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Περίληψη 

 

Η οπτική παραμετρική ενίσχυση φωτός, είναι ένα 2ης τάξης μη γραμμικό οπτικό 

φαινόμενο μέσω του οποίου, μπορούμε να παράξουμε υπέρστενους κι ενισχυμένους 

παλμούς laser, σε διαφορετικό μήκος κύματος από αυτό που εκπέμπει η κύρια πηγή 

φωτός. 

 Στόχος της παρούσας εργασίας, ήταν η ανάπτυξη και ο χαρακτηρισμός ενός 

οπτικού παραμετρικού ενισχυτή (ΟΠΕ), που να παράγει ενισχυμένους και 

υπέρστενους παλμούς laser στο κοντινό υπέρυθρο. Η περιοχή αυτή του 

ηλεκτρομαγνητικού φάσματος, αποτελεί αντίκειμενο επιστημονικής έρευνας καθότι 

σε αυτά τα μήκη κύματος εμπίπτουν οι δονητικές και περιστροφικές μεταβάσεις 

πολλών μορίων επιτρέποντας για παράδειγμα, την ανίχνευση ατμοσφαιρικών ρύπων 

ενώ η διεισδυτικότητα της εν λόγω ακτινοβολίας, επιτρέπει την σε βάθος (αλλά όχι 

καταστρεπτική) παρατήρηση της απόκρισης υλικών βιολογικού ενδιαφέροντος και 

συμπυκνωμένης ύλης, μετά από ακτινοβόλησή τους. Παρόλο που η μελέτη βασίστηκε 

στην κατασκευή ενός ΟΠΕ συγγραμικής γεωμετρίας, οι εφαρμογές σε βιολογικά 

δείγματα και σε υλικά με τα οποία κατασκευάζονται τα ενεργά υλικά των 

φωτοβολταϊκών, έγινε μέσω παλμών προερχόμενων από ΟΠΕ μη συγγραμικής 

γεωμετρίας.  

 

 



 

Abstract 

 

Optical parametric amplification (OPA) is a 2nd order nonlinear optical effect 

which enables us to generate ultra-short amplified laser pulses at a wavelength region 

much broader than the fundamental laser wavelength. 

The goal of this project was to develop and characterize an optical parametric 

amplifier with output amplified radiation in the near infrared region (NIR). This 

specific area of the electromagnetic spectrum is of great scientific interest due to the 

fact that it can be utilized to excite the vibrational-rotational absorption lines of many 

molecules thus enabling the use of this radiation to various environmental applications 

such as detection of atmospheric pollutants. In addition, we can take advantage of the 

large penetration depth of NIR radiation and examine biological samples or the bulk 

of condensed phase materials without damaging them. The development of an OPA in 

the collinear geometry was first examined. However, due to minimal amplification 

owing to non-optical phase matching conditions forced us to setup and utilize the 

pulses generated by an OPA in a non-collinear geometry. The latter has proven to be 

efficient in the study of biological samples and materials which are used for the 

construction of active layers of photovoltaics. 
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Chapter 1: The Rise of the Optical Parametric 

Amplification in the Near-IR 
 

 

1.1 Introduction 

 

Franken et al. [1], published a paper reporting the first observation of a nonlinear 

optical effect in 1961, only one year after Mainman’s article [2] on the first laser: it 

was the generation of the second harmonic radiation while light emitted by a ruby 

laser, was focused into crystalline quartz (see Figure 1.1). 

 

 

Figure 1.1: Arrangement used in the first experimental demonstration of second harmonic generation [3]. The 
second harmonic beam was very weak because the process was not phase matched. 

 

It is also worth noting that the very weak spot due to the second harmonic is 

missing from the paper. It was removed by an overzealous Physical Review Letter 

editor who thought it was a speck of dirt and did not ask the authors first (see Figure 

1.2). 
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Figure 1.2: The first indication of the second harmonic. The wavelength scale is in units of 100 A. The arrow at 

3472 A, indicates the image produced by the second harmonic while the image of the primary beam at 6943 A is 

very large [3]. 

 

This publication triggered a lot of interest in a new research field, covering 

phenomena where the optical properties of a material change due to the intense 

electromagnetic radiation. Since powerful light sources are necessary to observe 

nonlinear effects, the research on nonlinear optics and lasers, has been carried out in 

parallel during the last decades. 

The development of the laser resulted in the creation of a vast range of different 

areas of applications. Lasers are used for industrial and astronomical measurements, 

analysis of chemicals, treatment of diseases, micro-machining, as transmitters in fibre 

communication and in a variety of other applications. However, a drawback of most 

laser materials is their limited ability to generate radiation in a wide spectral region. 

For some purposes an energetic beam at a wavelength where no laser material 

operates would be needed. In yet other applications appropriate laser sources exist, 

however, the emitted power is restricted by thermal properties of the laser crystal. A 

solution to both these problems is given by nonlinear optics, since one of the primary 

applications of a nonlinear material is to efficiently transfer energy from one 

wavelength to another wavelength. Nonlinear crystals can therefore be employed both 

for the generation of beams at wavelengths not available with laser materials, but also 

to amplify weak lasers. Apart from the wavelength, the output from a nonlinear device 



Chapter 1: The Rise of the Optical Parametric Amplification in the Near-IR 
 

Georgios. N. Arvanitakis, M. Sc. Thesis 
3 

has basically the same properties as those of a laser. Hence the possible applications 

for nonlinear optics are identical to all areas where lasers are used. 

For numerous applications a general desire is to employ more and more powerful 

laser radiation. However, instead of attempting to scale up the laser itself, a wiser and 

definitely a more economical strategy is generally to amplify a well performing laser 

in a second stage. Thus, the overall task is split into two, where the generator will 

focus only on the generation of a high quality signal, while the amplifier specialises 

on amplifying the signal without adding too much noise. It is also notable that as soon 

as the laser was invented, ideas came up of how to amplify its coherent radiation and 

one suggestion was to employ nonlinear crystals as the gain material.  

Amplifiers based on nonlinear crystals are called Optical Parametric Amplifiers 

(OPAs) and consist ideally of three main components: a powerful pump laser, a 

nonlinear gain material and a seed source which emits radiation that is much weaker 

than the pump beam and operates at a different wavelength. When the pump and the 

seed interact inside the nonlinear crystal, power is extracted from the strong pump and 

converted to the seed wavelength resulting in its amplification. At the same time a 

completely new beam, the idler, is generated at a wavelength which ensures the 

conservation of energy. One of the main advantages of employing nonlinear crystals 

instead of laser crystals in amplifiers is that the thermal load is reduced considerably, 

which allows the generation of energetic pulses at high repetitions rates. Another 

beneficial property is the large gain that can be achieved for parametric amplification 

when employing material with large nonlinear coefficients. Instead of having to 

construct the multi-pass setups commonly used for laser amplifiers, single or double 

pass arrangements, which are more easily controlled, will lead to comparable 

amplifications. Finally, nonlinear crystals are generally very flexible in the sense that 

they can operate efficiently in a large spectral region. 

 

1.2 The Near-Infrared Region 
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 Many applications in the field of ultrafast optics, require femtosecond pulses with 

short duration and broad frequency tunability as well. For instance, in pump-probe 

experiments [4], both pump and probe pulses need to be frequency tunable so as to 

excite systems on resonance and probe the optical transitions that take place at 

different photon energies. The experiments of this thesis, concern the near infrared 

(NIR) region; a small fraction of the electromagnetic spectrum which ranges from 

~700nm to 2500nm regarding the photons wavelength (see Figure 1.3) or photons of 

energy 0.5eV to 1.7eV.  

 

 
Figure 1.3: Aspect of the Near & Far Infrared regions in the electromagnetic spectrum [5] 

 

The development of light sources that emit at NIR wavelengths is currently a 

highly active and significant research field as this spectral region can be utilized to 

excite the vibrational-rotational absorption lines of many molecules (see Figure 1.4)  

thus enabling the use of this radiation to various environmental applications such as 

detection of atmospheric pollutants. 
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Figure 1.4: NIR spectrum of liquid ethanol [6] 

 

A basic advantage of the NIR radiation is that it penetrates much further into a 

sample than mid-IR. Thus, NIR spectroscopy is not a particularly sensitive technique 

but it can be very useful in probing bulk material with little or no sample preparation. 

Typical applications of the NIR spectroscopy are widely applied in agriculture [7] 

for the analysis of several foodstuffs. For instance, it is used for quality determination 

of coffee, tea, fruits and vegetables, meat, eggs and oil as well [8]. NIR spectroscopy 

is regularly used in astronomy and results in the determination of which atoms and 

molecules are present in space, what their abundance and distribution is and in what 

environment they exist. The answers to the above mentioned issues are necessary in 

order for us to understand the formation of stars, planets and galaxies and examine the 

possibility of life beyond the Earth [9]. In addition, in material science, NIR 

spectroscopy techniques have been developed for film thickness measurements of 

microscopic samples and for the study of optical characteristics of nanoparticles and 

optical coatings for the telecommunications industry [7]. Over recent years, NIR 

spectroscopy has also been identified as a promising tool for early cancer diagnostics 

as it can provide a wealth of both biochemical and morphological information that has 

the potential to identify markers associated with pre-malignant and carcinogenic 

changes. 



Chapter 1: The Rise of the Optical Parametric Amplification in the Near-IR 
 

Georgios. N. Arvanitakis, M. Sc. Thesis 
6 

However, despite the obvious significance and importance that those application 

hold, the actual development and practical implementation is progressing at a snail’s 

pace due to the fact that progress is held back by lack of available light sources. 

Currently, most experiments that demonstrate the potential of NIR spectroscopy 

are performed in research laboratories using optical parametric amplifier systems 

(OPAs) [10]. 

 

1.3 OPAs in the NIR 

 

In this subsection, we will briefly introduce the theoretical concepts that describe 

the Optical Parametric Amplification (OPA) in the NIR region and a typical 

experimental setup will be shown. A detailed description for both matters will be 

examined in next chapters. 

The most common and simplest way of employing OPAs in the NIR region is by 

pumping with the fundamental wavelength (800nm) of an amplified Ti:Sapphire 

Laser. In this case, we will have the following advantages [11]:  

i. High available pump energies (up to mJ level) 

ii. Low pump-signal and pump-idler Group Velocities Mismatch values, allowing 

the use of long nonlinear crystals and obtaining high gains. 

An experimental setup that can be developed in a laser laboratory, may have the 

aspect as shown in Figure 1.5 [12]. The OPA is pumped by an amplified Ti:Sapphire 

laser, generating 500mJ, 50fs pulses at 1kHz repetition rate. The white-light seed is 

generated by focusing a small fraction from the pump beam (~2mJ) in a 2mm sapphire 

plate. The continuum is amplified in a first stage which consists of a 3mm long BBO 

crystal, cut for Type-II phase matching (θ=28°). Wavelength tuning is achieved by 

tilting the crystal, thus changing the phase matching condition.  
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Figure 1.5: Scheme of a near-IR OPA. DL: Delay Lines stages, WL: White Light generation, DF: Dichroic Filters, 
BBO: Barium Borate nonlinear crystal. 
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Chapter 2: Second Order Nonlinear Processes 

 

 

2.1 Introduction 

 

The possibility of the first observation of parametric amplification of light waves, 

was suggested in 1962 [13] [14], after the demonstration of the first laser. However, 

the basic idea of parametric amplification actually existed before the invention of 

laser. Already in the late 50’s microwave parametric amplifiers were demonstrated, 

but not even then the principle of employing a nonlinear material to amplify a weak 

field at a certain frequency with a strong field at a different frequency was new, since 

this technique previously had been demonstrated in electrical circuits [15]. 

The first experimental observation of optical parametric amplification was made 

three years after the original suggestion. Wang and Racette [16] used KDP crystal to 

amplify a HeNe laser (see Figure 2.1). Due to the low pump power and the small 

nonlinearity of the gain material the amplification did not reach more than 4.5dB 

whereas the crystal was 8cm long.  

 

Figure 2.1: The experimental arrangement used by Wang and Racette in 1965 [16] for the 1st experimental 
observation of OPA. 
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Since this pioneering experiment, the principle of optical parametric amplification 

has developed into an important and valuable technique. Although, the progress was 

initially slowed down by the limited availability of suitable nonlinear material and 

suitable pump lasers. However, during the last two decades the discovery of new gain 

material with larger nonlinearities combined with the development of the quasi-phase-

matching technique, have assisted the spreading of OPAs into new fields. 

Nowadays, OPAs are commonly employed to amplify both narrowband and 

broadband radiation in an enormous wavelength region spanning from the UV to the 

far-IR. Amplification of pulses with durations ranging from several nanoseconds to a 

few femtoseconds can be achieved, reaching TW power levels for femtosecond OPAs 

[17] 

 

2.2 Nonlinear Polarisation 

 

It is well known from the bibliography [17] [18] [19] [20] [21], that when an 

electromagnetic field is incident on a dielectric material the atoms inside react by 

starting to oscillate. The electrons of each atom move in the opposite direction of the 

field, whilst the positive ions are displaced in the same direction as the applied field. 

Thus, dipoles are formed in which the electron cloud oscillates around the nucleus and 

the material becomes polarised. If the amplitude of the incident field is moderate, the 

electrons can follow the oscillating movement of the field to such a degree that the 

induced polarisation  can be approximated to be linearly dependent on the applied 

electric field . Therefore 

  (2. 1)

 
where  is the permittivity of free space and  denotes the linear susceptibility 

tensor. In addition, as the amplitude of the applied field increases, the electrons will 

not reproduce the oscillations accurately. When the electric field becomes large 

enough to modify the binding potential of the electrons, the electron-ion system in the 
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material will exhibit a nonlinear response. Thus, the oscillation can no longer be 

described by one pure sinusoidal wave, since it has become deformed and the linear 

approximation does not hold any longer. Hence, the polarization  has to expanded 

 

 ⋯  (2. 2)

 
 

where , , etc. are the second order, third order, etc. nonlinear susceptibility 

tensors, which rapidly decrease in magnitude.  In later section it will be shown that the 

nonlinear polarization will contain components oscillating at frequencies different 

from the incident wave, for example at the second harmonic. Since oscillating 

electrons emit light corresponding to the frequency they are oscillating with, the 

nonlinear polarization will generate electromagnetic waves at new frequencies. 

According to (2. 2) the generated polarization for second order nonlinear processes 

is given by ,  where  is a 3 3 3 tensor. However, due to 

intrinsic permutation symmetries the  tensor can be replaced by a 3 6 matrix, 

called the nonlinear  matrix, where 2  and this simplifies further our 

calculations. 

 

2.3 The Coupled Wave Equations 

 

In order to understand the interaction of the involved electromagnetic fields in a 

nonlinear medium, a coupled set of wave equations would be useful. The starting 

point for this derivation is the Maxwell’s equations. Assuming that the interaction 

take place in a nonlinear, dielectric material, the following wave equation can be 

derived: 

 

 
 

(2. 3)
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where  is the permeability of vacuum and  represents the material’s conductivity. 

This equation describes the electric field in a nonlinear dielectric, where the 

polarization acts as a source of radiation at new frequencies. It is common to express 

the wave equation using the Fourier components of  and  instead of the 

instantaneous fields. Assuming  and  to be plane and quasi-monochromatic waves 

propagating in the x-direction, they can be written in the following form: 

 

 
,

1

2
, . .

,
1

2
, . .  

(2. 4) 
 

 

Here  is the angular frequency of the wave and the wavenumber  is given by 

,  is the refractive index at the angular frequency  and  is the speed of 

light in vacuum. The complex conjugate (c.c.) has to be added, because the electric 

field and the polarisation are real functions. 

The wave envelopes ,  and ,  vary when propagating through the 

medium. However, if their variations are slow as a function of distance and time, it is 

possible to neglect their second order derivatives with respect to  and , (2. 5). In 

nonlinear optics this is almost always a valid approximation and is called the Slowly 

Varying Envelope Approximation (SVEA). 

 

 ,
≪

,
 

	
,

≪
,

 

	
,

≪
,

≪ | , | 

(2. 5) 
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Inserting (2. 4) in (2. 5) and using SVEA, reduces the second-order differential wave 

equation to the following first-order equation: 

 

 
2

 
(2. 6)

 
 

where  is the electric field loss coefficient and  . 

In second order nonlinear processes three wave mix. All three waves are coupled to 

each other through the polarizations given by (2. 7) which lead the final set of coupled 

equations, describing one electromagnetic field’s propagation through the nonlinear 

material in relation to other present fields: 

 

 
∗ ∆  

	

∗ ∆  

	

∗ ∆  

 
 
 

(2. 7) 
 

where ∆  is the phase mismatch between the interacting waves, 

 and  is the effective nonlinear coefficient. In (2. 7) we now have 

the set of desired coupled wave equations, which describes the interconnection 

between the three involved electric fields in second order nonlinear processes. 

 

2.4 Second Order Nonlinear Processes 

 

The second order nonlinear susceptibility is responsible for several processes: 

second harmonic generation (SHG), sum frequency generation (SFG), difference 



Chapter 2: Second Order Nonlinear Processes 
 

Georgios. N. Arvanitakis, M. Sc. Thesis 
13 

frequency generation (DFG), optical rectification (OR), optical parametric generation 

(OPG), optical parametric oscillation (OPO), optical parametric amplification (OPA) 

and the electro-optic effect. These processes can be divided into main groups. SHG, 

SFG, DFG, OPA, OR and the electro-optic effect belong to the first group, where two 

fields are incident on the nonlinear material. Employing the photon picture, the first 

cases can be described as two incident photons interacting and generating a photon at 

a new frequency. The electro-optic effect results in a change of the refractive index 

for an incident photon under the influence of an applied low-frequency electrical field. 

OPG together with OPO from the second group, having the characteristics that only 

one electromagnetic field is incident on the nonlinear material, which causes a single 

photon to be split into two photons with lower frequencies [17]. 

 

2.4.1 Second Harmonic Generation – Sum Frequency 

Generation – Difference Frequency Generation 

 

Second harmonic generation is one of the basic and most important effects of the 

first group. It is also the nonlinear process which was experimentally observed first. 

Two identical photons from a single pump beam are added and result in a photon 

having twice the frequency, 2  (see Figure 2.2). This process can also be 

explained by employing the wave picture where an incident electric field, ~ , 

will create a polarization at the second harmonic, ~cos	 2 , since ~ . This 

polarization can lead to the generation at the second harmonic. If two beams with 

different frequencies  and  are incident on the crystal, the sum frequency 

 (see Figure 2.3) and the difference frequency  can be 

generated (see Figure 2.4). 
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Figure 2.2: Schematic of the beams and photons involved in second harmonic generation (SHG). 

 

 

Figure 2.3: Schematic of the beams and photons involved in sum frequency generation (SFG). 

 

 

Figure 2.4: Schematic of the beams and photons involved in difference frequency generation (DFG). 
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For second harmonic generation the three coupled equations in (2. 7) are reduced 

to two equations because  and 2 . 

 

 

	

∗ ∆

	

∆  

(2. 8) 
 

 

where ∆ 2  and the material is assumed to be loss-less. 

This set of equations can be solved analytically and the solution can be simplified, 

if it is reasonable to assume that the conversion is small. This means that if the pump 

is not depleted,  ≅ 0 , the first equation can be integrated over the crystal 

length, , and the intensity of the second harmonic at the end of the crystal can be 

derived to be: 

 

 	

2
| |

2 ∆

2
 

(2. 9)

 
 

Here, 
	

,  is the pump intensity,  and  are the refractive index 

for the pump and the second harmonic, respectively. From this equation it can be seen 

that the intensity of the second harmonic decreases if the process is not phase-

matched, meaning that ∆ 0 (see Figure 2.5). However, if  ∆ 0 the intensity 

increases as a function of the crystal length squared and the nonlinear coefficient 

squared.  
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Figure 2.5: Sinusoidal dependence of SHG intensity on length. It is notable how the intensity is created as the 
beam passes through the crystal, but, if ∆  is not zero, newly created light is out of phase with the previous 
created light, causing cancelation. 

 

This derivation is only valid for loosely focussed beams, where the waves still can be 

assumed to be plane. For depleted pump and Gaussian beam profiles, see [22] and 

[13]. 

 

2.4.2 Optical Parametric Generation 

 

The basic device of the second group, which consists of OPO and OPG, is the 

optical parametric generator. It has one incident pump beam and generates two new 

beams with different wavelengths, both longer than the pump. The first time, efficient 

and tunable optical parametric generation was observed, was in 1967 [23]. This 

process had however been predicted by various authors several years before [24] [25] 

[26]. Employing the photon picture, each pump photon is split into two photons, the 

signal and the idler photon. The commonly used definition is to denote the one having 

larger energy the signal. The generation of the signal and the idler starts from 

quantum noise and is called parametric fluorescence if the process is spontaneous and 

not phase-matched. However, if it is phase-matched, which can lead to stimulated and 

amplified signal and idler fields, the process is denoted as super-fluorescence [17]. 

 

2.4.3 Optical Parametric Amplification 
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Another way of developing the OPG into a more controllable device is to seed it, 

which results in an optical amplifier. This means that apart from the powerful pump a 

comparably weak beam, having the signal’s or the idler’s wavelength, is incident on 

the crystal as well (see Figure 2.6).  

 

 

 

Figure 2.6: Schematic of the optical parametric amplification (OPA). Note that the pump and the signal beams are 
incident on the nonlinear crystal. 

 

 In the former case the idler is then generated by difference frequency generation of 

the pump and the signal. At the same time the signal is coherently amplified, and by 

the coupling of these three beams both the signal and the idler can grow while 

propagating through the nonlinear crystal (see Figure 2.7 ). 

 

 

Figure 2.7: Schematic of the process through which the signal is amplified by photons from the pump and 
simultaneously the idler beam is generated within the nonlinear medium.  
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The principle for the OPA is thus comparable to a DFG. One main difference between 

them is that the power of the seed in an OPA is much lower than that of the pump, 

whereas the powers of the two incident beams in a DFG are of comparable magnitude. 

This large difference in input powers for the OPA generally leads to a signal energy 

growth that is initially exponential. Another difference is that, usually, the wavelength 

of interest in OPAs is seeded signal, whereas in the latter case the difference (the 

idler) us the main goal [17]. 

The analytical solution of the coupled wave equations (2. 7) for parametric 

amplification, assuming no phase mismatch, is given by [27] [28] 

 

 
0

1 ,  
(2. 10)

 
 

Where 	 , 
	

 and ,  is the Jacobi elliptic 

sine function. If the pump power is much larger than the seed power, which means if 

0.1, the Jacobi elliptic function can be approximated to a sine function. An 

imaginary first parameter leads to a hyperbolic function, resulting in the 

approximation , ≅ . In case of negligible pump depletion, ≪ 0.1, 

but permitting phase mismatch, the gain experienced by the seed can be approximated 

to 

 

0
1 1

∆
2

∆kL
2

 
(2. 11) 

 
 

where  

 2 8
 

(2. 12)
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Here  is the gain coefficient. Equation (2. 11) can be simplified depending on 

whether the gain is small or large compared to the phase mismatch ∆ . If  ≪

∆
2  the 	  can be approximated to a 	  and the gain becomes 

 

 ∆

2
 

(2. 13)

 
 

In case of other extreme, if the gain is very strong, ≫ ∆
2, the amplification of 

the seed will be exponential instead. 

 

 0
	

0  

(2. 14) 
 

 

Thus, both the signal and the idler intensities increase exponentially as a function of 

the crystal length, describing the photon splitting of the pump into the idler photons. 

Since all the approximated equations given above assume plane waves, the gain 

will change for Gaussian beams [27]. Instead 

 

 16
1

,
 

(2. 15)

 
 

Where ≅ ≅  is assumed, 2 , ,  and ,  is the 

gain reduction factor by Boyd and Kleinman [22]. The double refraction parameter B 

takes walk-off into account and  depends on the focussing conditions inside the 

crystal.
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Chapter 3: Conservation Laws 
 

 

3.1 Introduction 

 

In general, all the processes mentioned in the previous sections take place in a 

nonlinear crystal, because they are all permitted according to the law of energy 

conservation. If we only consider 2nd order processes for a while, the energy 

conservation is given by . However, also the conservation of 

momentum , where  are the wave vectors, has to be fulfilled in 

order to achieve efficient energy conversion. This law can be written as 

 using , where  is the refractive index of the wave having 

the frequency . This condition is not trivial due to dispersion in nonlinear materials. 

In general the index of refraction is not constant but dependent on the wavelength (see 

Figure 3.1) and the angle of propagation. In the uniaxial crystal BBO the refractive 

index for wavelengths inside the transparency range between 190nm and 3.5μm 

increases with increasing frequency. 

 

Figure 3.1: Diagram that shows the nonlinear relation between the refractive index and the frequency of the 
incident electric field. 
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A factor complicating nonlinear processes is that electric fields with different 

frequencies in general propagate with different phase velocities due to dispersion. In 

SHG for instance, the fundamental radiation travels with the phase velocity  and 

so does the driving polarization. The generated field, the 2nd harmonic, however, 

propagates with a phase velocity of  . Thus, the driving polarization and the 

generated wave drift out of phase. Efficient conversion requires significantly longer 

crystals, having typically sizes of several millimetres. Hence, it is essential to employ 

techniques, which prevent the phases of the waves to drift apart, namely to achieve 

phase-matching [17]. 

Two important methods exist so as to achieve phase-matching between the 

different components: birefringent phase-matching and quasi-phase-matching. In this 

thesis, we will discuss analytically the 1st method as it was the one we used in our 

experiments. 

 

3.2 Birefringent Phase-matching 

 

The most commonly used method to achieve the momentum conservation, is to 

employ birefringent phase-matching (BPM) in order to arrange a circumstance where 

 (see Figure 3.2). 

 

 

Figure 3.2: Using birefringent materials, the condition  can be fulifilled in order to succeed phase-
matching. 
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BPM utilizes the fact that the three principal axes in biaxial materials have 

different indices of refraction. By letting the beams enter at different angles and/or be 

polarised in different direction, the needed relationship among , , and  can be 

fulfilled ( . 

We will consider the case of a negative uniaxial crystal, , where  denotes 

the ordinary axis of the birefringent material and  the extraordinary. There is a 

special direction where  – this is called optical axis of the crystal. Making a 

plot of  and  as a function of angle generates the refractive index ellipsoids (see 

Figure 3.3). Thus, the crystal has different refractive indices for the ordinary and 

extraordinary ray.  

 

 

Figure 3.3: The refractive index ellipsoids plot 

 

Now let us expand the above concept and include the 2nd harmonic index ellipses:  

and . The fundamental wave is launched at an angle  relative to the optical  

axis. It is polarised in the x-y plane, which results in an ordinary beam. Thus, it 

propagates with a phase velocity of , and so does the driving polarisation. The 

2nd harmonic is then generated as an extraordinary beam. Therefore, its index of 

refraction is dependent on the angle  and given by: 

 

 1
 

(3. 1) 
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This relation describes an ellipse as can be seen in Figure 3.4. If it is possible to 

match these two velocities by achieving  the two beams will propagate 

through the crystal in phase and the energy will flow from the fundamental wave to 

the 2nd harmonic. The angle of the beam propagation in relation to the optic axis does 

not only control the phase-matching condition, but also whether the interaction is 

denoted critical or noncritical.  

 

Figure 3.4: Birefringent phase-matching in a negative uniaxial crystal. There is an angle  where the ordinary 
polarised fundamental and the extraordinary polarised second harmonic have the same refractive index. 

 

The ideal case is noncritical phase-matching and in uniaxial crystals can only be 

achieved for 90°. All other angles ( 90°  result in critical phase-matching. 

The drawback with critical phase-matching is a phenomenon called walk-off, which 

complicates the phase-matching process. For the extraordinary wave, the wave vector 

direction and the direction of the power flow, which is determined by the Poynting 

vector  differ by the walk-off angle , given by 

 

 
tan

1

2

1 1
sin 2  

(3. 2) 

 
 

Thus, for critical interaction the ordinary and the extraordinary beam do not overlap 

after a certain distance any longer. This, obviously, prevents further energy 

conversion and reduces the useful crystal length. Another consequence of the 
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Poynting vector walk-off is that it limits the ability to focus tightly, because narrow 

beams separate quicker than large ones. However, tight focussing is sometimes 

necessary in order to increase the intensity. 

Due to these limitations in the interaction distance, noncritical phase matching is 

preferred, where energy can flow between the tightly focused beams while 

propagating through a longer crystal. However, in order to achieve noncritical phase 

matching in uniaxial BPM crystals,  90°  has to be fulfilled in 

addition to the energy conservation. This limits the possible wavelengths for which 

phase matching is achievable in a particular material [17]. 

 

3.3 Collinear and Non-collinear Geometry 

 

3.3.1 Collinear Phase-matching 

 

In previous sections, we explained that in an OPA, photons contained in a short-

wavelength pump beam are split into one signal and one idler photon at longer 

wavelengths. The nonlinear medium is a BBO. For efficient conversion the phase 

velocities of pump, signal and idler are matched by proper orientation of the 

birefringent crystal. Unfortunately, however, this does not simultaneously assure 

matching of the three group velocities. Therefore, the three pulses propagate at 

different speeds in the crystal and as a result the amplified signal and idler pulses 

exiting the crystal are typically 100fs [29] for collinear phase matching in a 1 or 2mm 

BBO crystal. The situation is illustrated in Figure 3.5. A long pump pulse (violet) 

propagates through the crystal and a shorter visible seed pulse (green) is injected in 

addition. The signal pulse is amplified by the parametric interaction and an infrared 

idler pulse (red) is generated at difference frequency between pump and signal. This 

idler pulse propagates somewhat faster than the signal. Continuously signal and idler 

are amplified as they travel further through the crystal and the signal generates more 

idler just as the idler generates more signal (shown as hashed areas in Figure 3.5). 

Due to the different group velocity, the new signal photons are added on the leading 
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edge of the signal pulse and the new idler photons are added on the trailing edge of 

the idler pulse. As a result lengthened pulses cannot be avoided in collinearly phase 

matched OPAs [30].  

 

 

Figure 3.5: Schematic of the involved beams in a collinear geometry. 

 

Thus, if the parametric beams are collinear, then they interact over a longer 

propagation distance inside the crystal, as compared to beams propagating at different 

angles. For this reason, collinear parametric generation is typically more efficient and 

exhibits lower threshold than the corresponding non-collinear process. Therefore, if 

the pump pulse duration is in the ps range or longer, then collinear optical parametric 

generation in BBO strongly prevails over any non-collinear generation [31] [32]. 

 

3.3.2 Non-collinear Geometry 

 

In 1995, G. M. Gale et al. [33], demonstrated an elegant solution to the problem of 

pulse lengthening in collinearly phase (matched parametric interaction. They used a 

non-collinear arrangement in a quasi-CW pumped visible OPO that produced sub-20fs 

pulses. This is made possible by the following situation. The chosen non-collinear 

arrangement of pump and seed (signal) beam (angle  which can be chosen 

experimentally), results in an angle  between the idler and the signal that is 

approximately given by [29]: 
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1
⟺ 1  

(3. 3) 

 

 

The idler group velocity is somewhat larger than the signal one and therefore a 

suitable angle  can be found so that the projection of the idler group velocity onto 

the signal  vector (propagation direction) will match the signal group velocity (see 

Figure 3.6), i.e. 

 

 

Figure 3.6: Schematic of the involved quantities in a non-collinear geometry. Here,  and  

 

Therefore, 

 

 cos  (3. 4) 

 
 

The situation is illustrated in Figure 3.7. In this case the extra signal photons 

generated by the amplification of the idler are produced at the same position as the 

ones due to amplification of the signal itself. Thus, no lengthening of the pulse occurs. 

The transversal displacement of the idler only leads to a slight spatial widening of the 

signal beam. It can easily be shown that effective matching of the signal and idler 

group velocities is equivalent to very broadband phase matching in the parametric 

process [29].  
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Figure 3.7: Schematic of the involved beams in a non-collinear geometry. The projection of the idler group 
velocity onto the signal k vector matches the signal group velocity and pulse lengthening is avoided. 

 

As a consequence a very wide spectral range out of the seed light can be amplified 

and the resulting output pulse can be compressed to pulse lengths well below few fs. 

Apart from the generation of ultra-short amplified pulses, non-collinear geometry 

allows an easy discrimination between each of the two down-converted photons and 

the pump beam [34]. 
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Chapter 4: Experimental Processes 
 

 

4.1 Laboratory Equipment 

 

In order to carry out our experiments, our laboratory is equipped with a 

FEMTOSECOND™ COMPACT™ PRO system; a multi-pass Ti:Sapphire amplifier 

which is seeded by a Ti:Sapphire oscillator. The FEMTOSECOND™ COMPACT™ 

PRO system consists of the main system assembly (see Figure 4.1) which 

incorporates the oscillator, the pulse stretcher (purple region), the amplifier (yellow 

region) and the pulse compressor (green region), an external Amplifier Control Unit, 

an external Remote Control Unit, an external vacuum pump, an external chiller/cooler 

and an external Pockels cell driver with Trigger Generator. The FEMTOSECOND™ 

COMPACT™ PRO requires two laser sources for operation: 

I. A cw, frequency-doubled Nd:YVO4 laser for pumping the oscillator. 

II. A kHz-repetition rate, Q-switched, frequency-doubled Nd:YLF laser for 

pumping the amplifier. 

The amplified pulse which comes out of the compressor, has a central wavelength at 

785  and a duration of 30 . The laser system generates pulses with 

1  repetition rate and the energy pulse is no greater than 0.8  ( 0.8 ). 
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Figure 4.1: Components of the FEMTOSECOND™ COMPACT™ PRO  with which our laboratory is equipped. 

 

The above mentioned characteristics of the laser pulse, allow us to examine the 

ultra-fast dynamics in condensed-phase materials with novel optoelectronics 

properties. Additionally, we have the ability to excite and control coherent and 

incoherent processes by employing an effective tool such as the time-resolved 

spectroscopy or pump-probe technique. In this technique [35], an intense beam at a 

specific wavelength, excites (pumps) the under study material (time zero, 0) 

which is driven out of its equilibrium status. From time zero and on, the sample 

returns to its equilibrium status following a specific function of time, . This 
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function of time is the problem to be solved. This is to be done with a time delayed 

(with respect to the time zero) second beam, much weaker than the pump so as not to 

perturb the sample, the probe beam (see Figure 4.2). 

 

 

Figure 4.2: The pump-probe principle. The pump beam excites the system at . The system follows a function 
 towards equilibrium. The probe beam convolves with  and is selectively detected. With deconvolution of 

the signal, the function  can be obtained [35]. 

 

The experimental set-up with which we implement the pump-probe technique so as to 

demonstrate our research and has been developed in our laboratory, can be shown in 

Figure 4.3.  

 

Figure 4.3: Set-up for time-resolved spectroscopy/pump-probe technique. 
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As it can be derived from the specific schematic, the pump beam is generated 

through the non-collinear optical parametric amplification process, before its usage in 

the time-resolved spectroscopy.  

The above non-collinear optical parametric amplifier, which has also been developed 

in our laboratory (see Figure 4.4), generates ultra-short amplified pulses in the visible 

region, i.e. 300 700 . 

 

 

Figure 4.4: Experimental set-up of the non-collinear optical amplifier tunable in the visible region. 

 

 More specifically, in order for the parametric process to take place, a BBO crystal cut 

at 30° is used. The incident pump beam is frequency doubled through another 

BBO crystal, cut at 29°, providing pulses at 400 . The seed beam is white 

light which is produced while the fundamental wavelength (800nm) is focused on a 

2mm Sapphire crystal and another nonlinear phenomenon takes place. It is called self-

phase modulation and we will discuss about in a later section. While the amplified 

signal ranges in the visible region, the idler beam is generated at the NIR (1100-

1500nm) providing pulses of few nJ suitable for examining biological samples for 
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instance or materials in general with low optical damage threshold. However, 

numerous experiments require higher pulse energies in order for them to take place 

and this is the main reason we decided to construct an optical parametric amplifier 

which will employ in the NIF region. 

 

4.2 White Light Generation 

 

White light or super-continuum generation, is a 3rd order nonlinear effect which 

leads to a dramatic spectral broadening of intense light pulses (see Figure 4.5), 

propagating through a nonlinear medium.  

 

 

Figure 4.5: Intensity spectrum vs wavelength for the input pulse and the white light that generates when foccusing 
on a nonlinear medium [36]. 

 

Self-phase modulation occurs because of the optical Kerr effect according to which 

the refractive index of a medium is a function dependent on the intensity of the 

incident light. That means mathematically: 

 

  (4. 1) 
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Where  is the linear refractive index and  is the second order nonlinear refractive 

index of the medium. This variation in the refractive index produces a shift in the 

instantaneous phase of the pulse: 

 

 2
 

(4. 2) 

 
 

The above phase shift results in a frequency shift of the pulse. This means that the 

instantaneous frequency  will be described as: 

 

 2
 

(4. 3) 

 
 

Plotting  shows the frequency shift of each part of the pulse (see Figure 4.6). The 

leading edge shifts to lower frequencies (“redder” wavelengths), trailing edge to 

higher frequencies (“bluer”) and the very peak of the pulse is not shifted [37]. 

 

 

Figure 4.6: A pulse (top curve) propagating through a nonlinear medium undergoes a self-frequency shift (bottom 
curve) due to self-phase modulation. The front of the pulse is shifted to lower frequencies, the back to higher 
frequencies. In the centre of the pulse the frequency shift is approximately linear [37]. 
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4.3 Development of an Optical Parametric Amplifier 

in the Near IR 

 

The concept of constructing an OPA in the NIR, was based on the publication by 

Chuang Li et al. [38] in which three stages of collinear and near-collinear OPAs were 

developed in order to characterize the phase stabilization of the 3 amplified pulses. 

The collinear setup was necessary so as to avoid angular dispersion in the generated 

idler beams. In the near-collinear parametric process, the angle between the pump and 

the seed beam was 1° while in all stages the nonlinear mediums that were used, 

were BBO crystals, cut at 27.2°, 30° for both type-I and type-II phase-

matching. Their laser system provided ultra-short pulses at 800nm, with 1kHz 

repetition rate and 40fs pulse duration while the pulse energy was up to 8mJ. 

Our laser system, as it was mentioned previously, provides ultra-short laser pulses 

at 785  with 30 , the repetition rate is 1kHz and 0.8 . The 

nonlinear medium that was selected for the parametric process was a BBO crystal, for 

collinear geometry cut at 33°, 30°, suitable for type-II phase-matching (in 

which the polarization between the pump and the seed beam is the same) and for 

generating amplified pulses at 1.3  according to Figure 4.7 [11]. 

 

Figure 4.7: Schematic of   vs  for BBO crystal while the wavelength of the pump is . As it 
can be shown, with the BBO at our disposal we are able to generate amplified pulses at ~1.3μm. 
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The experimental arrangement that was developed is summarized in Figure 4.8. The 

beam initially splits on a beam splitter (20% Reflection/80%Transmition, at	45°). The 

more intense part (transmitted) is guided through mirrors to a delay stage, in order to 

delay the pulse relatively to the seed. By moving the delay stage few millimeters back 

and forth we are able to find the time zero ( 0  at which the parametric process 

occurs. When this happens, it means that the two beams will be temporally (and 

spatially) overlapped within the crystal. Afterwards, the beam passes through an 

optical density filter in order to reduce its power and is focused on the BBO crystal 

through a biconvex lens. The collimated beam is driven along to the seed beam to the 

nonlinear medium (BBO crystal) through mirrors. 

 

Figure 4.8: Our experimental setup, illustrated, for collinear OPA. 
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With regards to the second beam, the seed, after its reflection on the first beam 

splitter, it passes through an optical density filter so as to reduce further its power and 

is focused through a biconvex lens on a 2mm Sapphire crystal in order to generate 

white light. After the crystal, an achromatic planoconvex lens has been mounted so as 

to parallelize the  vectors of the white light. With a second (biconvex) lens the seed 

beam is focused on the BBO. It is important to mention that the two beams, pulse and 

seed, are collinearly injected in the BBO. A photo from the experimental set-up, is 

shown in Figure 4.9. 

 

 

Figure 4.9: Photo from the experimental setup. The paths of pump and seed beam have been highlightened. 
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The collinear geometry is well succeeded with a second beam splitter, few 

centimetres before the BBO crystal. The pump pulse passes through the surface of the 

splitter from its back side without any distortions while the seed pulse is reflected 

exactly at the point where the pump is transmitted. The DMSP-1000 beam splitter 

when is set at 45°, provides ideally a reflecting band from 1020nm to 1550nm, 

i.e. exactly the wavelengths contained in the white light that we desire to amplify. So, 

the task that is assigned firstly is to ensure that the NIR frequencies are included into 

the white light spectrum. 

In order to give an answer to the above question and due to the fact that there is a lack 

of means of detecting frequencies in the IR, we replaced the BBO crystal with another 

one, cut at 29° on which we focused the white light beam and managed to 

produce its 2nd harmonic, i.e. its half wavelength. The spectra were measured with an 

Ocean Optics S2000 multichannel spectrometer and the result can be seen in Figure 

4.10. 

 

Figure 4.10: Spectra of the 2nd harmonic of the white light ( / 	
 and of the fundamental 

wavelength . 

Error! Reference source not found. 
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A safe deduction that we can extract from the previous graph is that ideally we are 

able to amplify a region in the NIR which ranges from 1040nm to 1160nm since the 

detected spectrum of the 2nd harmonic, ranges from 520nm to 580nm. Despite the fact 

that we dedicated a lot of work to achieve perfect alignment and to select the proper 

optical elements, to apply different methods, such as changing the polarization of the 

two beams by adding 2 wavelpate and linear polarizer in our set-up, tilting and 

rolling carefully and meticulously the BBO crystal so as to change the angles ,  

with a pace of few degrees, increasing and decreasing the power of the involved 

beams, replacing the 2mm Sapphire crystal through which white light was generated 

with a cuvette filled with clean water and study further the corresponding 

bibliography, we did not manage to amplify our signal. 

Therefore, in order to move on to the applications of the project, we decided to use 

the non-collinear OPA (see Figure 4.4 and Figure 4.11) which operates in the visible 

region and take advantage of its amplified signal in the above mentioned spectral area 

and of the weaker idler beam which ranges in the NIR region. 

 

4.4 Applications 
 

The first application concerns the creation of nano-holes in gelatin thin films with a 

future implementation in medical operations such as laser nanosurgery. Gelatin is a 

solid substance and consists of a mixture of peptides and proteins. It is the most 

plenteous structural protein, found in animal body and is derived from the skin, the 

white connective tissue and the bones. Moreover, gelatin is a product of the structural 

and chemical degradation of collagen, thus it deals, to a large extent, with the 

properties and structure of collagen. Subsequently, it is compatible with cell culturing 

and is usable as scaffold so as to mimic the molecular structure of the extracellular 

matrix.  

With regards to the experimental arrangement we used in order to irradiate the 

gelatin thin films, we developed a non-collinear OPA which is illustrated in Figure 

4.11. For subcellular nanosurgery we require energies of few nanojoules. The main 
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part of the initial beam (800nm), is split-off via a beam splitter and frequency doubled 

in a 2mm BBO, cut at 29°, thus the wavelength of the pump beam is at 400nm. 

For the parametric amplification, we mounted a 2nd BBO ( 30°) and for the 

generation of the white light a 3mm Sapphire crystal. Before the amplification, the 

seed passes through a delay stage consisted of mirrors so as to achieve the temporal 

(and spatial) coherence. Then, the white light (seed beam) is directed and focused 

through a lens on the BBO crystal. 

 

 

Figure 4.11: The experimental setup we used for gelatin thin film irradiation. 

 

The idler pulse ranges from 800nm to 1500nm. However, we are interested in 

wavelengths no longer than 1100nm due to the fact that water (gelatin thin films are 

produced by a gelatin-water solution) absorbs strongly in higher wavelenghths. The 

idler’s spectra that were measured with the spectrometer are shown in Figure 4.12. 
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Figure 4.12: Spectra of the idler beam. 

 

However, our initial purpose, as it was mentioned previously, was to create nano-

holes on the gelatin thin films and examine the dependence between the size of the 

hole, i.e. the beam spot size in the focal plane and the wavelength of the beam. The 

measurements that were taken are illustrated in Figure 4.13. 

 

 

Figure 4.13: The spot size of the beam increases as the wavelength of the pulse increases. 
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According to the graph, we can deduce that the spot size of the beam within the focal 

volume, increases as the wavelength of the idler beam increases. At 900nm, the radius 

of the spot size is about 1μm while at 1100nm it rises to ~1.8μm. 

The second application deals with the material that is selected for the construction 

of the active layer of a photovoltaic. That is the P3HT-PCBM and it has been 

suggested, according to the bibliography, that if a sample coated with the above 

mentioned material passes through an annealing process then its crystal structure 

changes and its surface becomes smoother. The next assignment, in which we were 

enrolled, was to study and compare the recombination time of an exciton of an 

annealed P3HT-PCBM and a non-annealed. The recombination time of an exciton is 

strongly related to the efficiency of the photovoltaic, i.e. the greater the recombination 

time, the more efficient the PV. 

The experimental setup we used for time-resolved spectroscopy is based on the pump-

probe technique, the principle of which is briefly explained and illustrated in Figure 

4.2 while an aspect of the set-up is shown in Figure 4.3. The pump beam (the one that 

excites our sample and drives it out of its equilibrium state), is at 800nm while the 

probe beam, the one that is delayed relatively to the pump and “probes” the 

perturbation that the pump have caused, is detected and analyzed. Furthermore, the 

probe ranges from 500nm to 700nm (visible region) and is generated through the non-

collinear parametric amplification process that is mentioned in the previous 

application. The measurements we took for both annealed and non-annealed P3HT-

PCBM samples, in the visible region, are shown in Figure 4.14 and Figure 4.15 

respectively, while the dumping time, ( , i.e. the exciton’s recombination time was 

calculated for two wavelengths, 500 , 550 . 
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Figure 4.14: Dumping time graph for the visible region for annealed P3HT-PCBM. Calculation for two 

wavelengths, ,  

  

Figure 4.15: Dumping time graph for the visible region for non-annealed P3HT-PCBM. Calculation for two 

wavelengths,  ,  
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According to our calculations we proved that despite the fact that the annealing 

process may have benefits to the crystal structure of an active layer of a PV, it 

presents significant impact on its efficiency. We observe that as the wavelength of the 

probe beam increases, the dumping time increases as well for both annealed and non-

annealed sample. Moreover, the dumping time for same wavelength is bigger in the 

non-annealed state and we can conclude that 	 . 

 

4.5 Conclusions 

 

The scope of this project, was to develop and characterize a collinear optical 

parametric amplifier which will operate in the NIR region and, afterwards, study 

possible implementations with the amplified signal on diverse systems for time-

resolved spectroscopy. In addition, the whole set-up was constructed on a metallic 

plate with specific dimensions (25 30 ) in order to render it portable. Still, work 

is further required to optimize the signal amplification in the collinear geometry setup. 

Further, in order to achieve our principal aim and use the NIR light for pump-probe 

experiments, a non-collinear amplifier which operates in the visible region and 

generates idler pulses in the NIR, was used. We took advantage of the large 

penetration depth they present in tissues and taking into account their short pulse 

duration which means high peak power and low energy pulse, we irradiated gelatin 

thin films examining the created nano-holes caused from the pulses. In addition, we 

used the amplified signal pulses in the visible region to measure and calculate the 

recombination times of excitons of a material (P3HT-PCBM) which is used for the 

construction of the active layer of a photovoltaic. 
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