to limit the peak power of the
pulse in the crystal to a defined maximum depending on the crystal properties, in the
Ti:sapphire case this less than 10 GW/cm2. To circumvent this limitation to the
amplification of ultrashort pulses, a technique called chirped pulse amplification (CPA)
was introduced.
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Firstly, the pulses duration is enlarged up to hundreds of picoseconds, to preserve the
gain medium and the various optical components in the amplifier. This process is
achieved, by placing grating pairs in an antiparallel configuration, to increase the
distance between different wavelengths. These temporally wide pulses are sent into
the gain medium which is maintained at 00C for optimum absorption at the
amplification stage in an optical cavity, where Pockel’s cells and polarizers are used
to inject and reject pulses from the cavity. While the medium is pumped by a qswitched diode-pumped Nd:YLF (Evolution) laser, the pulses oscillate in the optical
cavity, gaining energy in each trip, until saturation gain occurs. Finally, the pulses are
extracted from the cavity, and are compressed back into their initial duration, by grating
pairs in a parallel configuration, that compensates the chirp of the pulses, and leave
the amplifier.

Figure 2.15 A schematic of the seed beam and Excitation beam alignment into the Legend
Stretcher, Regenerative Amplifier, and Compressor.

The final pulses have a reduced repetition rate from 80MHz to 1KHz, which is the rate
of the pump beam used to excite the gain medium. On the other hand, the energy of
the pulses are increased to 2.7mJ, which is 105 higher.
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Figure 2.16 The complete optical setup of the Legend ultrafast amplifier with output
beam characteristics.

2.5 The Optical Parametric Amplifier (OPA)
In order to study the changes in the sample, in the Infrared Region, the probe beam
must have its wavelength tuned to that range, so that its properties can be altered and
detected, after its collision with the sample.
Kerr lens mode-locking Ti:sapphire lasers are a reliable source of femtosecond pulses.
One feature that they lack though, is a wide frequency tunability. This can be solved
by adding an optical parametric generation (OPG).
The principle of OPG is a high frequency and intensity beam, the pump beam,
amplifies a lower frequency and intensity beam, the signal beam, in a nonlinear crystal.
In addition to the amplification of the signal beam, a third beam is generated, the idler
beam. In the interaction, the total energy equation is satisfied:
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ℏ𝜔𝑝 = ℏ𝜔𝑠 + ℏ𝜔𝑖
where ωp, ωs and ωi are the frequency of the pump beam, signal beam and idler beam
respectively.
There are two ways to use the OPG for frequency tunability. One way is by enclosing
the OPG crystal in an optical cavity and the parametric gain exceeds the losses,
making the cavity oscillate like an ordinary laser and it’s called optical parametric
oscillator (OPO). The other way is by amplifying the weak signal beam in the OPG
crystal, hence the name optical parametric amplifier (OPA).
The difference between the two options is that the OPOs work better with higher
repetition rates (≈100MHz) than the OPAs (1 to 100KHz), but the OPAs provide higher
output energies, wider frequency tunability and are simpler to use, since they don’t
require any cavity length stabilization.

Figure 2.17 Two visualizations of the optical parametric amplification: (a) The pump
beam empowering the signal beam, while the idler beam is the remaining pump beam;
(b) Stimulated emission of signal photons from a higher level excited by pump photons.

The Optical Parametric Amplifier (OPA) gives us the possibility to modify the pulse’s
wavelength into a wide bandwidth of spectra. OPAs are now the most common source
of tunable femtosecond pulses, with high level of accuracy and reliability. They can
tune pulses, from the ultraviolet to the mid-infrared, with pulses energies up to 100μJ
levels. In addition, femtoseconds OPAs can produce pulses shorter than the pump
pulses, making them as good as pulse compressors. To achieve this, the OPA uses
various nonlinear optical effects, such as white light generation and optical parametric
amplification.
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The optical parametric amplification process consists of a weak signal beam with a
strong pump beam.

Figure 2.18 The layout of the OPERA-SOLO: 1– Input pump beam, 2- PA2 pump
beam, 3- WLG pump beam, 4- PA1 pump beam, 5- White light beam, 6- Seed beam,
7- Idler beam.

The initial stage is the generation of the signal beam, by the white light generation
technique. A small part of the energy of the beam is used, to create a white light
continuum. The white light generation is when an ultrashort pulse is focused inside a
sapphire or quartz. Thanks to the self-phase modulation effect, but also others, like
self-focusing, where the intensity dependence of the medium causes the beam to
focus on a single point, and multi-phonon absorption, where the sapphire absorbs
multiple phonons to reach the excited state, a large spectral broadening takes place.
The continuum spectrum can take range from 420nm to whole visible waves, and even
near-IR(1.5μm).
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Figure 2.19 A demonstration of white light generation.

After the generation of the signal pulse, the pump and signal pulses are combined in
a nonlinear crystal, in a preamplifier, by being timed, using delay lines, and overlapped
non-collinearly inside the crystal, so that the parametric amplification and the tuning of
the pulse’s wavelength takes place. The wavelength tuning can be achieved, by
changing the delay of the signal beam with respect to the pump pulse, and by adjusting
the crystal angle for optimal phase matching. The pump pulse and the generated idler
beam are blocked by a beam blocker after the crystal, while the amplified signal beam
is separated by a non-collinear geometry. The amplified signal beam is, then,
expanded and aligned by a lens telescope, to go through the power amplification
stage, to be amplified once more.
The reason of using two amplification stages instead of one is to reduce the group
velocity mismatch (GVM) and to increase the flexibility of the parametric gain
adjusting.
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3.0 Experimental Optical Setup

In this chapter a detail description of the pump-probe technique used in time resolving
carrier dynamics with femtosecond pulses will be given. The complete optical paths of
the experimental setup will be given along with key equipment such as the computercontrolled translation stage, amplified detector with lock-in amplifiers.

3.1 Pump-Probe Technique
In order to study the excitation and the relaxation process that occur on a material with
our ultrafast pulses, a very precise detector with a fast response time would be
necessary. A way to avoid these costly parts, it’s the use of the pump-probe technique.
In this technique, the incident laser pulse is split into two pulses with different intensity.
The “pump” pulse contains the majority of the intensity of the initial laser pulse, and
it’s used for the excitation of the sample. The other pulse, the “probe”, is used to detect
the changes caused by the pump pulse. It is much weaker than the pump pulse, so
that it can’t affect the sample properties. The modified probe-beam is collected and
measured by a photodetector.

Figure 3.1 Demonstration of the measurement of the probe beam identify with
various decay states.
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By changing the time delay between the pump and the probe pulse when they reach
the sample, the various states of the excitation and relaxation process can be
observed. To achieve that, the two beams take different optical routes, and a
translation stage is installed.
The translation stage enables the precise selection of the time that one beam hits the
sample, relative to the other. If the probe-beam hits the sample before the pump-beam,
no changes are detected in the sample, because the pump-beam didn’t have time to
excite it. If the probe reaches the sample along with the pump simultaneously, the
excitation process will be observed. Lastly, if the probe arrives later than the pumpbeam, a state of the relaxation process is measured.
Initially, the translation stage was installed in the optical path of the probe beam,
however it was realized that this optical arrangement contributed to instabilities of the
probe beam detection. The intensity of the beam wasn’t stabilized, throughout the
different time delays of the two beams, which was a problem, because the intensity
plays as a factor to our experiment, and it meant that our measurements were not
trustworthy.
It was decided that it’s best to transfer the translation stage onto the optical path of the
pump beam. To check the accuracy and the intensity stability of the beam, the beam
was pointed at a relatively far target (approximately 4-5 meters), then move the
translation stage to check if the beam keeps hitting the target. If the test is successful,
it was trialed again but with the sample installed in the way of the beam.

Figure 3.2 Demonstration of the probe and pump beam collision with the sample,
and their laser pulse diameters.
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To ensure the probe beam experiences a uniformly excited area, a special overlap
between the pump and the probe pulses is needed. Therefore, the pump pulse is
controlled to have a diameter bigger (2mm) than the probe’s (100μm).

3.2 Setup for optical translation stage
The most important step for the pump-probe technique is the optical translation stage,
where it decides the time the one beam reaches the sample (time delay), compared
to the other. It is very important that, throughout the entire translation route, the point
that the two beams strike the sample doesn’t deviate.

Figure 3.3 An example of a pump-probe technique with a translation stage installed
in the optical path of the probe beam.

Optical translation between pump and probe pulse is obtained, by utilizing a motorized
translation stage with 0.1μm precision. Two mirrors are mounted on the translation
stage, to redirect the incoming beam back to the direction it came from. By moving the
translation stage, the optical delay between the pump and probe pulse can be
changed, provided that only one of the two beams goes through a translation stage,
whereas the other pulse has a different and a stationary optical path, where its length
is stationary.
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Normally, the probe beam goes through the optical path with the translation stage,
where it has more mirrors that can cause energy loss, so that the pump beam, which
excites the sample, can reserve more of its energy, by following the stationary path.
But, as mentioned before, in our experiments it was detected that, the probe beam
from the OPA, would have different divergence characteristics in terms of the distance
from the IR detector, resulting in a variation of signal over the translation stage optical
delay. Therefore, it was determined that the pump will be following the optical path
with the translation stage.
In order to measure meaningful transient absorption data, the probe beam must
always incident within the excitation area of the pump beam, throughout the translation
of the pump beam with minimum deviation. That’s why the pump beam is a lot larger
(~1mm) than the probe beam (~100μm). Since the probe beam is stationary, the
alignment had to be arranged via the pump beam into the translation assembly. This
was done, by following the pump beam, it was directed several meters further than the
sample target, so that any deviation of the pointing beam direction would be amplified
and more easily detected. After it was ensured that there was no deviation of the beam,
for all the translation stage path, several irises were placed, in order to maintain the
alignment at different times, as day to day use of the ultrafast laser may change the
beam.

3.3 Photodetectors
The changes induced by the excitation beam on the sample are detected as a variation
in the intensity by the incident probe beam after passing within the excitation region
on the sample. The transmitted and reflected probe beams are then directed into a
Germanium photodetector, which has the spectral sensitivity appropriate for this work.
Given the 1ms period of the pulses from the ultrafast amplifier initially, simple bias
germanium photoreactors were used providing a relatively slow response and a
thereby measurable signal when utilized with lock-in amplifiers. One of the drawbacks
of such available detectors are the relatively small active area, which was
approximately 5mm2, making the detection very sensitive to beam pointing stability.
Furthermore, the saturation voltage of these detectors was approximately 0.5V,
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making measurements a very difficult and time-consuming process since calibrated
optical filters where necessary in front of each detector.
A recent alternative to the above bias detector were Large Area Amplified detectors
(New-Focus), where the sensor active area was 10mm2 with a saturation threshold
over 20V. Therefore, the use of optical density filters were unnecessary and
furthermore the large area provided much less sensitivity to the probe pointing stability.

Figure 3.4 The experimental pump-probe spectroscopy setup with OPA.
This diagram shows the paths of both probe and pump beam, through the OPA and
the translation stage. The number next to each line corresponds to the distance in cm.
The initial beam is split into the two beams, the pump having the majority of the energy
with 2.0mJ and probe having 0.6mJ. In our experiment, the pump beam doesn’t go
through an OPA, but instead goes straight through the translation stage, into the
sample to cause the excitement. The probe beam goes through the OPA where the
white light generation and the optical parametric amplification takes place, to tune the
probe beam into the IR. The probe beam is incident with the excitation area on the
sample and then the reflected and transmitted beams are incident on a photodetector
where the variation (differential) reflection and transmittance are measured for various
time delays.
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3.4 Data acquisition – LabView
The Data acquisition is rather complex operation since various instruments like the
translation stage (optical delay) had to be synchronized with the Lock-in amplifiers
connected to the detectors. This was accomplished using a LabView based program.
Parameters such as the steps of the optical delay had to be calculated and controlled
during the collection of data.

Figure 3.5 The Front panel of the data acquisition program showing various charts
displaying results during data collection along with various key information.
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4.0 Results and Analysis

Differential absorption measurements for PbS quantum dots spin coated on a quartz
substrate taken with the pump-probe OPA setup will be provided in this chapter.
Measurements were taken over a broad range of probing wavelengths ranging from
1400nm to 1800nm, covering the absorption range of the PbS quantum dots which
was at 1600nm. Intensity measurements were also taken providing important detail on
the dynamics of these quantum dots.

4.1 PbS quantum dots
The PbS quantum dots were spin coated on a quartz substrate, with a film thickness
of 150nm. The size of the quantum dots was approximately 6 nm. Transmission
measurements on the film were carried out using VIS-IR spectrometer covering a
range from 1200nm to 2000nm. Clearly seen in the graph is the absorption of the PbS
quantum dot which occurs at around 1600nm.

Figure 4.1 Transmission spectra of the PbS quantum dots film used in the differential
absorption measurements. The scan covers the range from 1200nm to 2000nm,
clearly showing the absorption band of the quantum dots centered at 1600nm.
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4.2 Differential Absorption for Different probing wavelengths
In this section differential absorption data for different probing wavelength at a
constant intensity is presented. Figure 4.2 shows the experimental data from the PbS
quantum dot film with probing wavelength covering the range between 1400nm to
1800nm at excitation incident energy of 24μJ. The excitation pump pulse was centered
at 800nm with a pulse width of 45fs and a repetition rate of 1kHz. The average of the
lock-in amplifier was set at 3sec providing a relatively good signal to noise ratio.

Figure 4.2 Differential absorption of the PbS film with the pump intensity at 24μJ
centered at 800nm with pulse width 45fs.

The plot shows differential absorption as a function of optical delay with t=0
corresponding where the excitation and the probe pulses temporally overlap. Clearly
obvious from the measurements there is a sharp decrease in the absorption which
reaches a negative peak followed a much slower recovery toward equilibrium.
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To further obtain a better understanding of the recovery behavior at the various
probing wavelengths, the measurements were normalized and plotted on the same
graph, as shown below.

Figure 4.3 Normalized differential absorption of the PbS film with the pump intensity
at 24μJ centered at 800nm pulse width 45fs.

4.2.1 Analysis of the differential absorption recovery
In what follows a multi-exponential fit to the recovery of the differential absorption for
all the probing wavelengths is shown in figure 4.2. The analysis was based in obtaining
the best exponential fit with the least number of exponential decays.
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Figure 4.3 Best fit result of differential absorption of the PbS film at 1400nm probing
wavelength. The analysis reveals a two-exponential recovery for the data.

Figure 4.4 Best fit result of differential absorption of the PbS film at 1500nm probing
wavelength. The analysis reveals a two-exponential recovery for the data.
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Figure 4.5 Best fit result of differential absorption of the PbS film at 1550nm probing
wavelength. The analysis reveals a two-exponential recovery for the data.

Figure 4.6 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength. The analysis reveals a single-exponential recovery for the data.
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Figure 4.7 Best fit result of differential absorption of the PbS film at 1650nm probing
wavelength. The analysis reveals a single-exponential recovery for the data.

Figure 4.8 Best fit result of differential absorption of the PbS film at 1700nm probing
wavelength. The analysis reveals a two-exponential recovery for the data.
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Figure 4.9 Best fit result of differential absorption of the PbS film at 1800nm probing
wavelength. The analysis reveals a two-exponential recovery for the data.
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Next follows a table, containing the decay rates of each wavelength for comparison
purposes.
Table 4.1: Recovery parameter for different probing wavelengths at 24μJ incident
pump energy per pulse.
λ (nm)

y0

A1

1400

0.018 ± 0.017

0.884 ± 0.121

1500

-0.031 ± 0.027

1550

t1

A2

t2

5.102 ± 0.667

0.114 ± 0.112

25.292 ± 30.055

0.799 ± 0.044

5.134 ± 0.360

0.254 ± 0.029

43.722 ± 16.840

-0.037 ± 0.008

0.437 ± 0.028

3.966 ± 0.326

0.625 ± 0.024

28.548 ± 1.972

1600

0.167 ± 0.005

0.823 ± 0.006

27.531 ± 0.617

1650

0.110 ± 0.008

0.854 ± 0.008

28.175 ± 0.876

1700

0.113 ± 0.027

0.465 ± 0.157

11.429 ± 2.467

0.468 ± 0.136

40.937 ± 14.330

1800

0.130 ± 0.021

0.347 ± 0.180

7.455 ± 2.936

0.556 ± 0.168

28.761 ± 8.745

From the data summarized in table 4.1 the first thing that is noticeable is that the
recovery toward equilibrium is mono-exponential for the probing wavelength within the
absorption band of the PbS quantum dots. Specifically, the best exponential result was
obtained by using the equation

𝑦 = 𝑦0 + 𝐴1 𝑒 −𝑥/𝑡1

with the coefficients A1, y0

suggesting that ~80-85% of the carriers follow this mono-exponential recovery with a
time constant approximately 27-28ps, whereas the rest of the photogenerated carriers
(associated with y0 ) correspond to a carrier with a very long time constant (much
longer than the optical delay time scale). The mono-exponential decay suggests that
the photo-excited carriers recover toward equilibrium through one decay channel, in
other words they couple to only one energy state/band.
On one hand the recovery of carriers located at energy states away from the
absorption peak of the Pbs quantum dot require a two-exponential decay. There is a
fast component of the order of a few picoseconds, most likely associated with surface
states and a slower component of the order of 25-40ps.
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4.3 Intensity measurements
In this section differential absorption data for different excitation pump intensities at a
constant probing wavelength are shown. Figure 4.3 shows the experimental data
from the PbS quantum dots film with probing wavelength at 1600nm and with
excitation intensity covering the range between 2μJ to 24μJ.

Figure 4.10 Differential absorption of the PbS film with incident energy per pulse
ranging from 2μJ to 24μJ. The pump pulse was centered at 800nm with pulse width
45fs, and the probe beam was set at 1600nm at the peak of the PbS quantum dot
absorption.
Next follows a normalized graph by dividing each intensity by its minimum data, to
make easier the comparison of the decay rates of each intensity.
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Figure 4.11 Measurements of figure 4.10 which are normalized thereby making the
recovery dynamics clear. The normalized differential absorption of the PbS film with
incident energy per pulse is ranging from 2μJ to 24μJ.

4.3.1 Analysis of the differential absorption recovery
In order to obtain a quantitative information of the decay dynamics following the photo
excitation, exponential fits were performed on the recovery part of the data. The result
of the best fit exponentials are shown in the next few graphs along with the fitting
results. In each graph the measurements are represented with square points, whereas
the fitted curve as a red line passing through the data.
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Figure 4.11 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 2μJ/pulse. The analysis reveals a singleexponential recovery for the data.

Figure 4.11 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 3μJ/pulse. The analysis reveals a singleexponential recovery for the data.
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Figure 4.12 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 6μJ/pulse. The analysis reveals a singleexponential recovery for the data.

Figure 4.13 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 9μJ/pulse. The analysis reveals a singleexponential recovery for the data.
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Figure 4.14 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 12μJ/pulse. The analysis reveals a
single-exponential recovery for the data.

Figure 4.15 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 15μJ/pulse. The analysis reveals a
single-exponential recovery for the data.
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Figure 4.16 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 18μJ/pulse. The analysis reveals a
single-exponential recovery for the data.

Figure 4.17 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 21μJ/pulse. The analysis reveals a
single-exponential recovery for the data.
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Figure 4.18 Best fit result of differential absorption of the PbS film at 1600nm probing
wavelength with incident excitation energy of 24μJ/pulse. The analysis reveals a
single-exponential recovery for the data.
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Next follows table 4.2, containing the decay rates of each intensity for comparison
purposes.
Table 4.2: Recovery parameter for probing wavelength at 1600nm at different incident
pump energy per pulse.
Incident Pump Energy (μJ)

y0

A1

t1

2

0.480 ± 0.033

0.546 ± 0.028

40.400 ± 6.990

3

0.381 ± 0.019

0.639 ± 0.0164

39.189 ± 3.327

6

0.228 ± 0.011

0.805 ± 0.010

35.766 ± 1.433

9

0.225 ± 0.008

0.792 ± 0.009

29.072 ± 1.066

12

0.217 ± 0.007

0.809 ± 0.007

28.960 ± 0.815

15

0.179 ± 0.009

0.834 ± 0.009

29.179 ± 1.046

18

0.180 ± 0.005

0.828 ± 0.005

29.852 ± 0.634

21

0.189 ± 0.007

0.810 ± 0.008

25.366 ± 0.847

24

0.167 ± 0.006

0.823 ± 0.006

27.531 ± 0.617

The summary of the fitted data clearly shows a single exponential fit for incident energy
ranging from 2μJ to 24μJ, with a variation in the time constant from 40ps to 27ps, as
seen in the graph below. Effects such as Auger recombination do not seem to play an
important role over these energy densities and time scales for the particular PbS
quantum dot film.
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Figure 4.19 A plot of the fitted time constant as a function of the incident pulse energy
in μJ.
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5.1 Conclusions
In this work a femtosecond differential absorption spectroscopy optical setup has been
designed and constructed using an Ultrafast Amplifier (Legend) producing 45fs pulses
centered at 800nm, repetition rate 1kHz and energy at 2.7mJ/pulse. The setup uses
0.7 mJ of the fundamental pulse to pump an Optical Parametric Amplifier allowing for
wavelength tunability of the probe beam from visible to IR part of the spectrum. The
remaining 2.0mJ maybe used as the source of the pump energy. Over the
development of the optical setup, it was concluded that the optical delay should be
applied to the pump beam; furthermore amplified Ge detector were chosen for best
performances.
Finally, with the development of the IR OPA pump probe system, femtosecond carrier
dynamics were investigated in a thin film of PbS quantum dots. Measurements reveal
a single exponential recovery of the photogenerated carriers in the absorption energy
states of the quantum dots, whereas further from the absorption region it requires two
exponential fits.
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