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Abstract 

The motivation of this thesis was to develop efficient and improved optical excitation 

sources for applications in confocal laser scanning microscopy (CLSM) and 

multiphoton laser scanning microscopy (MPLSM), with emphasis on extending the 

wavelength coverage of existing laser sources using nonlinear optical methods.  

This included quantitative and qualitative structural analysis of periodically poled 

nonlinear materials using MPLSM. These materials, used in nonlinear optical 

frequency conversion, rely upon consistent poling lengths for quasi-phase matched 

operation.  The described technique provided a non-destructive assessment of 

inhomogeneities within the crystal structure, which may impact upon frequency 

conversion efficiency processes.  

Following this analysis, innovative pump geometries were investigated for ultra-

short pulsed singly resonant synchronously pumped optical parametric oscillators 

(SPOPOs). Through application of a novel bi-directional pump geometry, an increase 

in peak power of up to 90 % was observed, with peak powers in excess of 18.8 kW 

generated. This substantially outperformed any pump geometry previously 

implemented. This source was then applied to three photon laser scanning 

microscopy. 

Next, a visible, wavelength tunable, ultra-short pulsed source based on sum 

frequency mixing was developed for MPLSM at wavelengths shorter than 700nm. 

With average output power of ~ 150 mW, the source was applied to MPLSM of 

biological and non-biological UV excitable samples and results were compared with 

the longer wavelength Ti:Sappphire system. 

Finally, a SC source and Ti:Sapphire laser were applied for optical beam induced 

current (OBIC) microscopy of an InGaN LED to provide information regarding the 

spectral response of the diode and imaging of the active region. This provided 

additional information regarding inhomogeneity and hence efficiency.  
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Chapter 1 Introduction 

 

1.1. Optical microscopy and the diffraction limit 
 

The challenge of viewing samples on a microscopic scale has been one that has 

motivated scientists for hundreds of years. The first instruments used for resolving 

beyond the capabilities of the human eye were simple arrangements using a single bi-

convex lens such as that seen in Fig 1.1.  

 

Figure 1.1 A simple magnifier 

 

By placing an object at the focal plane of a short focal length lens, the object was 

therefore imaged at infinity. The resulting wide angular separation between point 

sources of light was produced by an illuminated sample. The cornea and lens of the 

eye could then be used to form the final image onto the retina. 

 

In order to improve the resolution of this simple magnification technique, the 

compound microscope was created in the early 17th century by Robert Hooke [1]. 

This technique involved the implementation of two lenses, namely an objective lens 

and an eyepiece.  
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Figure 1.2 Compound microscope 

An objective lens with a short focal length was placed close to a sample. The 

objective lens generated a real image at the focus of the eyepiece, causing the light to 

become focused at infinity (similar to the role of the magnifying lens shown in Fig. 

1.1). Again the eye creates the final magnified, virtual image. It was important that 

the eyepiece had a variable control upon distance in order to ensure that the back of 

the objective and the pupil of the eye were at conjugate planes [1, 2]. 

 

One of the first amendments to Hooke’s compound microscope was the introduction 

of a bright source of illumination underneath the sample. He used a liquid-filled 

globe to project the flame from an oil lamp onto the specimen. This technique is 

known as bright-field microscopy and is still recognisable as transmission 

microscopy methods used by many researchers today. In place of Hooke’s liquid 

filled globe, the modern day microscope uses a white light source that is focused 

onto the sample using a condenser lens. By illuminating the sample and hence 

improving the contrast, images could be vastly improved.  This will be described in 

more detail in Sections 1.2 and beyond.  

 

Illumination of a sample is one of the most important factors in achieving a high 

contrast image. Many of the early forms of illumination, such as that used by Hooke, 

were subject to ghosting and non-uniform illumination over the field of view. This 
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was due to inhomogenities in the light source and/or the method used to bring the 

light to the sample. In 1893, August Köhler presented a method which addressed this 

problem, providing uniform illumination over the field of view, even for non-

uniform sources. This method is known as Köhler illumination and requires the 

additional implementation of a field stop diaphragm, a condenser aperture and a 

collective and condenser lens to the previous compound microscope [3]. 

 

 

Figure 1.3 Köhler illumination; LHS illustrating the image formation path and the RHS 
showing the illumination path 

 

  3



Use of a high numerical aperture (NA) collective lens permits the focusing of the 

light source at the rear focus of a condenser lens. Condenser lenses are typically used 

to focus light onto the sample, however this is not the role in this form of 

illumination. As a result of the reciprocal relationship between the image and rear 

focal plane, light emerging from the condenser is completely out of focus. This 

results in a uniform illumination at the sample. However, as a result of aberrations in 

the lenses or non-uniform illumination, this may not be the case for all angles of light 

convergence.  

This situation is addressed by inserting a field diaphragm directly after the collector 

lens, and an equivalent aperture at the back focus of the objective lens. The collector 

diaphragm determines the angle of the convergence and hence the realised NA of the 

system. The out of focus light passes through the sample and the filament is imaged 

at the rear focal point of the objective and results in no imaging of the light source’s 

filament at the detector, which may be the eye, a camera or another photo-detector.  

 

Despite the success of the system described in Fig. 1.3, it is somewhat limited for use 

with thick or turbid biological samples. This restricts the practical use of the 

microscope. Where the light source for excitation and signal collection both 

propagate through the same lens, known as epi-illumination [3], the microscope 

becomes useful for imaging of opaque and absorbing samples. This is achieved by 

inserting a beam-splitter or dichromatic beam splitter in the imaging path. This 

allows illumination of the sample in the forward direction and the generation of a 

reflectance or back-scattered image in the reverse direction to the incoming 

illumination. The full potential of epi-illumination was not realised until such a 

system was used in conjunction with fluorescence microscopy, which will be 

described later in this chapter. 

 

1.2 Spatial resolution 
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As described in Section 1.1, the amount of light which a lens accepts ultimately has a 

direct effect upon the resolution of the microscope system. The acceptance (and 

emission) of a lens is characterised by the numerical aperture (NA) [4]: 

 

sinnNA    (1.1) 

 

Here, n represents the refractive index of the medium within which the lens is 

working (usually air, water, oil or glycerol) and θ is the half-angle of the maximum 

cone of light which may enter the given lens. 

 

As a consequence of diffraction induced by the aperture of a lens, light from the 

sample is not imaged as a collection of point sources. The light is instead imaged as a 

central bright disk, surrounded by concentric rings which reduce in intensity. This 

intensity distribution is known as an Airy disk. The radius rmin, of the Airy disk’s 

central ring limits the smallest point to which a beam may be focused and may be 

described by [4]: 

 

NA
r

61.0
min    (1.2) 

 

Lateral resolution of a system may be expressed in terms of the positioning of two 

point sources, with diffraction images in the same plane, are separated by a small 

distance d. If the d is greater or equal to rmin, then the points can be resolved. This is 

known as the Rayleigh criterion. 
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During the late 19th century Ernst Abbe not only demonstrated that lenses were 

subject to diffraction but he also quantified the required conditions for a light source 

to be diffraction limited,  

 

condobj NANA
d




22.1
min .  (1.3) 

 

Abbe’s resolution limit takes into account the role of both the objective lens (NAobj) 

and the condenser lens (NAcond). This provided a lateral distance between two lines 

of a periodic grating that could be resolved. 

 

As a result of Eq. (1.2) & (1.3), it can be seen that lateral resolution is directly 

proportional to the wavelength of the illuminating light and inversely proportional to 

the NA of both the objective and condenser lenses used. 

 

Using the Airy disk diffraction pattern described for the Rayleigh criterion in three 

dimensions, axial resolution (which is defined as the minimum distance in the z-

direction between which two point sources can be identified) may be described by 

 

2min
)(

2

obj

s

NA

n
z


 ,  (1.4) 

 

where ns is the refractive index of the sample.  
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1.3 Contrast mechanisms 
 

In addition to resolution, contrast plays a pivotal role in determining the overall 

quality of an image. Following from the introduction of light sources for sample 

illumination described in Section 1.1, various additional techniques for achieving 

high contrast have been developed. One of the first of these techniques was 

developed in 1934 by the Dutch physicist Frits Zernike and is known as phase 

contrast microscopy [5]. This technique uses a combination of optics to introduce 

corresponding changes in amplitude, this in turn can be visualised as contrast within 

a sample. This technique greatly increased contrast for many transparent biological 

samples. Issues such as the need for samples to be fixed, and its inability to image 

thick samples required. However the need for further development of additional 

contrast mechanisms is required. 

 

Techniques to increase contrast range from use of samples which emit frequencies 

differing from the illumination source, to samples that generate an electric current 

which can be used for surface mapping. This section provides an overview of the 

contrast mechanisms used within this thesis. 

 

1.3.1 Fluorescence 

 

The property of fluorescence has been observed for thousands of years, through the 

naturally occurring fluorescence produced by minerals such as Autunite, Fluorite and 

Calcite, when observed under certain illumination conditions. The first scientific 

record of fluorescence was reported by John F.W. Herschel in 1845 [6], when 

fluorescence was observed from a transparent quinine solution under illumination by 

sunlight.  
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Figure 1.4 Jablonski diagram describing the electronic transitions involved in fluorescence 

 

 

In 1852, Sir George Stokes was the first to describe the wavelength changing 

properties of such materials and highlighted the red-shifted emission resulting from 

this interaction [7]. To understand the mechanism of fluorescence, it is convenient to 

consider a description of the electronic states of a fluorescent molecule (as 

represented by the Jablonski diagram in Fig. 1.4).  
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Figure 1.5 The red shifted (Stokes shift) for a standard fluorophore with an absorbance in the 
UV 

 

Fluorescent molecules permit the transition of an electron from a ground state to an 

upper energy level (excited state). This is achieved through absorption of the energy 

from an incident photon with energy equal to the difference in electronic states. The 

electron then experiences a non-radiative decay to the lowest singlet excited state [4]. 

Radiative decay to the ground state then results in the emission of a photon with 

lower energy than that used for excitation as illustrated in Fig 1.5. Since a molecule 

is at equilibrium when electrons are in the ground state, the excited state is a short-

lived event, on the nanosecond scale. 

 

Since its application to microscopy, fluorescence has become a vital imaging tool in 

the field of life science and materials analysis. As a result of the expansive range of 

available fluorophores (which can be attached to biological structures using 

histochemistry), labelling of samples has allowed identification of cells and sub-

cellular components which are not visible using alternative contrast techniques [8-

10]. 
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Fluorescence microscopy is particularly useful when used in combination with an 

epi-illumination (epi-fluorescence) geometry, such as that introduced in Section 1.1. 

Most fluorescent microscopes are configured in an epi-illumination mode, due to the 

substantially decreased amount of excitation light to which the detector is exposed. 

Additionally, fluorescence returns through the same path as the excitation beam, 

therefore the same objective lens (and galvo-mirrors which can be used for laser 

scanning) may be used, greatly simplifying the system [3].  

 

Application of fluorescence to a microscope requires the addition of three filters to a 

standard epi-illumination microscope: an excitation filter, emission filter and a 

dichroic beam splitter. These filters are used in order to separate strong excitation 

light from the weak fluorescent signal produced by a sample and ensure that only the 

fluorescence signal reaches the detector. 

 

 

Figure 1.6 Epi-fluorescence microscope 
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Figure 1.6 shows the configuration of an epi-fluorescent microscope. The excitation 

filter is required to ensure the correct wavelength of light used for the efficient 

excitation of the sample. The dichroic beam splitter allows the introduction of the 

excitation light to the microscope and collection of the fluorescent signal. This is 

made possible through careful selection of the dichroic beam splitter such that the 

excitation source is reflected or absorbed and the Stokes shifted fluorescence is 

transmitted. 

 

When considering illumination of biological samples, attention must be paid to 

power levels to which the sample is exposed and also the wavelength of light (shorter 

wavelengths result in higher damage). Phototoxicity is a toxic reaction which is 

incurred through the application of light to a sample [4]. Unfortunately, complete 

transfer of energy from a photon to the promotion of an electron to a higher energy 

level may not occur. Some of this energy may be transferred to oxygen and result in 

the generation of oxygen radicals. These are toxic to biological samples, often 

leading to swift cell death.  

 

Despite the many advantages incurred when using an epi-fluorescent microscope, a 

major drawback is the generation of fluorescence from lateral planes above and 

below the focal plane, leading to a detrimental contribution from out of focus light to 

the image, which can conceal details in the focal plane [11]. Figure 1.7 gives an epi-

fluorescent bright-field image of a 5 day old quail embryo fixed in formaldehyde and 

stained with Alexa 488-phalloidin taken from a study by Swedlow et al [12]. Here it 

can be seen that very little information can be gained from this poor contrast image, 

as a result of the contribution from the out-of-focus light. From this it is possible to 

conclude that for a wide range of thin live samples including cell cultures, bacteria, 

etc, epi-fluorescence imaging is a very useful technique. However with application to 

tissues thicker than ~ 5 μm, poor quality images are generated and alternative forms 

of imaging are required. 
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Figure 1.7 Brightfield image of a thick sample (quail embryo), here the scale bar represents 50 
μm. [Reproduced from [12]] 

 

1.3.2 Harmonic generation 

 

An alternative method to fluorescence for obtaining a contrast image is through 

harmonic generation. Such a technique is based upon a nonlinear event induced 

within a sample; whereby incident light is converted to a frequency at double that of 

the incident beam. This case is known as second harmonic generation (SHG). The 

topic of nonlinear optics will be discussed in further detail in Chapter 2. However as 

a simple description; if two identical low energy photons are considered, under 

certain conditions they may combine to generate the new frequency. This process 

may only be achieved when a sample exhibits a non-centrosymmetric molecular 

structure. 
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Figure 1.8 Second harmonic generation. Where ω1 and ω2 are pump photons with the same 
frequency and ω3 is a frequency double that of the pump photons. 

 

Despite the similarity of this process to fluorescence, in that a new frequency is 

generated as a result of incident light, no absorption of photons takes place and a 

Stokes shift does not occur. In this case, energy is conserved and the frequencies 

involved may be represented by the relationship 

 

321   ,  (1.5) 

 

where, for SHG, incoming photons ω1 and ω2 are equal and the resultant frequency 

ω3 is double that of ω1. 

 

The first report of SHG in microscopy was performed by Hellwarth et al in 1974 

[13]. This involved the use of a Q-switched YAG laser at 1064 nm, applied to a ZnSe 

polycrystal for imaging of its physical structure. Since this time, SHG imaging has 

found a wealth of applications in both material analysis and biological systems. 
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As a result of the inherent frequency conversion induced by the sample, no 

exogenous fluorophores need to be used.  This is advantageous, as fluorophores may 

interfere with the behaviour of a biological process. Also, due to the lack of actual 

excitation of electrons such as that seen in fluorescence samples are not subject to 

phototoxicity or photobleaching [14]. 

 

An additional benefit to using harmonic generation imaging is the longer 

wavelengths which are used for illumination of the sample. Longer wavelengths are 

subject to less scatter and therefore deeper penetration of a sample is achievable [9]. 

 

Similarly to SHG, a similar nonlinear process may be incurred for three incident 

photons for frequency conversion, which is known third harmonic generation (THG). 

This increases the excitation wavelength further; however, greater photon densities 

are required for such a process. 

 

Despite the advantages of harmonic imaging, the samples which may be used are 

limited to those which provide a molecular structure suitable for access to its 

nonlinear susceptibility. This in turn also requires the need for high intensity laser 

sources which can often be expensive. 

 

1.3.3 Optically induced current 
 

When considering the mechanism for contrast imaging of a particular sample, it is 

often important to consider alternative methods to standard optical detection 

methods. For example within material analysis of semi-conductors such as light 

emitting diodes (LEDs), it is often of interest to evaluate the electronic response of 

the device.  
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The mechanism for generation of light from an LED can be described by 

consideration of the electronic transitions between the p-type and n-type materials 

within the semi-conductor. 

 

Figure 1.9 Mechanism for photon emission from LED when subjected to a current 

 

When current flows across a diode, electrons and ‘holes’ travel in the opposite 

direction. At the point where an electron encounters a hole, the electron drops down 

to a lower energy level, resulting in the emission of a photon, as illustrated in Fig. 

1.9. This technique is termed as electroluminescence. 

 

One imaging technique which looks to take advantage of these p-n junction 

transitions is known as optical beam induced current (OBIC). This is in essence the 

reverse condition of electroluminescence, whereby incident light is used to generate 

electron-hole pairs, resulting in an induced current, as illustrated in Fig. 1.10. This 

current may then be reconstructed to form an electronic map of the active region of a 

device [15]. 
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Figure 1.10 Simplified OBIC detection schematic highlighting the p-n transition induced by 
optical excitation 

This technique has been applied in microscopy allowing high resolution imaging 

with good contrast without incurring damage to devices, with applications including 

short circuit detection and evaluation of homogeneity. 

 

1.4 Confocal laser scanning microscopy 

 

As described in section 1.3.1, bright-field fluorescence microscopy is a very useful 

technique for unveiling biological structures which cannot be obtained by other, 

previously used methods. However, when considering imaging of biological tissue, 

the technique is severely limited to thin slices. This is a result of the contribution of 

out of focus fluorescence to an image, when using thick slices. This results in poor 

contrast images. A technique which aims to address this issue was developed by 

Minsky [16]. This technique is known as confocal microscopy and implements 

apertures at the excitation and detection paths. The excitation aperture is used to 

ensure only one point of interest is imaged. The aperture used in the detection path is 

used to eliminate out of focus fluorescence. In recent times, this technique for out-of-

focus rejection has been implemented for the application of laser excitation sources, 

as seen in Fig. 1.11. Here it can be seen that only fluorescence generated at the focal 

plane reaches the detector. 
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Figure 1.11 Confocal microscopy; fluorescence collection pathway 

 

With the introduction of two galvo-scanning mirrors, the excitation beam may be 

raster scanned across the sample using laser scanning software. When such a system 

is used it is known as confocal laser scanning microscopy (CLSM). The detected 

fluorescence which is generated throughout the scanning region is collected by a 

detector, typically a photo-multiplier tube (PMT), and then used to generate a 

contrast image. As the objective lens can be used for focusing of the beam within a 

sample, and capable of controlled z-translation, this technique can therefore be used 

for optical sectioning and three dimensional imaging. CLSM therefore offers 

imaging of samples which is not possible with brightfield fluorescence microscopy 

[17]. Another great advantage of using this type of imaging is the ability to analyse 

intact samples non-invasively, allowing for live cell imaging. The minimum average 

cw power requirement for single photon excitation is typically less than 1 mW  [4]. 

 

Many of the common fluorophores which are used for biological labelling require 

excitation in the 320 – 600 nm range [18], along with newer dyes with longer 
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excitation wavelengths dyes such as mCherry and mPlum [19, 20]. Despite the many 

advantages achieved through application of CLSM, this technique implements a 

source, typically continuous wave (cw) laser, with a wavelength corresponding to the 

peak excitation of the fluorophore. As a result of this, the excitation beam is 

absorbed throughout the sample resulting in fluorescence at planes other than that of 

the focal plane (Fig. 1.12). 

 

 

Figure 1.12 Generated fluorescence in single photon excitation throughout a deep sample 
(reproduced from [21]) 

 

Despite the application of the confocal apertures used for isolated detection of the 

focal plane (illustrated in Fig. 1.11), loss of signal is incurred as a result of this 

method. Moreover, with prolonged exposure to excitation, fluorescent samples may 

be subject to photobleaching. 

 

Another issue with CLSM is that the short wavelength sources used for excitation 

incur greater scattering. This restricts the depth penetration within tissues. 

Additionally, it has been shown that use of short wavelengths reduces cell viability.  
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1.5 Multiphoton laser scanning microscopy 
 

A method which was devised to overcome the restrictions of CLSM was pioneered 

by Denk et al [22]. This was based upon the nonlinear absorption of photons by 

fluorophores and is known as multiphoton laser scanning microscopy (MPLSM). 

 

 

Figure 1.13 Electronic transition states for a) single-photon b) two photon and c) three photon 
excitation. Virtual states are shown as dashed lines. 

 

Unlike the case of CLSM, which uses a high energy light as the excitation source, 

Eo, MPLSM implements a source with energy equal to Eo/2.. As the fluorescent 

molecules require certain energy for excitation, using low energy light as an 

excitation source would not be useful. In 1931, Maria Goeppert-Mayer theoretically 

described multiphoton excitation in her doctoral thesis [23], however no suitable 

excitation source was available for this mechanism until the advent of the laser.  

 

The nonlinear absorption of two photons by a fluorescent sample, as illustrated in 

Fig. 1.13, gives rise to simplest form of MPLSM, as this case places the lowest 

constraints upon the excitation source. The number of two photon events which 

occur within a sample can be calculated by using the following equation [4] 
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where, n = number of two-photon absorption events, P = average power, τ = pulse 

duration, Δν = repetition rate. NA = numerical aperture, h = plank’s constant, c = 

speed of light and λ = wavelength.. Therefore, in order to achieve large numbers of 

two photon absorption events, a high photon density is required.  

 

Since the development of high-power ultra-short pulsed lasers, peak powers in 

excess of 100 kW are currently available (an overview of laser sources for 

microscopy will be provided later in this chapter). The beam from such a laser may 

be tightly focused into a sample to generate a photon density at the focal point which 

is high enough to allow molecules to absorb two low energy photons simultaneously, 

resulting in outputs which are sufficient for image formation [22]. As the beam is 

tightly focused, this results in a highly localised volume of excitation and therefore 

fluorescence is only stimulated within the focal plane. As a consequence, the laser 

intensity in the volume surrounding the focal point rapidly decreases, causing a very 

small number of out-of-focus photons to be generated. Therefore MPLSM provides 

inherent optical sectioning. This negates the need for the aperture which is used 

within CLSM, and all signal which is generated may be used for imaging, giving a 

high signal-to-noise ratio. 
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Figure 1.14 CLSM vs. MPLSM: The fluorescent dye (Nile Red) contained within above cuvette 
is subjected to single photon excitation (from right hand side) and multiphoton excitation (from 

left hand side). [Courtesy of Dr Brad Amos, MRC] 

 

Figure 1.14 highlights the volume of excitation for both CLSM and MPLSM, when 

passed through a fluorescent solution. For single photon excitation (produced by the 

RHS objective), it can be seen that excitation occurs throughout the entire depth of 

the cuvette. In the multiphoton case (LHS objective), however, only a very small 

volume of excitation is observed. 

 

One of the other main motivations for using a multiphoton system is due to the 

increased depth penetration into a sample. The maximum limit for depth penetration 

into a sample is equal to the working distance of the objective lens. However, in 

practice this limit is not reached. The fluorescence signal is attenuated as it passes 

through a sample, and for the single photon case at depth, much of the excitation 

wavelength will be absorbed by out-of-focus molecules before reaching the focal 

plane. This effect is much reduced as a result of the longer wavelengths which are 

used for MPLSM excitation. 

 

Due to the success of the two photon excitation method, researchers have looked to 

alter this technique in order to observe three photon excitation [24, 25]. Fluorescent 
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molecules behave in a similar manner regardless of whether they are excited by one, 

two or three photons. Decreasing the photon excitation energy to approximately one 

third of that required for single photon absorption, three low energy photons can be 

simultaneously absorbed. This results in the emission of a photon equal in energy to 

that of the single photon case. With the ease of implementation to standard 

multiphoton laser scanning microscopy platforms, the technique has the potential to 

be implemented throughout a large number of laboratories. 

 

In a study by Debarre et al [26], it was found that cells excited by a longer 

wavelength had an increased survival rate when compared that of shorter 

wavelengths. This indicates the benefit of using a longer wavelength source for 

biological imaging. Despite the promise of three photon microscopy there are very 

few groups working on this and therefore there is much to be pursued within this 

field. 

 

As there are advantages to be gained from three photon microscopy, it may raise the 

question as to whether a four photon excitation may provide further benefits. 

However when considering the intensities required for two and three photon 

absorption, they require values on the scale of MW/cm2- GW/cm2. The required 

intensity for four (or more) photon absorption is in the range of TW/cm2. At such 

high intensities multiphoton ionisation and plasma formation occurs. Substantial 

damage to samples is induced as a result of these effects. Therefore, four (or more) 

photon excitation is not a viable option for biological imaging. 

 

1.6 Light sources for microscopy 

 

As described in Section 1.1, illumination of a sample is critical to the contrast of an 

image. Therefore consideration must be given to this source. Various factors need to 

be considered including brightness, wavelength and coherence. This section will 
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evaluate the usefulness of both incoherent and coherent sources for application 

within microscopy. 

 

1.6.1 Incoherent sources 

 

The initial light sources were used for microscopy were incoherent sources (i.e. no 

fixed phase relationship between waves). Common types of these sources include 

incandescent lamps, arc lamps and light emitting diodes (LEDs).  

Incandescent lamps (e.g. Halogen lamps) are a common choice for brightfield 

microscopy due to their continuous spectrum and high brightness. These are also 

inexpensive and have long operational lifetimes. 

 

Arc lamps (e.g. Mercury arc lamp) often provide brightness in excess of that 

produced by incandescent lamps, making them particularly useful for brightfield 

fluorescence microscopy. The broad range of emission of such sources (ultraviolet to 

infrared), allows for filtering of the source to produce ‘monochromatic’ (depending 

upon the quality of filter) excitation sources. Despite these benefits, arc lamps are 

often difficult to align and have operational lifetimes of less than 300 hours. 

 

Light emitting diodes (LEDs) are semi-conductor devices which when subjected to a 

current, emit light as a result of transitions between the semi-conductors p-n junction. 

The energy of emitted photons is dependent upon the difference between electronic 

states within the device. LEDs provide an excellent source of bright illumination and 

can have operational lifetimes in excess of 50,000 hours [27]. These devices are 

inexpensive, and due to the wide array of semi-conductor materials available; can 

cover a wide range of the spectrum. Some of the common high power LED sources 

used within microscopy are given in Table 1.1. 
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Wavelength (nm) Semi-conductor Approx. average power (mW) 

455 InGaN 300 

470 InGaN 300 

505 InGaN 200 

530 InGaN 150 

590 AlInGaP < 25 

633 AlInGaP < 50 

435-675 GaN/(Al,Ga)N 200 

Table 1.1 Available high power LEDs for application in microscopy 

 

Despite exhibiting lower brightness than arc lamps, LEDs have been successfully 

applied to fluorescence microscopy. 

 

1.6.2 Coherent sources 

 

The definition of a monochromatic wave is a wave which exhibits a single 

wavelength λ. However, it is often the case that light sources emit over a finite range 

of wavelengths Δλ, sometimes referred to as the bandwidth or wave-packet. If the 

spread of wavelengths has a fixed phase the source is said to be coherent. The 

average length of such a wave-packet is given by a source’s coherence length lcoh 
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The laser is a typical source of coherent light, due to the resonance of the output 

waves, coherence is ensured. A wide range of gain media and techniques are 

available to generate laser light, with tailoring of properties including wavelength, 

pulse duration, repetition rate and others. 

 

1.6.2.1 Lasers in CLSM 

 

The laser is the most suitable source for practical CLSM. For this imaging method 

the light source requirements are high brightness, high spatial and temporal 

coherence and monochromaticity, which are all inherent properties of laser sources. 

Table 1.2 gives a brief list of the various common lasers available for use in practical 

CLSM, along with their output wavelengths. 

 

Laser Useful output wavelengths (nm) 

Argon ion 351, 488, 514 

Krypton-Argon 488, 568, 647 

Helium-Neon 543, 594, 612, 633 

Diode lasers 405, 440, 488, 630 

Table 1.2 Common laser sources in CLSM 

 

As CLSM requires single photon excitation, lasers which operate in continuous wave 

(cw) mode are required. Additionally, the listed laser sources tend to have limited 

output power. However, this tends not to be a restriction for CLSM where 
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fluorescence excitation is possible with sub-milliwatt levels of average power. These 

sources are also relatively inexpensive. 

 

1.6.2.2 Lasers in MPLSM 

 

As mentioned in section 1.5, MPLSM requires high photon densities at the focal 

plane. This is made possible using mode-locked laser sources that provide ultra-short 

pulsed output. A brief review of mode-locking is presented before providing further 

detail on laser sources commonly used in MPLSM.  

 

1.6.2.2.1 Mode-locking 

 

It is often the case that lasers produce an output which covers a range of frequencies. 

This is determined by a combination of two main factors. 

 

The first of these is a property of the gain medium which is contained within the 

laser cavity. The gain bandwidth of a medium is the range of frequencies over which 

a laser can operate. When selecting a gain medium it is very important to select a 

crystal which has a gain bandwidth suitable for the application. 

 

The second factor which is important for determining the output frequencies of a 

laser is the design of the resonant cavity. By using reflective mirrors to build a cavity 

around a gain medium, light waves are reflected back upon themselves, producing 

standing waves as a result of constructive and destructive interference. Where 

interference is constructive, these frequencies are termed as longitudinal modes and 

are the only frequencies which can be supported within the laser cavity. Together 
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with the gain bandwidth mentioned previously, the laser resonator design therefore 

determines the number of these longitudinal modes which may be supported. 

 

In the case of a cw laser, all of the longitudinal modes contained within the gain 

bandwidth will all operate simultaneously and have no fixed phase relationship. This 

leads to interference; as the phases of these will be somewhat random they will give 

rise to an almost constant average power output. 

 

Instead of allowing each of the supported modes within a cavity to operate 

individually, a fixed the phase relationship between modes can produce periodic 

interference which can generate an output of short pulses with high intensity. By 

using methods to fix the phase relationship, modes become phase “locked”. In 

practical optics, this is known as mode-locking. The pulse train is produced with 

interval between pulses tr, which is determined by the cavity round trip time 

 

c

L
tr

2
 ,  (1.8) 

 

where L is the length of laser cavity.  

 

Given that the central frequency produced by the gain bandwidth is ω0, with ± m 

additional modes. The resulting electric field produced in multimode oscillation can 

be described at each point using the following equation; 
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where En and φn describe the electric field amplitude and phase for the nth mode. In 

the case for mode-locking, all phases are locked therefore the phase dependence φn = 

0. By determining the product of the sum of Eq. (1.9) for a finite series and its 

complex conjugate E*(t), it is possible to obtain an equivalent value for intensity 

when N modes circulate; 
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By determining when the value of t for which the numerator in Eq. (1.10) becomes 

zero, i.e. at t = tr / N, this can be used as an approximate value for the FWHM of the 

pulse duration tp 

 

(1.11) 
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This, in turn, is approximately the reciprocal of the gain bandwidth Δν. This equation 

highlights Fourier’s theorem, which describes the need for large gain bandwidths in 

order to obtain short pulses.  

 

Techniques for mode-locking are classified as active or passive. A brief synopsis of 

these methods is presented. A full treatment is provided by Siegman [33].  

 

1.6.2.2.2 Active mode-locking 
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One technique which is commonly applied for mode-locking involves the 

introduction of an element into the laser cavity which is has controlled losses; this is 

known as active mode-locking. 

 

Active mode locking typically involves the use of an amplitude modulator such as an 

acousto-optic modulator (AOM) or an electro-optic modulator (EOM). If the 

modulating element is synchronised to the round-trip time of the resonator, this can 

lead to the formation of pulses. 

 

By firstly looking at what effect this has in the frequency domain, it is seen that each 

longitudinal mode acquires sidebands due to the modulating loss of the acousto-optic 

element. By inducing a modulation of frequency νm, to a mode of frequency ν0, the 

mode will acquire sidebands at ± νm. If this modulating frequency is equal to the 

frequency mode separation νm = c/2L the sidebands overlap and couple with 

longitudinal modes ν0 + νm and ν0 - νm. As these two new coupled modes pass 

through the modulator, they also experience the same process and produce sidebands 

at ν0 ± 2νm. This continues until all stable modes within the gain bandwidth lock in 

width approaches the gain bandwidth of the crystal, the gain will no 

phase. 

 

By now considering what this type of mode locking means in the time domain, the 

modulation of the loss-inducing element causes the laser to oscillate pulses around 

the cavity. Upon each round trip time, the pulse passes through the element when 

losses are at a minimum. However, despite the main section of the pulse 

experiencing minimum losses, the wings of the pulse will be slightly attenuated. This 

attenuation leads to a slight shortening of the pulse. Upon each round trip, the pulse 

decreases in duration and results in the broadening of the spectral bandwidth. When 

the spectral band

longer increase. 
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An alternative form of active mode-locking which uses a gain medium pumped by a 

pulsed laser as a tool to generate pulses at an alternative frequency, is known as 

synchronous pumping. This technique is widely used throughout nonlinear optics as 

it can be used to produce ultra-short pulsed outputs. 

 within the resonator is only active for 

e that the pump pulse is to present; therefore the output from the resonator 

tends to mimic the duration of these pulses. 

by the generator 

lling the modulator. However if the pulse itself can be used to modulate the 

ent, much shorter output pulses may be achieved.  

es. The useful attribute of a SA for mode 

bsorb low intensity light yet transmit light of high intensity, 

thus responding as a nonlinear mirror.  

 

Unlike the alternative methods, the pump source for a synchronously pumped system 

is already a pulsed source. A resonator can be described as synchronously pumped in 

the condition where the cavity round trip time matches that of the pump source. 

When this condition is met, the gain medium

the tim

 

In active mode-locking, a serious limitation to the shortening of a pulse is the 

dependence of the technique on the electrical signal produced 

contro

absorption elem

 

1.6.2.2.3 Passive Mode-locking 

 

An alternative to active mode-locking which does not require a modulating element 

is known as passive mode-locking. This method uses a passive element known as a 

saturable absorber (SA), which is inserted into the laser cavity in order to fix the 

phase relationship between cavity mod

locking is its ability to a

 

Upon entering the gain medium, the oscillating light generates noise. Within this 

noise, fluctuations occur which result in a single predominant spike being formed. As 
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a result of the nonlinear properties of a saturable absorber, the spike experiences less 

loss upon each round trip pass than other noise within the system. As a result, this 

peak will increase much faster than any other of the random peaks until it reaches the 

intensity required to be transmitted through the SA. As the light continues to 

eats and generates a train of pulses and hence the laser will 

be mode-locked. 

 

1.6.2.2.4  Ultra-short pulsed lasers in MPLSM 

sers have been produced with high 

than 100 fs. This generates peak powers 

greatly in excess of lasers operating in cw mode.  

 

Ultra-short pulsed laser Wavelength coverage 

(nm) 

Pulse duration 

(fs) 

Average power 

(W) 

oscillate, the process rep

 

With the discovery of mode-locking techniques, la

average power and pulse durations of less 

Ti:Sapphire 690 – 1050 < 100 >1 

Cr:Forsterite 1230 – 1270 < 65 0.3 

Optic

oscillator (OPO) 

al parametric UV – mid-IR < 100 0.5 

Table 1.3 List of the most commonly used tunable fs-pulsed lasers for MPLSM 

source is also a highly desirable feature for an 

rement of fluorophores to be excited at 

the peak absorption wavelength. 

 

Wavelength tuning of a laser 

excitation source due to the efficiency requi

 

The Ti:Sapphire laser is the perhaps most commonly used ultra-short pulsed laser for 

application in MPLSM [10, 28, 29]. The reason for this is due to the broad gain 
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bandwidth provided by the Ti:Sapphire crystal, permitting a wide range of tuning, 

high output power and pulses below 100 fs. The wavelength coverage of the 

Ti:Sapphire also strongly corresponds to the excitation wavelength range of many of 

the commonly used fluorophores.  

und application in both two 

icroscopy [30, 31]. Despite costing less than a Ti:Sapphire 

:Forsterite sources also remain very expensive. 

itation source [32]. However, these tend to be optically pumped by 

price which is beyond the budget of many 

biological labs. 

icted to sources 

with discrete output wavelengths. However, for flexibility, wavelength tunability is 

elength 

apphire, the tuning range is still limited and two photon and three photon 

excitation of all fluorophores is currently not possible using this technology. 

 

The Cr:forsterite laser provides ultra-short pulse durations at wavelengths beyond the 

capabilities of the Ti:Sapphire laser (see table 1.3) [30]. Despite the limited tuning 

and output power exhibited by the laser, it has also fo

photon and three photon m

laser, Cr

 

Optical parametric oscillators (OPO) offer an alternative to the traditional laser gain 

media. These useful devices take advantage of parametric conversion (explained 

further in Chapter 4) to create a source which is tunable over an entire optical octave. 

With moderate output powers and ultra-short pulses, OPOs are an extremely flexible 

multiphoton exc

Ti:Sapphire lasers and therefore incur a 

 

1.7 Motivation 

 

As shown in Table 1.2, the range of lasers available for CLSM is restr

desirable for excitation of the widest possible range of fluorophores. 

 

Similarly, although the most common laser source for MPLSM is the wav

tunable Ti:S
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The motivation of this thesis was to develop more efficient and improved optical 

excitation sources for applications in CLSM and MPLSM. The emphasis of this 

research was on extending the wavelength coverage of existing laser sources using 

nonlinear optical methods to facilitate new opportunities in microscopy. This was 

achieved by employing innovative methods to increase the conversion efficiency of 

nonlinear optical processes, to create new useful laser sources for MPLSM that are 

complementary to the ubiquitous Ti:Sapphire, and the use of CLSM and MPLSM to 

analyse components used within optical imaging. 

linear optical principles that are employed 

xperimentally in subsequent chapters.  

aterial 

erformance and hence contribute to changes in conversion efficiency. 

 

Chapter 2 is an overview of theoretical non

e

 

Chapter 3 brings together CLSM and MPLSM methods to perform quantitative and 

qualitative structural analysis of periodically poled nonlinear materials of the type 

used in Chapters 4 and 5.  Determination of the quality of crystal structure via non-

destructive methods prior to application for nonlinear optical frequency conversion 

experiments is useful to visualise crystal defects which may affect m

p

 

Chapters 4 and 5 describe the development of improved ultra-short pulsed laser 

sources for MPLSM.  This includes the requirement of the source to be tunable and 

provide sufficient power for application to commercial microscope platforms, which 

incur substantial loss. Specifically, Chapter 4 involves the development of an 

increased efficiency synchronously pumped optical parametric oscillator by virtue of 

a novel pump geometry. Chapter 5 reports the design, development and application 

of an ultra-short pulsed wavelength tunable sub-700nm source.  This system, with 

wavelengths shorter than the conventional Ti:Sapphire laser, is particularly useful for 
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samples which are excitable in the UV. Direct comparison to the Ti:Sapphire laser 

microscopy of InGaN light-emitting diodes.  This non-destructive method enables 

apping of active region to perform a quantitative assessment of homogeneity and 

l imperfections that can compromise device performance. 
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Chapter 2 Theory of nonlinear optical frequency conversion 

 

2.1 Introduction 

 

Nonlinear optics is the collective term for the nonlinear response of a material when 

exposed to a large electro-optic field, and its ability to manipulate the optical 

properties of the incident beam. A major step forward in this field was the first 

experimental demonstration of a laser, which was performed in 1960 by Maiman [1], 

who generated stimulated emission from a ruby crystal. The coherence of the source 

was exploited by Franken et al [2], who focused a Ruby laser (694 nm) into a quartz 

crystal and observed an output at exactly twice the frequency of the input beam.  

This demonstration of nonlinear optical frequency conversion has paved the way for 

experimental nonlinear optics, and the generation of innovative laser sources.  

 

Wavelengths generated by classical laser sources are restricted by the molecular 

structure of their gain medium, which is often restricted to infrared emission. 

However, through exploitation of higher order polarisations of a nonlinear optical 

material (which are prominent at high intensities), existing lasers may be converted 

to wavelengths from the deep ultraviolet to the far-infrared. This can be achieved 

through various nonlinear techniques including; sum frequency mixing (SFM), 

optical parametric oscillation (OPO) and supercontinuum generation (SC). These 

techniques can also offer a wide range of tuning as a result of either manipulation of 

phase matching conditions or from second and third order nonlinear optical 

processes. 

 

Within the field of life sciences, flexibility of laser sources is vital for many 

applications. Fluorescence microscopy is a commonly used tool for many biologists, 

which involves labelling of samples with a fluorescent dye. These ‘fluorophores’ can 

have excitation bandwidths of < 50 nm [3]. Therefore, if a wavelength far from the 
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peak excitation wavelength is used, inefficient excitation will lead to unnecessary 

exposure to radiation which may damage the sample. 

 

This chapter presents an overview of the basic theory for general nonlinear optics 

and provides a discussion of material selection and a description of the limiting 

factors for efficient frequency conversion. Following from this, a discussion of the 

generation and advantages of supercontinuum sources are given. 

 

2.2 Elementary principles in nonlinear optical frequency conversion in bulk 
media 

 

Conventional linear optics provides the model for the response of materials to optical 

fields of moderate intensity. To gain a perspective of the mechanisms involved in 

linear optics, a description of the interaction of light with dielectric materials is 

given. Dielectric materials can be thought of as ions with a positive core, surrounded 

by clouds of electrons [4]. Under no external driving force, the net polarisation of a 

nonlinear material is zero. When an electro-magnetic wave is propagated through 

such a material, a force is exerted upon the electrons. This force produces a 

displacement from their equilibrium position, resulting in an electric polarisation 

within the material. As the field propagates, the resultant force upon the electrons 

induces an oscillating polarisation at a frequency equal to that of the input field 

(assuming a weak input beam). The electric polarisation created is therefore directly 

proportional to the input field, and is described by: 

 

)()( )1( tt EP    (2.1) 
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where P and E are the polarization and electric fields respectively,  is the 

constant of proportionality known as the linear susceptibility and 

)1(

  is the 

permittivity of the medium.  

 

When subjected to a strong electric field, such as that produced by a focused laser 

beam, the polarisation of a dielectric material can no longer be described in linear 

terms as described in Eq. (2.1). Higher order polarisation terms must therefore be 

taken into account when describing the oscillation of electron clouds with regards to 

their respective positive ion core [5].  Equation (2.1) can therefore be expressed as 

 

...))()(()()( 3)3(2)2()1(  tttt EEEP    (2.2) 

 

where  and are the second- and third-order nonlinear susceptibilities of the 

medium. The first term in Eq. (2.2) represents the linear properties of an optical 

material (i.e. refractive index, absorption and dispersion). The second term is the 

contributing factor for processes such as second harmonic generation (SHG), sum- 

and difference- frequency mixing (SFM and DFM) and parametric fluorescence. It is 

noted that  is zero for materials without a centre of inversion, therefore only 

asymmetric materials are suitable for such processes. Finally, the third term describes 

effects such as third harmonic generation (THG) and the Kerr effect. The Kerr effect 

is the result of a change in the refractive index of a medium resulting from the 

application of an intense electromagnetic field. 

)2( )3(

)2(

 

This chapter gives a brief overview of the theory of the nonlinear optical processes 

involved in the experimental chapters to follow (Chapters 3-6). This includes 

stimulation of parametric fluorescence for use in an OPO and SFM of two laser 

sources. Both of these processes involve three interacting beams within a nonlinear 

medium. In order to describe this interaction between each of these beams and the 
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generation of new frequencies, one must consider Maxwell’s equation for an 

electromagnetic wave [6] 
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For three interacting beams, ω1, ω2 and ω3 within a lossless, nonlinear dielectric 

medium, Eq. (2.3) provides the platform for the solutions to the coupled wave 

equations [7]: 
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where Δk is the phase mis-match and the solutions for these can be solved by 

integration over the effective interaction length of the beams with the nonlinear 

crystal. 

 

2.3 Sellmeier equation and dispersion 

 

When an electromagnetic wave propagates through a dielectric medium, the response 

of the medium is a function of the frequency of the wave. This is effect is known as 

material dispersion and is demonstrated through the frequency dependence of 
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refractive index, n(ω). This occurs as result of the resonance frequencies through 

which a medium absorbs the wave through the bound electron within the material. 

 

As the nonlinear processes described within this thesis involve at least three 

interacting waves at differing wavelengths, to understand why chromatic dispersion 

creates a problem, a relationship describing the linear dependence of refractive index 

upon wavelength λ is required. This is can be shown by analysis of the Sellmeier 

equation 
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 ,  (2.5) 

where n describes the refractive index.  In the case of the nonlinear material used 

throughout this thesis, lithium niobate, a1-6 and b1-4 are parameters which have been 

previously measured [8] and can be found in Table 1. The variable f relates to the 

temperature dependence, where f = (T-24.5oC)(T+570.82) for lithium niobate. This 

particular expression for the Sellmeier equation is particularly useful due to this 

temperature dependence, as varying crystal temperature is a key method for 

wavelength tuning within nonlinear processes. The parameters used in Eq. (2.5) are 

described in a paper by Jundt [8]. 

 

Parameter Value 

a1 

a2 

a3 

a4 

a5 

5.35583 

0.100473 

0.20692 

100 

11.34927 
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a6 

b1 

b2 

b3 

b4 

1.5334 x 10-2 

4.629 x 10-7
 

3.862 x 10-8 

-0.89 x 10-8 

2.657 x 10-5 

Table 2.1 Sellmeier coefficients for lithium niobate 

 

This enables simple calculation of both the ordinary and extraordinary refractive 

indices for lithium niobate. This is discussed in more detail in Section 2.4.1. 

 

As a result of the frequency dependence upon refractive index, the velocity of an 

incoming wave is described by 

 

)(n

c
v  .  (2.6) 

 

For an optical pulse travelling through a material, each of its spectral components 

will travel at differing velocities. When considering the nonlinear regime, material 

dispersion can lead to significant changes in the nonlinear response [9]. The effects 

of material dispersion can be quantified by expanding the mode propagation in a 

Taylor series for a pulse with a central frequency of ω0: 

 

...)(
2

1
)()()( 2

02010  
c

n   (2.7) 
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The parameters β1 and β2 are related to the refractive index by taking the first and 

second derivatives of Eq. (2.7). 
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where ng and vg represent the group index and group velocity respectively. The 

envelope of a pulse travels at this group velocity and the β2 parameter represents the 

dispersion of the group velocity (GVD) and is the GVD parameter. When this 

parameter becomes equal to zero, it is referred to as the zero dispersion wavelength 

(ZDW). At this point a higher order dispersion term β3 influences the nonlinear 

response of a material. 

 

2.4 Anisotropy 

 

Standard transparent materials such as glass tend to exhibit isotropic behaviour (i.e. 

they respond uniformly, regardless of the direction of propagation). However, the 

crystalline materials used within nonlinear optics exhibit the behaviour of anisotropy. 

This is a result of the dependence of molecular structure experienced upon direction 

of beam propagation through the crystal. A consequence of this property is the 

dependence of an anisotropic material’s refractive index not only upon direction of 

propagation, but also orientation of polarisation, and therefore the phase velocities of 

incident waves are also determined by these factors. Within nonlinear optics, crystals 

which exhibit anisotropy are said to be birefringent. 

 

2.4.1 Uniaxial and biaxial crystals 
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When considering the propagation of a wave through a nonlinear crystal, it is 

conventional to describe the polarisation of the beam in the following terms. If a 

beam is polarised perpendicular to the optic axis, it is termed as an ordinary ray. 

Conversely, if it is polarised parallel to the optic axis, it is termed as the 

extraordinary beam. Each polarisation will experience refractive indices of no and ne 

respectively. The optic axis of a nonlinear crystal is defined as the propagation 

direction which the velocities of the ordinary and extraordinary polarisations travel 

are equal. The difference between the refractive indices no and ne is known as the 

refractive index of a material. The extraordinary refractive index is dependent upon 

the input angle of the wave such that 
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Nonlinear crystals fall into two main categories, namely uniaxial and biaxial. 

Uniaxial crystals have a single axis of symmetry, i.e. the optic axis. Biaxial crystals 

not only have different refractive indices in the ordinary and extraordinary directions, 

they also have a dependence upon the direction of propagation. This additional 

consideration leads to more complexity when analysing biaxial materials for 

practical nonlinear optical frequency conversion. Throughout the work presented in 

this thesis, uniaxial crystals are used. 

 

2.5 Nonlinear d coefficient 

 

When analyzing nonlinear optical susceptibilities, it is important to describe their 

behaviour in three dimensions. If a crystal is non-centrosymmetric, i.e. does not have 

  45



a centre of inversion, a tensor notation can be used to describe the three dimensional 

susceptibility, d in relation to  )2(

 

)2(

2

1
ijkijkd    (2.10) 

 

where i, j and k describe the dimensions of the tensor. For simpler analysis, it can be 

assumed a plane wave approximation that the indices j and k are symmetric. Table 

2.2 explains how dijk may be simplified to the term dil.  

 

Orientation XX YY ZZ YZ=ZY XZ=ZX XY=YX 

l  1 2 3 4 5 6 

Table 2.2 Terms for simplification of the three dimensional tensor to two dimensions 

 

Using this contracted notation, it is possible to express the relation between the 

Cartesian components of the polarisation and applied electric fields may be described 

in the following matrix form 
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Equation (2.11) shows that the nonlinear tensor d has 18 elements. For crystals which 

lack a centre of inversion, each element is zero. This is not the case for materials 

with a centre of inversion, whereby the majority of terms are non-zero. Symmetry 

within the nonlinear crystal allows the number of independent elements to be 

reduced from 18 to 10 providing that the following conditions are met 

 

d12 = d26, d13 = d35, d14 = d36 = d25, d15 = d31, d16 = d21, d24 = d32,  (2.12) 

 

which is known as Kleinman symmetry [10]. These components can be used to 

obtain an effective coupling strength of interacting waves, deff: 

 

deff 3)  = p1dp2 p3 = p2dp3 p1 = p3dp1 p2,  (2.1

 

where p represents the unit polarisation vector. From this, it is seen that high values 

of deff lead to high  and therefore greater conversion. Crystals with high d)2( eff 

values are therefore desirable for efficient frequency generation. 

 

2.6 Phase matching (Type I and Type II) 

 

Waves which are said to be phase matched adhere to the condition that the 

fundamental wave ω1 travels with the same wave-vector direction as the induced 

frequency-converted nonlinear wave ω3, i.e. where the phase difference is described 

as 
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0123  kkkk ,  (2.14) 

where ki=2πni/λ0. However, due to the presence of material dispersion, as described 

in Section 2.3, no(ω) ≠ ne(ω). This results in the waves drifting out of phase, 

resulting in a phase mis-match, i.e. Δk ≠ 0. Therefore the amount of the frequency 

converted light ω3 produced will decrease until the waves reach a point at which they 

are out of phase by a factor of π. At this point, destructive interference takes place, 

eliminating the previously generated wave through a back-conversion process. The 

distance propagated before the energy in a nonlinearly generated wave reaches a 

maximum is referred to as the coherence length lc which is given by 

k
lc 


2


  (2.15) 

 

Type I phase matching may be used to address this difference in phase. Using this 

technique, two input beams have the same polarisation and generate a beam with 

polarisation perpendicular to these. 

 

This can occur for two differing types of crystal; negative and positive. Type I phase 

matching in negative crystals (n0 > ne) positive crystals (n0 < ne) can be described by 

ω1,o + ω2,o = ω3,e and ω1,e + ω2,e = ω3,o respectively, and can be illustrated by the 

index ellipsoids, as shown in Fig. 2.1. 
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Figure 2.15 An illustration of the matching of refractive indices for an ordinary and 
extraordinary wave in a a) negative uniaxial crystal and b) positive uniaxial crystal. 

 

Type II phase matching corresponds to the case where input beams have orthogonal 

polarisations. The output of this type of phase matching leads to four possible 

polarisation combinations as illustrated in Table 2.3. 

 

Crystal type Polarisation (ω1) Polarisation (ω2) Polarisation (ω3) 

Negative o e e 

Negative e o e 

Positive o e o 

Positive e o o 

Table 2.3 Type II phase matching polarisation combinations 

 

2.7 Quasi-phase matching 
 

Traditionally, phase matching has the requirement for a zero phase mismatch (Δk=0), 

however there is an alternative technique known as quasi-phase matching (QPM), 

which does not have this limitation.  
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The concept of QPM was first published in 1962 by Armstrong et al [5]. The idea 

behind this is to introduce a periodic poling structure in the crystal which will 

compensate for the phase mismatch between the interacting waves. As discussed in 

Section 2.3, without phase matching, the generated frequency will start to decrease 

after propagating through one coherence length. By periodically reversing the sign of 

the nonlinear coefficient every coherence length, this has the effect of adding π to the 

phase shift of the interacting waves. This reversing of the nonlinear coefficient is 

achieved through applying periodic electric current to the crystal during fabrication. 

In the case of lithium niobate, the material used in this thesis, this process 

permanently reverses the orientation of the Lithium and Niobium ions. 

Consequently, the energy from the fundamental wave will continuously be converted 

to the new frequency. 

 

 

Figure 2.2 Three conditions are shown a) conventional phase matching where Δk = 0 b) quasi-
phase-matching and c) where no phase matching is used Δk ≠ 0 [11]. 

 

Considering the phase matching condition for a QPM OPO 
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

2
213 kkkkQPM   (2.16) 

where Λ is known as the period length which is double the coherence length 2lc 

(given in Eq. (2.15)). By comparison with Eq. (2.14) it is seen that the additional 

term of 2π/Λ is present. This is the phase mismatch and it is seen in the following 

section that this can be used to control the frequency of generated light. 

 

2.8 Periodically poled Lithium Niobate (PPLN) fabrication 
 

Lithium niobate (LiNbO3) is a medium which is widely used throughout nonlinear 

optics. It has many properties which make it particularly suitable for this field. These 

include a high degree of nonlinearity and also a very broad transmission range [12].  

 

The first full description of the structure of LiNbO3 was published by Abrahams et al 

in 1966 [13]. This description highlighted that the positions of the lithium and 

niobium ions give rise to a dipole moment. If a large enough electrical current is 

applied across the crystal, the position of the metal ions relative to the oxygen 

molecules can be permanently shifted, in order to invert the dipole moment of the 

crystal. This is illustrated in Fig. (2.3), which shows the basis of periodic poling 

described previously. 
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Figure 2.3 Orientation of ions within Lithium Niobate before and after application of a strong 
electric field. [courtesy of Dr G McConnel] 

  

By periodically applying electric fields across the crystal it becomes possible to have 

a crystal where a wave experiences an alternating polarisation at every coherence 

length lc upon propagation through the crystal. This meets the requirements for QPM 

described in Section 2.7. Where this process is applied to Lithium Niobate, the 

resultant material is known as periodically poled Lithium Niobate (PPLN). As PPLN 

allows phase matching using the highest effective nonlinear coefficient and also has 

a very high damage threshold, which will be discussed in more detail in Chapter 4, 

PPLN is a very important crystal within nonlinear optics. 

Other techniques can be used for periodic poling such as chemical and thermal 

methods, however these are not as successful as the case for electrical poling [14, 

15]. 

 

2.9 Material tolerances 
 

When implementing a nonlinear crystal for the purpose of frequency conversion, it is 

important to note the tolerances incurred by the crystal. These tolerances are 
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described by the following parameters; walk off, spectral acceptance bandwidth δλ, 

crystal temperature acceptance bandwidth δT, and tolerance to angle of incidence δν.  

Values for these can be calculated for QPM crystals [16], where the pump source is 

assumed to be cw with a plane wave approximation. Perfect periodicity of poling is 

assumed for calculations presented in this thesis. 

 

2.9.1 Walk-off 

 

When considering the propagation direction of a laser beam passing through an 

isotropic crystal, the beam will follow a path described by the wave-vector k which 

is perpendicular to the wavefront and dependent on the properties of the crystal. 

However, if crystals which exhibit birefringence such as those used in nonlinear 

optics are considered, k no longer accurately describes the direction of energy flow 

or the beam direction. This occurrence is a result of an effect known as ‘spatial walk-

off’. 

 

Spatial walk-off is a result of an extraordinary polarised beam which enters a crystal 

at an angle θ to the optic axis. By changing θ, the refractive index experienced by the 

extraordinary beam ne may be altered, and it can be seen that the walk-off angle ρ is 

dependent on this value 
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Note that for the special case of non-critical phase matching (θ = 90o) walk-off 

effects are seen to be zero, ρ = 0 [17].  
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The direction of energy propagation for the pump signal and idler beams are 

described by their respective Poynting vectors (So,e). As each vector will have a 

different walk-off angle ρ, the beams will drift out of their spatial overlap upon 

propagation through the crystal. This leads to inefficient conversion from the pump 

beam to the generated frequencies. 

 

 

Figure 2.4 The effect of spatial walk off within a nonlinear crystal 

 

The refractive index for an ordinary polarised beam no is independent of the input 

angle and therefore the Poynting vector overlaps with the k vector. Figure 2.4 shows 

that there is a length la, beyond which conversion becomes negligible, this is known 

as the aperture length and is calculated using 

 


 w

la
2/1 ,  (2.18) 

 

where w is the beam waist. There is no benefit to employing a crystal longer than this 

length due to the effective aperturing of the output. 
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One of the benefits of quasi-phase matching is that spatial walk-off is eliminated due 

to the pump beam propagating in the direction of the optic axis, and therefore 

provides efficient conversion and allows the use of longer crystals. 

 

When considering pulsed sources, it is important to consider the different group 

velocities of the pump and generated frequencies as a result of the material 

dispersion described in Section 2.3. An approximation of the crystal length over 

which these pulses separate can be defined as 

 

n

c
L


  .  (2.19) 

 

2.9.2 Spectral acceptance 

 

The spectral acceptance bandwidth is a measure of the pump wavelength range 

which produces gain equal to that of the FWHM of the parametric gain curve at the 

maximum value i.e. Δk = 0. This is given by 
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where L is the length of the nonlinear crystal, and n1 and n2 are the refractive indices 

experienced by the pump and the frequency converted beams respectively. 

 

From Eq. (2.20), it can be seen that the spectral bandwidth is inversely proportional 

to the length of crystal; hence shorter crystals will yield larger acceptance 
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bandwidths. Ideally, the spectral acceptance of the crystal should cover the 

bandwidth of the pump source. 

 

2.9.3 Temperature acceptance 

 

Temperature plays a critical role not only in phase matching but also in the tuning of 

the generated output wavelength, as mentioned previously. Therefore attention must 

be paid to the range of temperatures over which conversion is efficient. Temperature 

bandwidth δT, describes the range of temperature defined by the range of two points 

which produce the FWHM for the maximum parametric gain curve. This is given as 

 

1
4429.0
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 n
T

n

L
T  ,  (2.21) 

 

where α is the coefficient of linear thermal expansion. 

 

2.9.4  Angular acceptance 

 

The final acceptance parameter described is that of angular acceptance, δν. This 

value defines the FWHM range between two angles which produces the maximum 

gain curve.  
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Here, ν is defined as the angle at which the fundamental beam propagates (in the x – 

z plane) with respect to the normal of the crystal surface. 

 

2.10 Nonlinear optical frequency conversion in optical fibres 

 

Supercontinuum generation (SC) is a nonlinear optical phenomenon which occurs as 

a result of the various nonlinear processes which are induced by the interaction 

between narrowband, high intensity lasers and a nonlinear medium. Such a medium 

can be a bulk nonlinear crystal; however it is conventional to use a fibre with a 

micro-structured core. Upon propagation through such a fibre, the spectrum may be 

substantially broadened, often to greater than an optical octave [18]. 

 

Following from its first observation by Alfano et al in 1970 [19], where a picosecond 

source was focused into glass, a wealth of applications have been found for such 

broadband sources. These include fluorescence microscopy [20], materials 

characterisation [21] and frequency combs [22].  

 

The first observation of SC generation in optical fibres was performed by Lin et al in 

1976 [23]. This was performed by pumping a standard silica fibre in the normal 

group velocity regime. In this case the spectral broadening was attributed to the 

combination of self-phase modulation, Raman scattering, four-wave mixing and 

cross phase modulation. With the introduction of photonic crystal fibres (PCF), 

which allow the zero-dispersion wavelength (ZDW) to be tailored and confine the 

input light into a small core [24]. High intensities may be achieved and from many 

commercial lasers with reasonable pump powers. 
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2.10.1  Overview of photonic crystal fibres 

 

Photonic crystal fibres possess unique characteristics when comparing to those in 

conventional fibres. The PCF tends to have a solid silica core, a few microns in 

diameter. Unlike standard fibres which use a solid cladding to confine the beam 

within the fibre, a PCF uses a microstructured air-silica cladding as shown in Fig.2.5. 

the cores of these fibres may be designed to be as small as 1 μm [25]. 

 

 

Figure 2.5 A scanning electron microscope image of a PCF microstructure (reproduced from 
[26]) 

 

Control of this microstructure allows increased control of the modal, dispersive and 

nonlinear effects which occur within the fibre [25, 27]. This core is created through 

stacking silica rods and tubes in the desired structure and then heated in a controlled 

manner to draw all of these components down to the size of a typical fibre [27]. 

Through control of the PCF structure geometry, the dispersion of the fibre may be 

controlled. As a result the ZDW may be selected based upon this structure [28]. Due 

to these exceptional properties, PCFs are well-suited to SC generation, with resulting 

emission demonstrated to span more than an optical octave [29]. The mechanisms 

behind SC generation include self-phase modulation (SPM) and Raman scattering. 
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2.10.1.1 Self-phase modulation 

 

One of the dominant effects related to SC generation is that of SPM. This nonlinear 

phenomenon is induced by the Kerr effect. Due to the third order nonlinear electric 

polarization (χ(3)) present in the medium, the high intensity of light induces a 

variation of the refractive index within the medium, 

 

)(2 Innn L  .  (2.23) 

 

In Eq. (2.23), nL is the linear refractive index, I(ω) is the optical intensity and n2 is 

the nonlinear refractive index coefficient, described by [30]: 
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where Re represents the real part of the optical field. 

 

Specifically, SPM refers to the self-induced phase shift which is incurred upon 

propagation through the fibre φSPM 
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Here, L is the interaction length of the wave with the material. This phase shift 

corresponds to broadening of the optical spectrum as the pulse propagates through 

the fibre. 

 

2.10.1.2 Raman scattering 

 

The second dominant effect which will be discussed to help describe SC generation 

is that of Raman scattering. Stimulated Raman scattering is an inelastic linear effect, 

created by a photon-phonon interaction [9]. Through interaction with a medium such 

as a PCF, the energy from an intense pump beam is shifted to lower frequencies 

(Stokes wave) through scattering from vibrational modes of the material molecules. 

Shifting of energy to higher frequencies (anti-Stokes wave) can also occur but is less 

efficient. 

 

stasp  2   (2.26) 

 

Here, ωp, ωas and ωst represent the frequencies of the pump, anti-Stokes and the 

Stokes photons. This process results in shifts in frequency, resulting the broadening 

of the spectrum. 

 

2.11 Conclusion 

 

This chapter provided a brief overview of basic nonlinear optics, with the aim of 

describing the nonlinear processes involved in the experiments reported in the 

following chapters. The benefits of quasi-phase matching were described along with 

a description of crystal tolerances and practical considerations for nonlinear optical 
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frequency conversion. A brief overview of supercontinuum generation was also 

given. 
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Chapter 3  Non-destructive structural analysis of periodically poled Lithium 

 Niobate using optical microscopy techniques 

 

3.1 Introduction 

 

As described in Chapter 2, the application of nonlinear optical crystals for frequency 

conversion techniques allows the generation of coherent sources which can operate at 

frequencies which are not easily achievable directly from laser gain media. QPM is a 

useful tool for achieving high frequency conversion whilst permitting a phase mis-

match of Δk ≠ 0, through periodic inversion of the nonlinear coefficient. The overall 

efficiency increase of this periodic reversal is based upon phase mis-match as 

described in Eq. (2.16) and its application with the coupled amplitude equations in 

(2.4). This describes how the periodic structure can compensate for the differing 

wave vectors of the fundamental and generated frequencies. The length of the 

domain period Λ is prescribed at the point of crystal manufacture.  

 

kkkk 


213

2
  (3.1) 

 

The fabrication process is described in more detail in Chapter 2.8. 

 

Periodically poled crystalline materials are extremely attractive due to the very high 

nonlinear frequency conversion efficiencies possible [1] and, as such, processes such 

as SHG [2], SFM [3] and OPO [4] can be greatly improved. In order to optimise 

these materials, the micro-domain structures made by the application of very high 

electric fields at the design stage have to be fabricated with sub-micron tolerance [1]. 

In order to use QPM as a method for phase mis-match compensation, the correct 

period length must be selected. Although this is dependent upon the input 
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frequencies which are used, approximate lengths of between 5 – 30 μm are common 

for the previously described nonlinear processes [5]. Such accuracy in fabrication 

lengths are required in order to ensure that the overall conversion efficiency process 

is maximised. Periodic poling may be applied to many commonly used nonlinear 

crystals including Lithium Niobate (LiNbO ) [6], Lithium Tantalate (LiTaO ) [7] 

and Potassium Titanyl Phosphate (KTP) [8]. A

3 3

nalysis of QPM structures is critical to 

assess the quality and effectiveness of such a device, as this impacts upon the 

conversion efficiency. Hence non-destructive optical techniques are well suited to 

study these complex materials. 

 

Nonlinear crystals are often found to be doped with compounds which are used to 

enhance specific optical properties of a crystal. Using LiNbO3 as an example of a 

commonly used nonlinear crystal, it is often the case that the crystal will be doped 

with magnesium oxide (MgO). This impurity is typically in the order of 5 %. This 

compound is introduced in the fabrication process and has been shown to increase 

resistance of the material to photo-refractive damage [9]. Optical damage within 

LiNbO3 crystals are a result of vacancies in the structure of the crystal. In a model by 

Iyi et al [10], it was highlighted that the introduction of MgO resulted in the 

generation of larger amounts of Li vacancies. As a result, higher photoconductivity is 

incurred resulting in increased optical damage resistance. An additional and 

important property of this dopant is that it exhibits luminescence. Luminescence is a 

process in which a material absorbs photons and then re-radiates photons of a lower 

energy. The period between absorption and emission is typically on the order of 10 

ns and therefore can be considered as analogous to fluorescence in this case. With a 

peak absorption at 465 nm [11] and emission at 508 nm [12], MgO may be used as a 

contrast mechanism to obtain optical images of crystals and their structure. Other 

commonly used dopants which have been implemented in order to improve the 

characteristics of nonlinear crystals have also been shown to exhibit luminescence 

(e.g. ZnO and Er3+) [11, 13]. 
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Conventional brightfield microscopy has been demonstrated as a method to 

determine the uniformity and linearity of periodically poled crystals (an example of 

which is shown in Fig. 3.1) [14]. Despite this technique allowing for analysis of the 

periodic structure and damage observed at the surface of the device, defects or 

inhomogeneities cannot be observed at depth within the crystal.  

 

 

Figure 3.1 Bright-field image of a Mg doped PPLN crystal with a grating period of 25 μm [14] 

 

Alternative studies implementing CLSM [13] and second harmonic generation laser 

scanning microscopy (SHG LSM) [15] have also been performed in order to provide 

structural information at depths of up to several tens of μm inside the crystal. These 

methods provide an improvement upon brightfield imaging, when considering 

application to the internal inspection of periodically poled crystals. The contrast 

mechanisms for these techniques are described in Chapter 1.3. However, these laser 

scanning techniques both exhibit important limitations.  

 

CLSM may be applied to stimulate luminescence within doped regions of a device, 

the signal from which may be collected at various depths in order to provide 

optically sectioned images. They may be compiled to provide a three dimensional 

stack of images for analysis. Unfortunately, CLSM can only penetrate thin 
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periodically poled crystals (< 20 μm) as a result of the single photon absorption 

process, yet thicker materials are generally used [4, 6]. This limitation was 

highlighted in a study by Dierolf et al [16]. 

 

 

Figure 3.2 Confocal luminescence imaging of a doped PPLN crystal. a) x-y image at a depth of 2 
μm and b) vertical cross section of the device (reproduced from [16]). 

 

From Fig. 3.2, it can be seen that a depth of approximately 20 μm, effectively no 

luminescence could be detected. 

 

SHG LSM, on the other hand, implements longer wavelengths for analysis and hence 

deeper penetration, however it is a complex technique, requiring correct orientation 

of the nonlinear crystal relative to the excitation source. Additionally the sample 

must be temperature controlled in order to ensure efficient generation of SHG 

through phase matching [17]. When phase matching is not implemented, the SHG 

signal can be extremely low and therefore careful selection of the detection method is 

necessary to ensure the greatest signal-to-noise ratio. An example of this was shown 

by Uesu et al [18], where interference techniques were employed to discriminate the 

low intensity SHG signal from noise to create optical contrast images of periodically 

poled domains in LiTaO3. Results of this study are reproduced in Fig 3.3. 
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Figure 3.3 SHG tomography of a periodically poled LiTaO3 crystal at depths of up to 682 μm 
with use of a SHG interference microscope (reproduced from [18]). 

 

This highlights the depth penetration capabilities of SHG LSM, with useful signal 

observable at depths in excess of 650 μm. Despite this benefit, the phase matching 

requirements of this technique introduces additional cost and complexity to the 

nonlinear imaging system. 

 

The technique of MPLSM, as described in Chapter 1.5, may be used as a novel, non-

destructive method for period length analysis throughout the entire depth of a 

periodically poled crystal. Instead of fluorescence, luminescence generated from the 

dopant may be used as the contrast mechanism. MPLSM of such a crystal is 

independent of crystal orientation or temperature as the nonlinear excitation does not 

depend upon phase matching conditions. The luminescence excitation and emission 

bandwidths are also very broad [19] when compared to the strict requirement of SHG 

LSM, where narrowband excitation leads to SHG emission signal at exactly double 

the frequency of the excitation beam. By comparison MPLSM of a periodically poled 

crystal can be conducted using standard, commercial multiphoton microscopes and 

laser sources. Detection over a spectral bandwidth of > 10 nm results in a high signal 

intensity producing high resolution, high contrast images. In addition to these 

advantages, multiphoton excitation implements longer wavelengths, resulting in less 
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Rayleigh scatting and hence allowing deeper penetration. Localisation of excitation 

due to the nonlinear absorption process also ensures that the there is no absorption of 

the excitation beam before reaching the focal plane [20]. As a result, imaging depths 

of several hundred μm may be achieved [21]. 

 

In this chapter, MPLSM is presented as a novel method for the generation of three-

dimensional reconstructions of periodically poled crystals through detection of 

luminescence resulting from the dopant in the crystal. This permits characterisation 

and damage analysis throughout the entire depth of thick crystals. The commercial 

multiphoton system will be compared with an equivalent CLSM platform and results 

from each will be presented. These methods were demonstrated on a sample crystal 

of magnesium-oxide doped periodically poled lithium niobate (MgO:PPLN). 

Properties such as wide transparency over the EM spectrum [22],  high nonlinearity 

[23] and high damage threshold [5] make MgO:PPLN one of the most commonly 

used nonlinear crystals throughout frequency conversion applications and therefore a 

useful sample for investigation. 

 

3.2 Experiment 

 

The sample which was used in this experiment was a periodically poled 

MgO:LiNbO3 crystal. The uncoated crystal had the following dimensions; length of 

5 mm, height of 10 mm, and a depth of 250 μm, as shown in Fig. 3.4. 
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Figure 3.4 Dimensions of the nonlinear crystal used for analysis. 

 

Three period lengths of 10.2, 10.4 and 10.6 μm were specified by the manufacturer. 

These period lengths are designed for QPM SHG of 1250 nm from a chromium 

forsterite laser. The period used for this experiment was the 10.6 μm grating, with a 

manufacturer’s estimated single pass efficiency of ~ 20 %. 

 

Figure 3.5 highlights the basic experimental setup for both CLSM and MPLSM 

techniques. In each case, a laser scanning system was coupled into an upright 

microscope which implemented a 20x (0.75 NA) air immersion lens. This lens was 

selected to ensure a wide field of view providing analysis of a large section of the 

crystal whilst maintaining high resolution.  

 

For the CLSM study, a confocal laser scanning system (Leica SP5) coupled to an 

upright microscope (Leica DM6000). An average power of 1 mW from a λ = 488 nm 

emitting Krypton/Argon laser source was used to generate single photon 

luminescence within the crystal. The axial and lateral resolution of this system were 

calculated from Eq. 1.3 and 1.4 and found to be 1.64 and 0.39 μm respectively. As 

period lengths tend to be on the order or > 5 μm, as described in section 3.1, this 

system provides ample resolution for imaging of such structures. 
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Figure 3.5 Basic experimental setup for both the CLSM and MPLSM platforms 

 

The peak absorption wavelength of the dopant MgO has previously been shown to be 

465 nm [11]. The closest source available to this peak excitation wavelength from 

the CLSM platform was λ = 488 nm. Through a combination of interchangeable 

optical filters, the Leica SP5 detection system permitted a detection range which is 

suitable for the intended application. A detection range of λ = 500 – 600 nm (spectral 

resolution of 5 nm) was selected in order to provide optimal luminescence detection 

whilst blocking the 488 nm excitation source. 

 

For the MPLSM imaging, a laser scanning system (Bio-Rad Radiance MP2000) was 

coupled into an upright microscope (Nikon E600FN). The excitation source was 1 

W, 140 fs-pulsed Ti:Sapphire laser (Chameleon, Coherent), providing a repetition 

rate of 90 MHz at wavelength of λ = 860 nm. Using a 20x (0.75 NA) objective, this 

provided lateral and axial resolutions of 1.05 μm and 1.52 μm respectively. The laser 

was heavily attenuated in order to provide an average power of 6 mW at the sample 

plane. The 860 nm wavelength was selected as a result of the flexibility of the 

MPLSM system. Through use of the continuous tuning properties of the Ti:Sapphire 

laser, the optimal excitation could be found empirically, ensuring highest efficiency. 

Contrary to the descanned detection used for the Leica SP5 CLSM system, the 
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Radiance MP2000 permitted the use of non-descanned detection, allowing any 

optical loss incurred by the luminescent signal upon travelling through the scan head 

to be overcome, hence allowing more efficient detection. An optical short-pass filter 

(700SP, Chroma Technologies) was implemented to ensure that the Ti:Sapphire laser 

was blocked and the generated luminescence could pass through for detection and 

creation of contrast images.  

 

Optical sectioned images of 5122 pixels were captured at a rate of approximately 1 

Hz for both systems, with a z-step size of 1 μm used to provide the data required for 

three dimensional imaging throughout the entire 250 μm depth of the crystal. Image 

analysis software (Velocity 4, Improvision) was then used to create full three 

dimensional images of the poling structure of the crystal. Measurements of the 

domain period length could then be made using the same software. By scanning 

through the optical sections generated, regions of photo-induced dame and period 

inhomogeneity could be observed at depth. 

 

3.3 Results 

 

Individual imaging parameters such as aperture size for CLSM and wavelength 

optimisation for MPLSM were optimised individually for both systems. For single 

photon luminescence excitation, the Krypton/Argon laser source was operated at 

maximum power, i.e. 1 mW. The PMT settings were also optimised to achieve the 

highest signal to noise ratio. For multiphoton luminescence excitation, only 20 % of 

the available 30 mW excitation power (6 mW) was implemented combined with low 

gain settings.  
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Figure 3.6 Comparison of 3D reconstructions obtained using a) CLSM and b) MPLSM 

 

Figure 3.6 shows a typical three dimensional reconstructions generated using a) the 

CLSM system and b) the MPLSM system. Upon inspection, the structural detail 

observed when using multiphoton excitation is far superior to that of single photon 

excitation. 

 

This improvement is attributed to several factors; (1) less absorption of the excitation 

source is incurred above the focal plane within the crystal [21]; (2) the MPLSM 

allowed the implementation of non-descanned detectors which allowed for direct 

detection and hence greater signal to noise performance; (3) as a result of the 

nonlinear excitation process, luminescence was only generated within a highly 

localised focal volume and therefore circumvented the need for an aperture to reject 

luminescence generated outside of the focal plane, resulting in improved signal 

detection [21]; and (4) longer wavelengths result in less Rayleigh scattering and 

hence permitted deeper penetration. 

 

  73



 

Figure 3.7. A snapshot from a movie of the 3D reconstruction of the luminescent MgO regions 
within the MgO:PPLN crystal obtained using MPLSM and Volocity 4 software 

 

Figure 3.7 shows a snapshot from a movie of the three dimensional reconstruction of 

the MgO:PPLN crystal using the MPLSM platform combined with the imaging 

software. This is a powerful method of analysis as it may be used to thoroughly 

inspect the crystal visually from different angles, both internally and externally. 

From Fig 3.7 it is apparent that irregularities within the poling period exist. 

 

Figure 3.8 presents a more quantitative method for analysis of the periodicity and 

quality of the poling domains. Image a) in the figure displays a comparison between 

the lateral view and the (XY) and the axial view (XZ) from the reconstruction 

described in Fig. 3.7. The XY section was imaged at a depth of 20 μm below the top 

surface of the crystal. For the purposes of clarity and for discussion, three columns 

have been highlighted which illustrate different features which were observed 

throughout this study. 
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Figure 3.8 a). Comparison of the MgO:ppLN crystal surface view (XY) with the cross sectional 
view (XZ). Images were taken from the 3D reconstruction of the crystal obtained using MPLSM 
excited luminescence. Figure 3.8 (b) Close-up image taken from Column 1 in (a). Measurements 

of the crystal periodicity were easily obtained using Volocity 4 image analysis software. 

 

In column 1 in Fig 3.8 a), near identical poling separation is observed in both the XY 

and XZ dimensions indicative of successful and precise fabrication. In column 2, the 

XY section shows aperiodicity near the surface of the device. This is reflected in the 

XZ section while highlights large changes in Λ throughout the depth of the crystal. 

Importantly, when looking at the XY image for column 3, it appears that successful 

fabrication has been achieved. However when observing the XZ cross section, it is 

clear that internal deformation of the poling periods has occurred. 

 

Regions of damage are also clearly visible within the XY section of columns 2 and 3 

and also at other areas within the crystal. Furthermore, it is clear from the variation in 
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luminescence signal intensity at different regions of the crystal that the MgO dopant 

is inhomogeneous across the crystal, with higher dopant concentrations at the period 

boundaries in all cases. This is a consequence of the fabrication process, where the 

dopant migrates relative to the direction and strength of the electric field [24]. 

 

As well as obtaining visual information about the structure of the crystal, image 

analysis enables accurate measurement of the MgO:ppLN crystal period length, 

which contributes towards the performance of the structure for nonlinear frequency 

conversion. Figure 3.8(b) features a close-up image from Column 1 for close 

inspection of the luminescence excited within the crystal. Three measurements of the 

location of this high intensity luminescence signal were taken to illustrate the 

difference in periodicity within the crystal. The difference in periodicity was 

measured to be as large as 0.48μm. Together, the lack of periodicity and the damage 

observed in Fig. 3.8(a) and Fig. 3.8(b) reduces the efficiency of the QPM process for 

nonlinear optical frequency conversion 

 

3.4 Conclusion 

 

This analysis highlighted the importance of imaging the internal structure of QPM 

crystals such as MgO:ppLN, since inspection of the near surface alone cannot give 

an accurate indication as to whether the fabrication process was successful. Near 

surface imaging can in fact be completely misleading, i.e. showing near perfect 

structures, yet having substantial deformation at depth. From this study, it has been 

shown that MPLSM provides important information from doped periodically poled 

materials that cannot be easily obtained via brightfield microscopy, CLSM or SHG 

LSM techniques. Using MPLSM, internal deformation of the crystal structure and 

dopant inhomogeneity can be identified at depth within thick samples, with sub-

micron resolution. Such imaging could potentially be used as an inspection tool to 

aid in the fabrication and subsequent enhancement of the nonlinear characteristics of 

both MgO:ppLN and alternative QPM materials. 
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Chapter 4 Comparison of single-pass, double-pass and bi-directional pump 

 geometries for improved efficiency synchronously pumped optical 

 parametric oscillators 

 

4.1 Introduction and motivation 

 

Since the development and widespread application of two photon excitation 

microscopy during the 1990’s, it has become an important and versatile tool for 

many laboratories. As described in Chapter 1, benefits of two photon excitation 

include deeper sample penetration, increased cell viability and reductions in photo-

bleaching. Applications of this technique include deep tissue imaging [1, 2], label-

free imaging [3, 4] and within materials analysis [5, 6]. 

 

It had been previously shown by Szmacinski et al that the emission wavelength from 

a fluorophore is independent of the number of photons used to excite the molecule 

[7]. Therefore, three photon excitation can be a feasible technique for fluorescence 

imaging of standard fluorophores, if the correct excitation wavelength is applied, 

whilst enhancing the advantages of two photon imaging. 

 

In a study by Lakowicz et al, both two photon and three photon excitation of DNA 

labelled with DAPI and Hoechst 33342 was demonstrated with use of a ultra-short 

pulsed laser [8]. Within this study it was highlighted that the necessary increase in 

peak power required for three photon excitation did not result in adverse effects due 

to excessive heating or dielectric breakdown being incurred [7]. Hence the 

applicability of three photon excitation to biological samples was highlighted. 

 

In 1996, Hell et al conducted the first fluorescence imaging based upon three photon 

excitation [9]. This involved excitation of UV excitable beads and was found to 
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increase axial resolution, when comparing to two photon excitation. Others have 

demonstrated the use of three photon excitation including Wokosin et al, who 

highlighted the possibility for simultaneously achieving both two and three photon 

excitation simultaneously [10]. This provided a source which could simultaneously 

excite fluorescence from multiple dyes over combined emission spectra covering the 

entire visible range.  

Within the field of life sciences, continuously tunable ultra-short pulsed sources of 

coherent radiation are a highly desirable asset, as they provide microscopists with a 

versatile source which is tailored to their specific needs [11-13]. As described in 

Chapter 1, the majority of commercial microscopy systems provide only a few fixed 

wavelengths for sample illumination (e.g. discrete lines from a Helium-Neon or 

Argon ion laser). With specific reference to fluorescence microscopy, each 

fluorophore has its own specific peak excitation wavelength. Therefore efficient 

excitation is unlikely to be obtained when using fixed sources. This can lead to 

thermal loading that can be damaging to biological samples and also poor contrast 

images are likely to be observed [14]. 

 

There are alternatives to these fixed sources in the form of tunable lasers. Such lasers 

include the popular Ti:Sapphire and various dye lasers. These systems provide a 

continuously tunable output which is obtained as a result of stimulated emission 

between energy levels in a laser gain medium which has an extended fluorescence 

bandwidth [15]. While these lasers provide excellent sources of coherent radiation, 

spanning over various spectral ranges, they tend not to extend beyond the visible and 

near infra-red [16]. Therefore tunable, longer wavelength sources of coherent 

radiation are required.  Optical parametric oscillators offer a solution to this 

technology limitation.  

 

This chapter looks to address the challenges of applying optical parametric 

oscillators to microscopy platforms and address these issues through laser 

development. 
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4.1.1 Historical review of optical parametric oscillators 

 

Following from theoretical discussions by Kroll and Armstrong [17, 18] regarding 

the possibility of parametric amplification and oscillation within a nonlinear medium, 

Giordmaine and Miller constructed the first optical parametric oscillator in 1965 

[19]. The OPO that they constructed was a LiNbO3 crystal pumped by a pulsed 

Nd+3:CaWO4, which had been frequency doubled to provide a pump source at 529 

nm. The output from this system was tunable over a wavelength range of 970 – 1150 

nm. 

 

In 1968, Smith et al performed an experiment where the output from a cw Nd:YAG 

laser was used to pump a Ba2NaNb5O15 crystal [20]. This experiment highlighted 

the possibility for OPOs to be generated with a continuous output. Another important 

development was that of Byer et al who produced a visible cw OPO which was 

wavelength tunable between 680 – 705 nm, whilst providing a threshold ten times 

lower than previously observed [21]. Despite the advantage of a low threshold, 

nonlinear optical frequency conversion efficiencies for cw lasers tend to be low (~1 

% in the two previous cases). In order to achieve greater nonlinear optical frequency 

conversion efficiency, higher peak powers are required.  

 

Ultra-short pulsed lasers provide an excellent source for the production of high peak 

power pulses. Implementing an ultra-short pulsed laser as a pump source and by 

employing a technique known as synchronous pumping, an ultra-short pulsed output 

with high conversion can be obtained with high conversion efficiency. Synchronous 

pumping is the process of matching the pump cavity round trip time to that of the 

OPO cavity. One of the first instances where this was implemented was in work by 

Burneika et al [22]; here it was shown that signal pulses could be obtained with a 

pulse duration of 10-13 s. Synchronous pumping of OPOs allowed for the generation 

of high peak powers over the wide tuning range which they can support. Moreover 

this paper demonstrated the asymmetry of the output power’s dependence on OPO 
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cavity length. The drop in power at de-synchronisation is a result of undepleted gain 

resulting from poor overlap of the pump and signal pulses. The asymmetry arises 

from the group velocity difference between the pump and generated frequencies. As 

a result one direction of detuning results in compensation for the difference in group 

velocity, and the other further extends this difference [23]. A theoretical analysis for 

the synchronous pumping of OPOs was later provided by Becker et al [24]. 

 

4.2 Optical parametric processes 

 

Despite the wide range of laser gain materials which are currently available, and the 

various laser transitions these media can cover, many of these are not found at useful 

frequencies for microscopy purposes. Therefore methods for shifting standard laser 

frequencies to those which are required have been developed. Various nonlinear 

frequency conversion techniques are available to induce these shifts in wavelength 

including harmonic generation along with sum- and difference- frequency 

generation. One of the serious draw backs of these processes is that the output 

frequency is solely dependent upon the frequencies of the input beams. One 

technique which overcomes this problem is the parametric process; which can be 

implemented to provide a continuously tunable source from a single frequency input 

beam. 

 

The parametric process may be illustrated by a Feynman diagram as seen in Fig. 4.1. 

This describes an incoming pump photon with energy ħω1 and wave vector k1, 

subject to spontaneous parametric down conversion. This results in the generation of 

two lower energy photons with energy equal to ħω2 and ħω3, which are termed 

signal and idler respectively, with ħω2 > ħω3. 
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Figure 4.1 Spontaneous parametric down conversion of a pump photon resulting in the 
generation of a signal and idler photon. 

 

The breakdown of the pump photon to the signal and idler is governed by the 

principles of conservation of energy 

 

321     (4.1) 

 

and conservation of momentum  

 

321 kkk  .  (4.2) 

 

As a result of the frequency condition in Eq. (4.1), it can be seen that (unlike 

harmonic generation, sum- and difference-frequency generation) the parametric 

process does not provide two unique frequencies for any given pump frequency.  
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In a non-dispersive medium, Eq. (4.1) and (4.2) may be satisfied by a continuous 

range of frequencies, hence providing the wavelength tunability which is 

characteristic of parametric interactions. Of course, propagation of photons through a 

nonlinear material will result in dispersion. This may be compensated for with use of 

birefringent crystals and the application of phase matching, which is described in 

general terms in Chapter 2.6. In spite of the application of phase matching to 

spontaneous parametric breakdown, efficiency for the generated frequency tends to 

be low [25]. 

 

4.2.1 Optical parametric amplification 

 

For the case of spontaneous parametric emission, the pump photon is the only 

frequency present in the initial state. However in the event that both a pump and a 

signal photon are present, stimulated parametric emission can occur. This is a similar 

process as to the stimulated emission exhibited by a laser, but no population 

inversion induced within the medium; signal and idler photons are generated directly 

through the nonlinear response of the medium. 

 

This process is also known as optical parametric amplification (OPA). The induced 

amplification of the generated frequencies is incurred by a repetitive difference 

frequency generation based upon the interaction between the pump and signal. This 

results in the generation of the idler and from this, greater amounts of the signal, 

since the process is repeated (for the phase matching condition). 

 

The parametric gain G, incurred upon propagation through a nonlinear crystal of 

length L, can be defined by the following 
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where Ps(0) and Ps(L) represent the signal power at the input and output of the 

nonlinear crystal. In order to obtain high conversion efficiency, one of the key 

parameters resulting in high values of G is the gain coefficient Г 
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where Ip(0) is the initial pump intensity. 

 

4.2.2 Optical parametric oscillation 

 

Despite the increased efficiency experienced when using an OPA, the gain remains 

moderate even at high pump intensities. One method which can be used to increase 

this is through the introduction of feedback into the crystal. A particularly useful 

method for achieving this is through the introduction of two mirrors at either end of 

the nonlinear medium to create a resonator. Despite the occurrence of parametric 

amplification at all levels of pump power, oscillation only occurs above a specified 

threshold. This threshold is defined as the pump power at which the induced 

parametric gain exceeds losses within the resonator. At and above this power, 

resonant waves will grow dramatically. This system is known as an OPO. These are 

typically found in two forms; singly resonant (SRO) and doubly resonant (DRO) and 

are illustrated in Fig. 4.2. 
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Figure 4.2 Geometries of OPO operation. Above; SRO, only one of the frequencies are 
resonated within the cavity. Below; DRO, two of the interacting frequencies are resonated. The 

spatial separation between beams is shown for ease of description, in practice, all beams are 
overlapped. 

 

4.2.2.1 Singly resonant oscillation 

 

The most straight-forward case for achieving parametric oscillation is obtained by 

resonating a single frequency (either signal or idler) with use of highly reflecting 

mirrors at this frequency. If the case is considered where the signal frequency ω2 is 

resonant, any change in the resonant cavity modes is coupled with a corresponding 

change in the idler frequency ω3 in order to satisfy energy conservation. This results 

in the continuously tunable output which is characteristic of SROs. 

 

Unlike a laser which experiences gain upon each pass through the gain medium, 

parametric gain is only achieved when the signal and pump beams propagate in the 

same direction through the nonlinear medium. This is the case because the DFG 

process described in Section 4.2.1. is not a phase matched interaction. For a SRO the 
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steady state threshold is determined when the round trip loss of the resonated beam 

equals the single pass gain through the crystal and for low loss systems may be 

described by the following [26] 

 

  )]exp(1[2 22
2 LRL th  ,  (4.5) 

 

where R2 is the total reflectance of the cavity mirrors at the signal frequency and α2 

is the corresponding absorption coefficient. 

 

With use of the plane wave approximation, the threshold can be described in terms of 

pump power 
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where A is the beam area and δ is the degeneracy factor described as follows 
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When operating above threshold, conversion efficiency η and output signal power P2 

may be determined using the following relationship 
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4.2.2.2. Doubly resonant oscillation  

 

An alternative geometry to the SRO is the application of a DRO. In this case both the 

signal and idler frequencies are resonated within the OPO cavity. This is achieved by 

using cavity mirrors which are highly reflecting at both of these frequencies. This 

method of conversion can be advantageous in some respects, yet have disadvantages 

in others.  

 

Using the same methods as those in the SRO case above, the oscillation threshold 

under the conditions of low loss, may be defined as 

 

  )]exp(1)][exp(1[ 3322
2 LRLRL th     (4.9) 

 

where R3 and α3 are the total reflectance of the cavity mirrors and absorption 

coefficient respectively for the idler frequency. This corresponds to an input pump 

power threshold of 
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If these DRO threshold conditions are compared to those for SROs given in Eq. (4.5) 

and (4.6), it is found that the threshold of an SRO is larger by a factor of 2/[1-
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R3exp(-α2L)]. Therefore the required pump levels to obtain oscillation in DROs are 

much lower than those required for an equivalent SRO. This is of particular use for 

cw OPOs whereby the high average powers required in SROs can cause damage to 

the integrity of the nonlinear medium. 

 

Despite the advantage of reduction in oscillation threshold, DROs have notoriously 

difficult spectral control due to the requirement of the generated frequencies to 

satisfy conservation of energy and momentum whilst meeting the resonance 

condition. This often leads to the fluctuations in the output power along with 

discontinuous wavelength selection [27]. 

 

It is of note that it is also possible for an OPO to be resonant at the signal, idler and 

pump frequencies [28, 29]. These systems are triply resonant and can provide 

exceptionally low pump thresholds (< 1 mW). The problems with meeting the 

conservation of energy and momentum along with the resonance conditions for three 

frequencies are however very difficult to overcome and the resulting output can be 

unstable with poor tuning attributes [30]. 

 

4.3 Optical parametric oscillator design 

 

In order to utilise an OPO for a specific application, care must be taken with various 

parameters which determine the output provided by the system. This section looks to 

provide an overview of the important considerations involved when designing an 

OPO. Due to the reasons of stability and the characteristic continuous tunability 

which is available with SROs, as discussed in the previous section, single frequency 

resonance was selected for this OPO. 
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As this system was designed for application in three-photon microscopy, there are 

characteristics of the output which are required. Firstly, high peak power is required 

in order to induce simultaneous absorption of three photons by a fluorophore. 

Secondly, this source is required for application to biological samples which use 

standard fluorescent labels, many of which are excitable in the visible region. 

Therefore, a wavelength tuning range of ~ 1.4 – 1.6 μm was desirable. Care must 

also be taken when considering the repetition rate of a source used for fluorescence 

techniques due to the danger of saturation and bleaching effects [31]. 

 

4.3.1 Synchronously pumped optical parametric oscillators 

 

Mode-locked lasers have been used extensively and successfully throughout life 

science applications. Mode-locked sources which cover the near- to mid-IR are 

however limited. Use of a synchronously pumped optical parametric oscillators 

(SPOPO) can address this gap in spectral coverage and in order achieve the 

properties of a mode-locked laser. Synchronous pumping occurs when the round trip 

time for an OPO cavity is matched to the round trip time for the pump laser. When 

this is the case, pump pulses are ensured to arrive within the nonlinear crystal at the 

same time as each resonating signal pulse, leading to amplification. With application 

to this technique, mode-locked lasers provide excellent pump sources for a SPOPO. 

Their high peak power allows for high gain and low average power can alleviate 

damage to the nonlinear medium.  

 

The temporal behaviour of the signal electric field E2 for repetitive pulses within a 

steady-state SPOPO has been described by Chung and Liu [32]. Here they 

highlighted that E2(t) can be governed by the following differential equation 
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where G(t) and L(t) and the respective total round trip electric field gain and loss. 

The term δT is the cavity detuning time and is determined by the difference between 

the pump pulse repetition time and the round trip time of the signal pulses. The 

cavity bandwidth ωc is a factor based upon the frequency selective properties of the 

cavity elements. 

 

4.3.1.1 Pump lasers for SPOPOs 

 

Selection of a pump laser for SPOPOs is critical in order to tailor the output of the 

device. Pump attributes such as beam quality, average power, pulse duration and 

repetition rate all play an important role in the output of the SPOPO.  

 

Often the quality of a laser beam is defined by a single M2 value. To determine the 

M2 of a beam, the beam parameter product (BPP) must firstly be calculated. This can 

be found from the product of the divergence angle and the beam waist of a focused 

beam. This must be calculated for the measured laser (BPP1), and then compared to 

that of similarly focused a Gaussian beam (BPP0) 
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where w0 and w1 are the respective beam waists for the laser and that of a Gaussian 

beam. Typically the M2 value is given for both the x and y axes of the beam. It is not 

only useful in determining how closely a beam follows the behaviour of a Gaussian, 
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but also highlights how closely to the diffraction limit a beam may be focused. This 

in turn plays a factor in the resolution of a laser excitation imaging system. In 

practice, lasers have an M2 > 1 and this is used as a measure of the ‘quality’ of the 

laser. 

 

As was seen from Eq. (1.6) in Chapter 1, the number of multiphoton events which 

occur is strongly dependent upon the peak intensity of the excitation beam. Therefore 

it is strongly desirable that the pump source provides modelocked, ultra-short pulses. 

In combination with the synchronous pumping mechanism described in the previous 

section, this results in the generation of ultra-short pulses with the wavelength tuning 

properties of a SPOPO. It is also important to consider the repetition rate of the pump 

source as this will in turn be mimicked by the SPOPO. Following excitation, 

fluorophores have a typical relaxation time of less than 10 ns. In order to avoid 

fluorophore saturation, the interval between laser pulses should not be shorter that 

this [14]. 

 

Examples of typical pump sources which have previously been used for SPOPOs are 

presented in Table 4.1. 

 

Pump source Crystal Average 
output power 

Tuning range Pulse width Ref 

Rhodamine 6G 
dye laser 

(620 nm, τ =170 
fs, 100 MHz) 

KTP 2 mW 820 – 920 nm 220 fs [33] 

 

Mode-locked 
Ti:Al2O3 (765 nm, 

τ =110 fs, 76 
MHz, 800 mW) 

KTP 185 mW 1.2 – 1.34 μm 62 fs [34] 

 

Nd:YLF (1064 
nm, τ =406 fs, 120 

PPLN 130 mW 1.45 – 1.63 μm 450 fs [35] 
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MHz, 500 mW) 

Nd:YAG (1064 
nm, 10 ps, 120 

MHz) 

AgGaS2 ~ 200 mW 2.5 – 4.0 μm 500 fs [36] 

Table 4.1 Table of commonly used pump sources for fs-pulse SPOPOs 

 

The Ti:Sapphire source is of particular interest, as due to its ultra-short pulses and 

tunability in the near infrared (NIR), this system is already widely used for MPLSM 

and is therefore existing in many research labs. With this inherent wavelength tuning 

coupled with the tuning provided by a SPOPO, a single source can cover a very 

broad spectral range. However the prices of these systems are often beyond the reach 

of many microscopy labs. 

 

An alternative to this is through the use of fibre lasers as a pump source. Fibre lasers 

implement a silica optical fibre which is doped using rare earth elements such as 

Ytterbium, Erbium and Neodymium. These materials provide the gain medium 

which generates the laser output. The fibre is typically optically pumped using a 

diode laser or with use of another fibre laser. This can be coupled into the core of the 

fibre and the waveguide confines the beam and allows fluorescence to be generated 

throughout the fibre. As gain is only experienced in the core of the fibre, these tend 

to be high quality lasers with M2 values close to unity. 

 

The laser cavity within a fibre laser is created by fabricating Bragg gratings within 

the fibre. These gratings are created by having periodic changes in the refractive 

index of the fibre. This allows a chosen wavelength to be reflected, allowing for 

optical feedback which is typical for a laser system. 
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Figure 4.3 Typical setup for a fibre laser. 

 

Additionally, these lasers can provide high output powers, and may be pulsed using 

either passive or active mode-locking techniques previously described in Chapter 1. 

As a result, these fibre lasers can support ultra-short pulse generation and provide 

repetition rates suitable for applications in fluorescence microscopy. At a fraction of 

the cost of a Ti:Sapphire laser, with high peak output powers and excellent stability, 

fibre lasers represent a very attractive pump source for SPOPOs. 

 

4.3.2 Crystal selection 

 

When selecting an appropriate χ(2) nonlinear crystal for SPOPO, quality, availability 

and price are obvious considerations before selection. There are however many other 

critical technical factors which need to be taken into account, in order to benefit from 

the many crystal specific attributes which are available.  

 

As described in Chapter 2, the effective coefficient deff may be used to quantify the 

nonlinear susceptibility of a given crystal. For high levels of nonlinear conversion, 

this parameter is required to be as large as possible.  
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Crystal transparency for interacting wavelengths is also an important consideration 

for nonlinear processes. Any linear absorption incurred will lead to heating and can 

lead to thermal lensing, disrupting the phase matching process. 

 

The damage threshold of a material is also of importance as some materials will 

exceed the damage threshold prior to most conversion levels. In some cases, 

materials may be doped in order to increase the tolerance of the crystal to optical 

damage; such is the case for LiNbO3, which is often doped with MgO. 

 

 LBO BBO KTP PPLN 

deff [pm/V] 1.16 1.94 3.64 17.2 

Transparency [μm] 0.16 – 2.6 0.19 – 2.5 0.4 – 4.0 0.5 – 6 

Damage threshold  [GW/cm2] 2.5 1.5 0.5 4 

Table 4.2 Summary of common crystals employed for OPOs 

 

Table 4.2 provides a list of the discussed properties of various common nonlinear 

optical crystals used in SPOPO systems. A high deff value of 17.2 pm/V can be 

achieved as a result of the periodic poling, described in Chapter 2.7, which allows the 

pump beam to be propagated in the direction of the highest nonlinear index for 

lithium niobate. By having a wide range of transparency and high damage threshold, 

PPLN becomes a very desirable medium for SPOPOs operating in the near- to mid-

IR. 

  

4.3.3 Wavelength control 

 

As described in Section 4.2, the output wavelengths from a SPOPO are determined 

by the phase matching conditions of the system. With reference to conservation of 
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energy and momentum, changes to the pump source may be used to alter the output 

frequencies of the signal and idler photons. However in the event that a fixed 

wavelength source is used, alternative methods of tuning are available. These 

methods are applied via temperature control of the nonlinear crystal, period length 

selection or through cavity length de-tuning. As was seen from Eq.(2.5), the 

temperature-dependent Sellmeier equation illustrates how accurate temperature 

control of the nonlinear crystal can lead to a continuously tunable output for the 

signal and idler frequencies. 

 

By plotting output wavelengths as a function of temperature using the Sellmeier 

equations using the nonlinear crystal modelling program SNLO; theoretical 

predictions for the tuning range of the signal and idler wavelengths can be shown in 

Fig. 4.4. 

 

 

 

Figure 4.4 Theoretical wavelength tuning curves for varying temperature at a constant pump 
wavelength and crystal period length. Resulting from predicted outputs in SNLO, based upon 

the temperature dependent Sellmeier equation. 
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The above situation demonstrates the tuning achieved when using a 1064 nm pump 

source in a singly resonant, PPLN SPOPO, with a fixed period length of 29.3 μm. 

For completeness, a temperature tuning range is shown to a point where the OPO 

reaches degeneracy. In practice, this temperature exceeds the thermal damage limit 

for PPLN which is approximately 500 ºK. Additionally the integrity of the crystal 

oven would likely be compromised at these temperatures due to the melting point of 

solder (~ 450 ºK). 

 

Again, by with analysis of the Sellmeier equation for QPM crystals, it is seen that 

there is a dependence on length of poling period, Λ. During the manufacturing stage 

of a crystal, it is possible to produce crystals which have alternative period lengths 

depending upon the vertical positioning on the crystal. This can either be in a grating 

or fan structure. As various periods can be selected, this provides an additional 

method to meet the phase matching condition and therefore wavelength tuning. 
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Figure 4.5 Theoretical signal wavelength tuning curve with period length at a fixed temperature 
of 373 ºK and pump wavelength of 1064 nm. 
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Figure 4.5 shows theoretically, that for a fixed temperature of 373 ºK, and pump 

wavelength of 1064 nm, a period lengths of 27 – 30 μm provides an equivalent signal 

output of approximately 1400 – 1600 nm. This was the desired wavelength for the 

three photon excitation imaging which was the intended application for this source. 

 

4.3.4 OPO cavity design 

 

The OPO cavity plays a vital role in the characteristics of the generated output, 

including contributions to the average power, pulse duration and even the generated 

spectrum. When considering coupling of pump light into a SPOPO resonator, there 

are various requirements which need to be fulfilled to ensure optimal efficiency. 

 

When focusing light into a nonlinear crystal, the beam waist of the pump source is a 

key factor to achieving the high intensities required for nonlinear interactions and in 

the output efficiency of the system. In 1968, Boyd and Kleinman presented a 

focusing parameter ξ, which for optimal conversion should yield a value of 2.84 [37]. 

This was derived from theoretical value for optimal output with variation of ξ 
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L
 .  (4.13) 

 

Here, L is the crystal length, and b is the confocal parameter, 
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Combination of Eq. (4.13) and (4.14), whilst introducing the optimal focusing 

parameter, yields an equation from which the beam waist w0, which produces the 

maximum output power may be calculated 
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When seeking to achieve efficient nonlinear optical frequency conversion, it is also 

very important to ensure that a pump beam provides good spatial overlap within the 

SPOPO resonator. This is known as mode matching, as one looks to match the 

resonator axial modes to the profile of the incoming pump beam. A good overlap 

ensures efficient transfer of energy from the pump to the signal wavelength. 

 

When designing a laser system based on a Gaussian beam, it can be effectively 

described by using a “q-parameter”. This is a complex parameter which describes 

both the beam size and the curvature of the wavefront at a given point z. The 

Gaussian beam size w(z), can be described using Eq. (4.16) 
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The curvature of the wavefront R(z) is described by 
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Using these relations, it is then possible to calculate a value for the q-parameter, q(z) 
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SPOPO resonators may be designed using beam modelling programs such as 

WinLase. This software uses the above equations combined with the theory of 

ABCD matrix multiplication in order to model beams within a cavity. ABCD 

matrices allow complex optical systems to be portrayed as the product of a series of 2 

x 2 matrices unique to each element. Upon interaction with each matrix, the initial q-

parameter q1, is converted to q2 with use of the ABCD law 
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This value q2 represents the Gaussian beam following interaction with a given 

optical element.  

 

Where the signal wavelength serves as the useful output, singly resonant cavities 

have end mirrors which are designed to be highly reflective at the signal wavelength, 

with the exception of the output coupler. The reflectivity of this mirror should be 

chosen in order to extract the highest output power from the cavity. The technique 

which is used for efficient extraction is known as impedance matching and ensures 
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that maximum electric field transfer is achieved. This condition is achieved by 

matching the input coupler’s transmission to the sum of all of the losses incurred 

inside the resonator. A zero lens input coupler can be used in order to ensure that the 

pump beam is not deformed upon coupling into the resonator, although optical loss 

will be incurred. Both pump and idler beams should be transmitted through cavity 

end mirrors and will not be resonated.  

 

A linear cavity was selected due to its unidirectional output coupled with the 

straightforward synchronous pumping possibilities. An alternative to this linear 

cavity is the ring resonator, which is more difficult to align. the ring cavity does 

provide gain upon every pass through the crystal, unlike that seen in a linear cavity 

which typically experiences gain in a single direction. Appropriate considerations of 

linear cavity pumping geometries, can address this disadvantage, as will be discussed 

in the following sections. 

 

4.4 Experiment 

 

4.4.1 Single pass pumping SPOPO 

 

Conventionally, synchronously pumped singly resonant SPOPOs are pumped in a 

single direction. With reference to the coupled amplitude equations, amplification of 

the resonating signal wavelength pulse occurs within an SPOPO crystal when both 

the pump and signal pulses are present and temporally overlapped. Therefore, a 

single pass geometry allows amplification of the signal upon propagation through the 

crystal, in the forward direction. 
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Figure 4.6 A singly resonant, single pass pumped SPOPO 

 

Figure 4.6 gives a system diagram of the components required for a single pass pump 

geometry for a synchronously pumped SPOPO. 

 

Component Description 

1 Beam steering mirror (HR @ 1064 nm) 

2 Faraday isolator (30 dB) 

3 & 5 Half-wave plates 

4 50/50 beam-splitter 

6 & 7 Spherical lenses (f = 35 mm and 63 mm, AR coated @ 1064 nm) 

8 & 10 Zero lens curved mirrors (ROC = 100 mm, HR @ 1.4 – 1.6 μm) 

9 PPLN crystal stored within a home-built oven (3 mm long, 1 mm thick) 

11 Cavity end mirror (HR @ 1.4 – 1.6 μm) 

12 Output coupler (50% reflection @ 1.4 – 1.6 μm) 

Table 4.3 List of optical components described in Fig. 4.6 

 

A Femtopower-fs-2 system (Fianium) was selected as the pump source for this SPOPO due 

to the benefits described in section 4.3.1.1.  
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The pump source output is the result of four main components. The first of which is a 

mode locked, low power master source. This was followed by a pre-amplifier, high-

power polarization-maintaining cladding pumped, fibre amplifier, and then finally a 

pulse compression unit. 

 

 

Figure 4.7 Yb-doped fibre laser components 

 

The master source was a passively mode locked fiber laser based on a core-pumped, 

Yitterbium doped fibre providing pulses ~ 3 ps at a repetition rate of 80 MHz. The 

passive mode locking of the laser was achieved with use of a semiconductor 

saturable absorber mirror (SESAM).  

 

An amplifier chain, such as that described in figure 4.7, can be used to provide 

higher performance than that of a single amplifier. That is, when considering the pre-

amplifier, gain efficiency is preferred to be high – requiring the mode area to be 

small. Conversely the high-power amplifier requires a larger mode size in order to 

reduce nonlinearities and remain below damage thresholds. Hence individual 

elements are preferred. The high power amplifier was a double-clad Yb-doped fibre 

and was air cooled to reduce the temperature of the pump’s heat sink. 

 

This Yb-doped fibre laser provided a fixed wavelength λ = 1064 nm, average power 

Pav ~ 2 W, pulse duration τp ~ 250 fs, repetition rate Δν = 80 MHz, an M2 = 1.17 and 

spectral width of Δλ = 12 nm. 
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As the output pulse duration provided from a SPOPO typically matches that of the 

mode-locked pump source, resultant peak powers yet moderate average powers from 

the SPOPO allows the source to be considered for inducing multiphoton absorption 

within samples. The high beam quality provided by the pump source also tends to be 

mimicked by a SPOPO [38], resulting in close to diffraction limited focusing. With a 

repetition rate of 80 MHz, this corresponds to an interval between pulses of 12 ns, 

which is also suitable for applications in fluorescence microscopy. 

 

Directly following the pump source, a Faraday isolator was implemented into this 

system to remove optical feedback from entering the pump laser (this can often 

disrupt mode-locking). The isolator is comprised of three components; two polarisers 

and a Faraday rotator. 

 

B ‐ field

Output polariser 

(45 º polarisation) 

Faraday rotator 

(changes polarisation) 

Input polariser 

(vertical polarisation) 

 

Figure 4.8 Diagram of the polarisation dependence permitted by a Faraday isolator 

 

Upon input to the Faraday isolator, the beam has vertical polarisation and therefore 

can pass through the polariser. Upon propagation through the Faraday rotator, 

polarisation is altered by 45 º due to the Faraday effect. The beam can then pass 
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through the 45 º output polariser. Any feedback which is incurred after the isolator 

will maintain this 45 º polarisation. Therefore as it passes through the rotator, it is 

rotated a further 45 º and is thus blocked by the input polariser. This effect is made 

possible due to the direction of polarisation change being independent of the 

direction of propagation. 

 

Element 3 is a half-wave plate used to control the polarisation incident to the beam-

splitter (element 4), as the distribution of power is polarisation dependent. This 

ensures a 50/50 split in power, whilst the half-wave plate at element 5, controls the 

polarisation which enters the nonlinear crystal. 

 

The lenses used as elements 6 & 7 were used to provide mode-matching of the pump 

to the resonator, ensuring that efficient transfer of energy can take place. From Eq. 

(4.15), it was calculated that the optimal beam waist of the pump beam w0, should be 

9 µm for this system. In practice however, other considerations must be taken into 

account. As seen from Table 4.2, nonlinear crystals have limited damage thresholds. 

With application of the full 100 kW of peak power available from the pump, 

confined to a 9 µm beam waist, a peak intensity of 40 GW/cm2 would be achieved. 

This greatly exceeds the damage threshold for all nonlinear crystals. Therefore 

compromises in pump power and beam waist had to be made. A practical pump 

beam waist of 19 μm, was centred within the PPLN crystal. This was measured using 

a slit-scanning beam profiler (Thorlabs, BP109-VIS). By implementing half of the 

total power available from the pump source, a peak intensity of 3.55 GW/cm2 was 

provided.  

 

Curved mirrors (elements 8 & 10) were used to provide a resonant cavity with a 

signal spot size of 25 μm. This value was calculated from mode matching (Eq. 4.14 

and 4.15). This beam waist was modelled using WinLase, through the 

implementation of ABCD matrix theory. 
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Nonlinear crystals are subject to various acceptance bandwidths. These are described 

in Section 2.9. A spectral acceptance of 10 nm was calculated from Eq. (2.20). This 

acceptance covers the majority of the spectral bandwidth of the pump source (12 nm) 

ensuring that almost all of the pump source is converted. Equation (2.21) gives an 

acceptance temperature bandwidth of 8 ºK. The useful length of the PPLN crystal is 

determined by Eq. (2.15) and yields a value of 1.5 mm. 

 

Due to restrictions in the commercial availability of crystals, a crystal length of 3 mm 

was chosen. Period lengths ranging from 28.5 - 29.9 μm were used (covered by 8 

grating periods). To reduce reflection losses, an anti- reflection coating (at 1064 nm) 

was present on the PPLN crystal surface closest to element 8. Since this crystal was 

cut from a larger piece of PPLN from a previous experiment, the surface closest to 

element 10 remained uncoated. The crystal was held in a home-made oven which 

used feedback dependent temperature controller (RS components, 340-083) to 

provide a temperature accuracy of ±0.1 ºK. 

 

Element 11 was a cavity mirror used to create the standing wave. The output coupler 

(element 12) was selected in order to provide impedance matching, resulting in the 

highest efficiency possible. It was also placed upon a micrometre translation stage in 

order to ensure that the cavity round trip time matched the repetition rate of the pump 

laser for synchronous pumping. An overall effective SPOPO cavity length of 1.875 

m was used, corresponding to the 80 MHz repetition of the pump source. 

 

4.4.2. Double pass pumping SPOPO 

 

The concept of non-resonant reflection of an undepleted CW pump beam upon 

passing through a OPO crystal was first introduced by Bjorkholm et al in 1970 [39]. 

The benefits suggested by this recycling of the pump beam are a reduction in 

threshold and greater conversion efficiencies. This concept was experimentally 
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shown by Yang et al [40]. With the introduction of an external cavity mirror, the 

undepleted pump beam was returned into the crystal. 

 

In more recent times double pass pumping has also been realised for a pulsed pump 

sources. In 1997 Lee et al [41, 42] used the nanosecond pulsed output of a frequency 

doubled Nd:YAG laser to pump a BBO crystal to show the reduction in threshold 

and high efficiencies can also be achieved using a double pass pumping geometry. In 

2008 Kaneda et al [42] showed, using a similar pump source to Lee, an 85% increase 

in conversion efficiency when comparing this method to the single pass pumped 

case. They also reported the use of a time delay when returning the pump pulse into 

the crystal. To date, however, no sub-nanosecond double-pass pumping has been 

carried out in optical parametric oscillators. 

 

Despite the excellent continuous tuning range available from a single pass pumping 

geometry, the output power from the system was found to be moderate (< 200 mW) 

[11]. Upon transmission through the optics in a commercial laser scanning 

microscopy system (which are designed for visible wavelengths) up to 95 % loss was 

observed [43]. This unfortunately did not provide the ~ 20 mW which is typically 

required at the sample, for multiphoton microscopy applications. 

 

In the case for singly resonant single pass pumping, the pump light is not fully 

depleted, and as the cavity mirrors are highly transmitting at the pump wavelength, 

this light is dumped and transmitted through the first cavity mirror which is 

encountered following the crystal. Reflection of this non-depleted pump does not 

constitute the creation of a DRO as a standing wave is not formed. Therefore, the 

reduced thresholds and increased efficiencies could be obtained without 

compromising the tuning ability of the system. 
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For the single pass pumping geometry described in the previous section, an average 

undepleted pump power of ~ 550 mW was measured following from the second 

curved cavity mirror. Using the setup described below, it was possible to reflect this 

undepleted pump beam and couple it back into the SPOPO cavity. 

 

 

Figure 4.9 Double pass pumping schematic diagram 

 

The OPO was set up in a similar manner to that shown in Fig. 4.6, however 

additional elements were required. In the experiment of Bjorkholm et al [39], the 

positioning of the undepleted pump reflector was placed at a somewhat arbitrary 

position. Due to its application in cw or Q-switched lasers, the overlap with the 

circulating signal wavelength is not critical. However, as this setup is for a 

femtosecond pulsed SPOPO, it is critical that overlap is ensured. This is because the 

reflected pulse must be synchronised with the resonating pulse during the short 

period of time that it is propagating through the crystal. Control of this 

synchronisation was achieved through the introduction of a delay line. 

 

Elements 13 & 14 were spherical lenses (f = 75 mm & 100 mm, AR coated at 1064 

nm) were used to collimate the pump beam following exiting the resonator and then 

re-coupling into the cavity on the return path. Elements 15 and 16 are steering 

mirrors (plane HR @ 1.064 µm) with element 16 being placed upon a micrometer-

based translation stage in order to provide the time delay. 
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With reference to the coupled amplitude equations in Chapter 2.4, it is clear that 

additional pump being introduced into the cavity will provide an overall increase to 

the signal output. One of the advantages of using this technique for ultrafast systems 

is that the damage limitations are relaxed i.e. additional pump power may be used in 

a crystal without causing damage. As the reflected pump pulse is synchronised with 

the circulating signal pulse in the reverse pass through the crystal, no two pump 

pulses are present within the crystal at any given time. This technique permits a peak 

pump intensity of 3.55 GW/cm2 from the forward direction and with 1.85 GW/cm2 

from the undepleted component. A combination of both gives a total useful peak 

intensity of 5.4 GW/cm2, exceeding the damage threshold of 4 GW/cm2 whilst 

incurring no crystal damage. 

 

4.4.3. Bi-directional pumping SPOPO 

 

Although the double pass pumping geometry allows application of higher total 

intensity to the nonlinear optical crystal without inducing damage, this approach still 

does not permit the use of all available pump intensity. Consequently the total 

conversion efficiency of the platform remained sub-optimal. 

 

This problem was addressed by investigating a bi-directional pump geometry. In 

doing so, simultaneous synchronizing of a ‘forward’ pump pulse, and a second 

counter-propagating pulse in the ‘reverse’ direction, to the circulating signal pulse. 

Hence the signal electric field amplitude experiences gain in both directions and 

resulted in an average output power that scaled nonlinearly with the overall input 

pump power.  
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By ensuring only one pump pulse with an intensity level below the damage threshold 

is present in the nonlinear crystal at any given time, this technique permitted a total 

pump intensity of up to twice the damage threshold intensity, without incurring 

damage. As a consequence, the crystal damage threshold intensity conditions were 

relaxed while the average and peak output powers of the SPOPO could be 

significantly increased. 

 

To explore this geometry, a SPOPO setup similar to that used in Fig. 4.6 was 

employed (elements 1-12). In the previous section however, 50 % of the pump laser 

power was dumped following the beam splitter (element 4). This technique 

implements this additional pump power to generate higher signal power. 

 

Figure 4.10 Schematic of a bi-directional pumped SPOPO setup 

 

Figure 4.10 shows the additional elements required allowing a conventional single 

pass pump geometry to be converted to a bi-directional geometry (elements 13 – 20). 

13, 14, 15, 16 & 17; plane beam steering mirrors (HR @ 1.064 µm), with 16 & 17 

placed upon a translation stage to provide the time delay for temporal overlap. 18; 

  111



half wave plate for polarisation control at 1.064 µm, 19 & 20; spherical lenses (f = 63 

mm and 50 mm, AR coated at 1064 nm). Both sets of spherical lenses (6 & 7 and 19 

& 20) provide measured a beam radius of 20 µm using a beam profiler in both the 

forward and reverse direction. The PPLN crystal was anti-reflection coated at the 

pump wavelength on one surface only, namely the surface closest to the element 8, 

due to the crystal being a section cut from a longer PPLN crystal for this study. 

Neither surface was anti-reflection coated at the signal or idler wavelengths. This 

resulted in a substantial optical loss which was detrimental to the overall conversion 

efficiency. For this experiment the crystal was kept in the home-made oven at a 

constant temperature of 100 ºC to ensure fixed signal wavelength operation. 

 

4.5 Results 

 

4.5.1  Single pass pumping SPOPO: Results 

 

As the refractive indices of nonlinear crystals are dependent on the temperature 

(described by the Sellmeier equation in Eq. 2.5) and the output of a SPOPO is based 

upon the phase matching conditions, a wide range of wavelength tuning can be 

achieved through temperature control. 
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Figure 4.11 Experimental (diamonds) and theoretical (solid line) plot of the wavelength 
dependence upon temperature for a fixed period length of 28.5 μm.  

 

Figure 4.11 shows the relation between experimental and theoretical results for 

temperature dependent wavelength tuning. Discrepancies of up to 30 nm between 

experimental and theoretical results were observed. This is due to the inconsistencies 

in period length across each grating [5].  

 

A practical crystal temperature range of 353 – 453 ºK was available. This range was 

restricted by two factors. Firstly, intense laser sources within PPLN crystals at 

temperatures below 353 ºK often lead to photo-refractive damage [44]. Secondly, an 

upper limit of 453 ºK was imposed by the limitations of the crystal oven – beyond 

this value; the integrity of the oven was compromised.  

 

Analysis of the resulting data demonstrates an experimental tuning range of the 

signal wavelength from λ = 1455 – 1650 nm. Despite a deviation from the theoretical 

values calculated in Eq. 2.5, the experimental results follow a similar trend. 
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Deviation from the theoretical value is mainly due to the use of the Sellmeier 

coefficients which were used in this analysis. Values for bulk Lithium Niobate were 

used as an approximation to the periodically poled case since these coefficients are 

unavailable to PPLN. The temperature conditions under which each wavelength was 

generated was recorded for each of the eight poling periods and in doing so, allowing 

straightforward wavelength selection over this range. 

 

An important consideration for application of longer wavelength sources to 

microscopy platforms is the knowledge that coupling losses to the microscope are 

like to be high. The reason for this is the elements of commercial microscopes 

typically being coated for application to visible wavelengths. Therefore the output 

power from the SPOPO should be high to pre-compensate for this loss. By tuning 

across the wavelength range of the SPOPO and noting the average output power, it 

was found that a maximum value of 200 mW could be achieved. Average powers 

remained approximately constant throughout this tuning range, exhibiting a standard 

deviation of ~ 10 %. 

 

Each of the average power readings measured above were taken at the optimum 

overlap of pump pulses and resonating signal pulses (i.e. synchronously pumped). 

However, in some instances it is beneficial to operate the SPOPO with a small 

amount of de-synchronisation, which is achieved through manipulation of the 

SPOPO resonator length. 
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Figure 4.12 Cavity length tolerance with average signal power. Values at a) and c) represent the 
FWHM and b) giving the point of synchronisation. 

 

Figure 4.12 gives the measured tolerance of the average signal power as a function of 

translation of an end mirror of the SPOPO cavity. To establish a convention used 

throughout this thesis, positive values represent an increase in cavity length, and 

negative values represent a decrease in cavity length. Pulse durations were also 

measured at points a, b and c. 

  

An asymmetric cavity length tolerance of ~ 15 µm, at FWHM, was found. This 

asymmetry was to be expected and has been reported previously by Lefort et al [45] 

who attribute this asymmetry to the group velocity mismatch (GVM) of the pump 

and signal pulses experienced within the crystal. 

 

Upon reducing the cavity length beyond optimal synchronisation, group velocity 

dispersion plays a role in the pulse duration of the signal. Upon propagating through 

the crystal, group velocity dispersion can often lead to the broadening or 
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compression of pulses (depending upon whether the cavity is shortened or 

lengthened). In the case of Lefort et al, compression of up to 20 times could be 

observed using this method.  

 

When the SPOPO cavity length is greater than the optimal synchronisation, the 

signal pulse enters the nonlinear crystal with a time delay with respect to the pump 

pulse. Upon transmission through the crystal, the signal can catch the pump 

wavelength and deplete the full length of the pulse. In doing so allowing signal 

pulses become shortened. Using the reference points a, b and c in Fig. 4.12, 

corresponding pulse durations can be given: τa = 280 fs, τb = 250 fs and τc =160 fs. 

This observed effect was less prominent than that seen by Lefort et al. This is likely 

to be due to their use of a longer nonlinear crystal and pump pulses in the picosecond 

regime. 

 

It was noted that the signal wavelength was also altered as a result of the cavity 

length tuning. This again has been previously observed [23] and is the result of a 

shift incurred to alter the group velocity dispersion in order to maintain a constant 

cavity round trip time. 
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Figure 4.13 Output signal wavelength at a) lengthened cavity, b) synchronised cavity and c) 
shorter cavity. 

 

For the shortened, synchronised and lengthened cavity lengths corresponding to a, b 

and c in Fig. 4.12, the spectrum for each position was measured and is shown in Fig. 

4.13. Manipulation of the cavity length offers an additional ~ 10 nm control of 

spectral tuning. As seen from Fig. 4.12, this comes however at the expense of a 

reduction in power. 

 

These observations are consistent with previous reports of SPOPOs and provide an 

additional method for fine adjustment to wavelength tuning, which is important for 

the application in fluorescence microscopy.  
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Figure 4.14 Threshold measurement and slope efficiency. 

 

Figure 4.14 shows the generated average signal power as a function of the increase in 

average pump power. From this it was obtained that the threshold of the SPOPO was 

found at 400 mW. The slope efficiency was found from the linear best-fit gradient of 

the pump powers above threshold, yielding a slope efficiency of 32 %. 

 

4.5.2. Double pass pumping SPOPO: Results 

 

Applying the system described in Section 4.4.2. where the undepleted pump beam is 

non-resonantly reflected back into the cavity, the following power outputs were 

observed as a result of manipulation of the time delay (element 16, Fig. 4.9). 
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Figure 4.15 Overlap of reflected undepleted pump pulse as a function of average signal power 

 

Figure 4.15 shows the increase experienced average output power as a consequence 

of the reflected undepleted pump pulse as it passes through the point of 

synchronisation with the resonating signal pulses. A maximum average output power 

of 240 mW was recorded at the point of synchronisation. The pulse duration at this 

point is relatively unchanged when compared to the input pulse (~ 250 fs). This 

corresponded to a peak power of ~ 11 kW which corresponded to an increase of 20% 

when comparing to the single pass output geometry. 
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Figure 4.16 Double pass pumping cavity length tolerance dependence upon average power. a) 
and c) represent the FWHM values and b) represents synchronisation. 

 

Figure 4.16 shows that an increase in cavity length tolerance is also observed, 

changing from ~ 15 µm in single pass pumping (at FWHM) to ~ 25 µm for double 

pass pumping. This suggests that the introduction of a reflected pump beam partially 

compensated for the poor temporal synchronization of the pump/signal pulses in 

addition to increasing the average output power of the signal wavelength. 

 

4.5.3. Bi-directional pumping SPOPO: Results 

 

The following results were obtained using the novel bi-directional pumping 

geometry as described in Section 4.4.3. This geometry was designed to provide 

maximum peak power extraction from a SPOPO. 

 

Figure 4.17 shows the measured average signal output powers resulting from single-

pass pumping in the forward and reverse directions independently. Also shown is the 

nonlinear increase in average power when both the forward and reverse pump pulses 
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were synchronized with the resonating signal pulse, as per the bi-directional pump 

geometry described previously. The average powers obtained from the independent 

forward and reverse pumping schemes were 200 mW and 120 mW respectively, 

which in turn equated to pump depletions of 64 % and 47 %. This discrepancy in 

average output power, despite the similar characteristics of the pump pulses, arose as 

a result of the presence of the anti-reflection coating on only one surface of the 

crystal. The x-axis in Fig. 4.17 represents the translation of the delay line (elements 

16 and 17, Fig. 4.10) which resulted in a synchronization of the reverse pump pulse 

and the resonating signal pulse created by the initial forward pump pulse. 
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Figure 4.17 Nonlinear increase in net average output power when forward and backward pump 

 

appropriate time-delay to the reverse pump pulse relative 

pulses were brought into synchronization with the resonating signal pulse. The x-axis zero point 
corresponds to exact overlap of the reverse pump and signal wavelength pulses 

As a result of applying an 

to the circulating signal wavelength pulse, an increase in average signal wavelength 

output power was achieved. In this demonstration, using the bi-directional pump 

geometry the average output power was measured to be 390 mW when the pump 

pulses were synchronized with the intracavity circulating signal wavelength pulse. 
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This increase arises from the linear summation (120 mW + 200 mW) of the 

independent pump sources and a nonlinear increase of 22 % (70 mW) in average 

power when both pump pulses operate synchronously. All average powers were 

measured using a calibrated calorimeter (Spectra-Physics, 407A) after transmission 

through a long-wave pass optical interference filter which was measured to be 85% 

transmitting at the signal wavelength (Thorlabs, FEL0450). Importantly, the 

generated output power was higher than the measured 390 mW with an average 

output power of 460 mW (140 mW + 235 mW), corresponding to a net average 

power increase of 95 % observed at the signal wavelength when compared to the 

single-pass pumping in the forward direction.  
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Figure 4.18 Cavity length tolerance for single-, double-, and bi-directional- pass pumping

 

tolerance when applying the single 

 

Figure 4.18 shows the cavity length detuning 

pass, double pass and bi-directional pump geometries. Using the single-pass 

geometry a maximum SPOPO cavity length detuning tolerance at FWHM was 15 

µm. When applying double pass pump geometry, cavity length detuning tolerance 
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increased to 25 µm as a result of the reflected pump beam partially compensating for 

the poor temporal synchronization of the pump/signal pulses. When applying the bi-

directional pump geometry, the SPOPO cavity length detuning tolerance increased to 

~ 40 µm. This indicated that the application of two separate pump beams further 

compensated for the poor temporal synchronization of the pump/signal pulses as was 

seen to some extent from the double pass results. 

 

 Average power Cavity length 

tol ) 

Peak output power 

erance (FWHM

Single pass 200 mW 10 kW 15 µm 

Double pass 240 mW 25 µm 12 kW 

Bi-directional 18.8 390 mW 40 µm kW 

Table 4.4 Coll from uble pass 

 

 90 % in peak signal power generated from the 

 

 Discussion 

ped SPOPO can provide excellent tuning capabilities 

ected data single pass, do and bi-directional pump geometries 

Table 1 highlights an increase of ~

OPO when comparing the bi-directional to single pass pump geometries. When 

comparing to the double pass technique, bi-directional pumping also generates ~ 60 

% more peak power. 

4.6

 

A conventional single pass pum

through a combination of temperature and period length tuning. Using this setup a 

tuning range of 1.45 – 1.6 µm was achieved. This is ideal for application in three 

photon fluorescence microscopy as many of the common fluorophores have a peak 

excitation at ~ 500 nm. Having this tunability would allow optimal wavelength 

excitation for each fluorophore. However, only an average power of 200 mW was 

possible when using this geometry, at unchanged pulse duration of 250 fs. When 
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looking to apply this source to a conventional laser scanning microscope, it was 

found that substantial losses were incurred due to the optics with not being designed 

for longer wavelengths. This resulted in low power at the sample; as a result three 

photon absorption was not possible. 

 

Efficiency enhancing techniques were then pursued, beginning with double pass 

 the laser pump source was being dumped, and 

pumping of the SPOPO. This geometry introduced the non-resonant reflection of the 

undepleted pump beam after passing through the nonlinear crystal. This technique 

had previously only been applied to cw and Q-switched OPOs, however, by 

introducing a time delay, it was possible to ensure that good synchronisation to the 

resonating signal was achieved. Applying this to the ultra-short pulsed OPO designed 

for the single pass geometry, it was possible to experience an increase of up to 20 % 

in peak power. Pulse durations were relatively unchanged in comparison to the single 

pass case. It was noted that the cavity detuning tolerance of this system was 

improved as a result of the reflected beam, which somewhat compensated for the 

temporal differences between signal and pump pulses. This geometry allowed the 

relaxation of crystal damage limitations, as 5.4 GW/cm2 of overall pump power 

could be used within a PPLN crystal with a tolerance of 4 GW/cm2. Despite this 

increase in SPOPO output efficiency, peak power at the sample was still too low to 

achieve three photon microscopy. 

 

Noting that 50 % of power from

expanding upon the crystal damage threshold relaxation, a novel, bi-directional pump 

geometry was conceived. This involved the use of the otherwise ‘dumped’ pump 

laser pump being re-routed to pump the SPOPO designed in the single pass 

experiment from the opposite direction. By ensuring that this counter-propagating 

‘reverse’ pump pulse had a peak intensity equal to that of the forward pump pulse (~ 

3.55 GW/cm2) which is just below the damage threshold, it was possible to optimise 

the power from the system. Pumping the SPOPO from both directions permitted 

oscillation in both directions (either running the SPOPO with the forward or reverse 
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pump). Independently, the forward and reverse pump beams produced 200 mW and 

120 mW respectively. The low power in the reverse pass is a result of no anti-

reflection coating at the pump wavelength on the ‘reverse’ surface of the crystal. 

When running both pump beams synchronously, not only do the generated signal 

beams sum together, but there is an additional nonlinear increase of 22 % giving 390 

mW opposed to a linear 320 mW. This was a result of the dependence of the signal 

electric field upon signal which is already resonating in a cavity. If this system was 

not limited by the loss induced by the crystal surface with no anti-reflection coating, 

it is conceivable that over a 100 % increase in peak power could be achieved. It was 

also noted that the cavity length detuning tolerance was substantially increased from 

the single and double pass case of 15 and 25 µm respectively, to 40 µm at FWHM. 

This increase was a result of the second pump beam compensating for the temporal 

separation of the signal and pump pulses. 

 

Using this geometry, 18.8 kW of peak power was available from the SPOPO. This 

As a result of this the output of the bi-directional SPOPO was thought likely to 

  Application of the bi-directionally pumped SPOPO to three photon laser 

was coupled into a commercial laser 

microscopy. 

represents a 90 % increase upon single pass pumping and a 60 % increase comparing 

with double pass pumping.  

 

provide enough excitation peak power at the sample to achieve three photon 

microscopy. 

 

4.7

scanning microscopy 

 

The bi-directionally pumped SPOPO source 

scanning microscope system (Bio-Rad MRC 1024 and inverted microscope) as 

shown in Fig. 4.19, to evaluate performance for three photon laser scanning 

  125



 

Figure 4.19 Inverted laser scanning microscope applied to three photon excitation 

 

Fig. 4 aging 

here the red beam illustrates the excitation pathway and the blue beam highlights 

Element 1 is a two photon filter cube (which was designed for reflection of 

avelengths ~ 700 – 900 nm and transmitting in the visible). Element 2 is a pair of 

.19 represents the commercial microscope system which was used for im

w

the emission path. This system was designed for CLSM and while the optical loss of 

this system when used with the SPOPO will be appreciably higher than when used 

with the intended Kr/Ar laser source, this imaging system was used to test the 

developed source as no commercially available three photon laser scanning 

microscope presently exists. 

 

w

galvo-scanning mirrors which are used to raster scan the laser across the sample. 

Element 3 was a 20x objective lens (0.75 NA). Element 4 was the sample, which in 

this case was ‘flouresbrite’ beads (0.5 μm diameter, peak absorption at 529 nm). 

Element 5 was a PMT designed for optimal detection between 500 – 620 nm. 

Directly preceding the PMT, a 700 nm short pass filter was placed within the 

emission path.  Following collection of fluorescence by the PMT, images are 

reconstructed using the imaging software Lasersharp 2000. 
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This system exhibited high loss for the 1550 nm wavelength which was used for 

excitation. Approximately 11 % of the power which was entered into the laser 

scanner and the microscope reached the sample. By looking at Table 4.4, and 

p pass and double pump pass geometries, no three 

hoton fluorescence signal could be obtained.  

considering the 11 % transmission which was available, this corresponded to average 

powers of 42, 26 and 22 mW for the bi-directional, double pass and single pass 

SPOPOs respectively. 

 

When imaging with the single pum

p

 

   

Figure 4.20 a): Bi-directionally pumped SPOPO operating solely in the forward pump direction 
and b): solely in the reverse pump direction. Contrast in both images have been inverted for the 

purpose  clarity.  

When applying the bi-directional O independently in the forward 

ump direction (20 mW at sample) and then in the reverse pump direction (13.5 mW 

 

of

 

ly pumped SPOP

p

at sample), it can be seen that effectively no three photon fluorescence may be 

observed (Fig. 4.20). However, when both pump directions operate simultaneously 

as described in section 4.4.3. (42 mW), a clear fluorescence image is produced. 
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Figure 4.21 Bi-directional operation of the SPOPO for three photon imaging of 0.5 μm 
Fluoresbrite beads. Contrast has been inverted for the purpose of clarity.  

 

Figure 4.21 shows the three photon emission produced by 0.5 μm Fluoresbrite beads, 

whic

sity 

, which is the standard test for multiphoton excitation confirmation [10, 

46]. 

h have a peak excitation wavelength of 529 nm and an emission at 546 nm. 

 

In order to confirm three photon excitation, incremental power scaling was 

performed and a log/log plot of the excitation power versus fluorescence inten

was graphed

 

  128



   

   

   

Figure 4.22 Three photon excitation power scaling of fluorescent beads ranging from 30 – 42 
mW 

 

From each of the images shown in Fig 4.22, the average image pixel intensity was 

measured using image analysis software (Metamorph). In doing so, these provided 

values for a relative intensity generated in each image and could be plotted to 

confirm the three photon nature of the excitation. 
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Figure 4.23 log/log plot of the excitation power and the fluorescence intensity (arbitrary units). 

 

The resulting best fit line from the data acquired from the power scaling images 

yields a gradient of 2.72. With the data providing a standard deviation of 12 %, the 

data range falls within the expected value of 3 (indicating three photon excitation), 

the small discrepancy may be a result of saturation. 

 

In light of the three photon excitation applied to fluorescent beads, imaging was also 

performed on a fixed biological sample. Dendritic cells which had been labelled 

using Fluorescein (FITC) were chosen due important role which these cells play 

within the immune system and the peak excitation wavelength of 495 nm and 

emission at 525 nm were ideally suited for this system. 
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Figure 4.24 Three photon image of dendritic cells labelled with FITC. Contrast is 
inverted for the purpose of clarity 

 

Figure 4.24 was obtained using an average power of 42 mW at a wavelength of 1550 

nm. This illustrates that the system developed can be used for biological imaging. It 

also demonstrates that SPOPOs can be adapted to provide a useful tool for three 

photon excitation fluorescence microscopy. 

 

4.8  Conclusion 

 

This chapter presented a novel bi-directional pump geometry that nonlinearly 

increased the nonlinear optical conversion efficiency of a SPOPO.  

 

This bi-directional pumping method synchronised the circulating signal pulse with 

two counter-propagating pump pulses within a linear OPO resonator. Through this 

pump scheme, an increase in nonlinear optical conversion efficiency of 22 % was 

achieved at the signal wavelength, corresponding to a 90 % overall increase in 

average power.  
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Given an almost unchanged measured pulse duration of 260 fs under optimal 

performance conditions, this related to a signal wavelength peak power output of 

18.8 kW, compared with 10 kW using the traditional single-pass geometry. In this 

study, a total effective peak intensity pump-field of 7.11 GW/cm2 (corresponding to 

3.55 GW/cm2 from each pump beam) was applied to a 3 mm long PPLN crystal, 

which had a damage threshold intensity of 4 GW/cm2, without impairing crystal 

integrity.  

 

The application of this novel pump geometry provided opportunities for power-

scaling of synchronously pumped OPO systems together with enhanced nonlinear 

conversion efficiency through relaxed damage threshold intensity conditions. 

 

Within this chapter, the need for high peak intensity excitation sources for 

application in three photon laser scanning microscopy has been highlighted. These 

are required as a result of the losses in the region of 90 %, when applying longer 

wavelength sources to commercial microscopes. This source has been successfully 

applied to three photon laser scanning microscopy of both fluorescent beads and 

biological samples. 
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Chapter 5 Femtosecond-pulsed tunable visible laser source for short 

 wavelength two photon microscopy 

 

5.1  Introduction 

 

Ultraviolet radiation has many applications in optical imaging.  Many widely used 

synthetic fluorophores such as DAPI, Hoechst Blue, Fura-2 and Indo-1 have peak 

excitation wavelengths smaller than < 380nm [1-7].  Additionally, many naturally 

occurring molecules present in cells and tissue are fluorescent under the application 

of ultraviolet radiation.  These include tryptophan, NAD(P)H, flavins and some 

porphyrins, which exhibit absorption/emission peaks of 275/350 nm, 360/470 nm, 

440/520 nm and 490/630 nm respectively. The resultant fluorescence signal arising 

from naturally occurring and intrinsic molecules is usually referred to as 

autofluorescence. Autofluorescence can be advantageous, as an intrinsic contrast 

agent as it requires no additional synthetic label to build an image of the sample.  

There are however disadvantages arising from autofluorescence too.  The 

fluorescence signal from naturally occurring molecules typically has a wide emission 

spectral bandwidth [1] and is often a source of background over the entire sample, 

rather than a marker for a specific region of interest.  Autofluorescence signals can 

be difficult to interpret, especially when specificity is low.  In spite of this, 

autofluorescence is widely studied: this method has been implemented for cancer 

diagnosis, utilising the autofluorescent properties of tissue to indentify if cancer is 

present [2, 3]. Further applications include dental analysis [4] and widespread use in 

cell physiology [5]. 

 

5.1.1 Light sources for ultraviolet excitation 

 

There are many options available for ultraviolet excitation of synthetic and intrinsic 

fluorescent molecules.  Perhaps the most widely used is the Hg or Xe arc lamp that is 

routinely applied in epi-fluorescence microscopy [6].  This system is relatively cheap 
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and offers the potential of wavelength flexibility when used with suitable bandpass 

filters to discriminate the excitation wavelength to match the sample.  However, arc 

lamps are inefficient, with only a small percentage of the spectrally-filtered radiation 

reaching the sample, and there is a risk of ozone leak from the bulbs, which have a 

short life-span (typically < 300 hours per bulb).   

 

A more recent alternative to arc lamp systems are light emitting diode (LED).  High-

powered LEDs offer narrower bandwidth emission (<50 nm) relative to the 

broadband arc lamp (>300nm) with high brightness and average power [7].  These 

are efficient systems and have long operational lifetimes, often exceeding 10000 

hours [8].  The wavelength range of light emitting diodes is however limited: at 

present, the shortest wavelength commercially available light emitting diode has a 

peak emission wavelength of 374 nm and is unsuitable for excitation of many 

naturally occurring and synthetic fluorescent molecules.  Furthermore, light emitting 

diodes are useful only for epi-fluorescence microscopy and cannot be used in a 

CLSM or MPLSM geometry.  For these applications, a laser system is required. 

 

Options for ultraviolet emitting laser sources are limited.  The 405 nm semiconductor 

diode laser is often colloquially referred to in optical microscopy as a ‘UV source’, 

although it is not strictly in the ultraviolet spectral range of < 400 nm.  This system 

has found applications in excitation of DAPI [9]  but it is somewhat used in anger as 

the peak absorption wavelength of DAPI at 351 nm, is more than 50 nm shorter than 

405 nm. Another laser source routinely used in optical microscopy is the Kr/Ar laser, 

which has a laser line at 351 nm.  However, this gas-based laser often exhibits high-

noise, and is not wavelength tunable.   

 

The solid-state alternative to the Kr/Ar laser is a laser based on a frequency-tripled 

neodymium-doped gain medium. Multiple frequency tripled solid state sources are 

also commercially available, providing outputs in excess of 200 mW at a wavelength 

of 355 nm [10].  However, these systems, using a cascaded nonlinear optical 
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frequency conversion process to convert 1064 nm radiation to 355 nm are very 

inefficient. 

 

5.1.2 Challenges and limitations in application of ultraviolet radiation in optical 

microscopy 

 

There are fundamental challenges in applying ultraviolet radiation to microscopy.  

From the perspective of the optical physicist, specialist beam shaping and objective 

lenses that permit high-efficiency transmission of ultraviolet radiation are required 

[11].  These are expensive and often a custom microscope is required that is beyond 

the financial capability of the standard research laboratory. 

 

Considering biology, direct application of ultraviolet radiation can be extremely 

harmful to live cells and tissue [12]. In a study by Debarre et al [13], it was 

demonstrated that increased cell survival rates were observed when using an 

alternative excitation source to single photon excitation of UV excitable molecules. 

This alternative approach to the application of ultraviolet radiation is to use two 

photon absorption. Here, photons of approximately double the wavelength are 

simultaneously absorbed by the sample to provide the energy required for a single-

photon transition.  It has been demonstrated that greater depth penetration and 

increased cell viability may be provided by using two photon excitation [14].  

Moreover, the use of two photon absorption can overcome the need for specialist 

ultraviolet optics and minimises photo-damage to biological tissues [13, 15].  

Additional benefits when specifically applied to UV excitable dyes such as DAPI 

include reduced bleach rates and greater contrast [16].  

 

As described briefly in Chapter 1, the traditional source applied in two photon 

excitation imaging is the femtosecond-pulsed Ti:Sapphire laser [12]. It can deliver 

average powers larger than 1W with pulse durations shorter than 200 fs and 
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wavelength tuning spanning from 690 – 1050 nm. The wide tuning range allows the 

user to identify the wavelength which corresponds to the peak two-photon absorption 

of a given fluorophore.  Although the Ti:Sapphire laser source is widely wavelength 

tunable, performance for excitation of short-wavelength absorbing molecules is 

limited.  The shortest emission wavelength, of around 700 nm is comparable in most 

cases to a single photon absorption wavelength of > 350 nm, yet many molecules, 

such as Indo-1 and Hoechst Blue have peak absorption wavelengths < 350 nm.  For 

other molecules, due to inavailability of laser systems, the peak two photon 

excitation wavelength remains uncertain.  For example, in a study by Huang et al 

[17], two-photon excitation of the endogenous fluorophores NAD(P)H and 

Flavoprotein was investigated using a Ti:Sapphire laser. The wavelength dependence 

of two photon excitation action cross section was highlighted (replicated in Fig. 5.1). 

 

 

Figure 5.1 Two photon excitation action cross section of NAD(P)H (green triangles) as a 
function of Ti:Sapphire wavelength (Reproduced from [17]). 

 

Figure 5.1 highlights the tuning range of a Ti:Sapphire plotted against the output 

fluorescence intensity. In this figure green triangles represent the output from 
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NAD(P)H. At shorter excitation wavelengths a reduction in Ti:Sapphire wavelength 

results in a higher fluorescent output.  When reaching the lower wavelength tuning 

limit of the Ti:Sapphire laser, it is unclear from the analysis of Fig. 5.1 if the output 

has reached a maximum. This suggests that greater outputs may be achieved when 

using wavelengths shorter than the Ti:Sapphire can provide.  

 

Sum Frequency Mixing (SFM), introduced in Chapter 2, may be used as a method 

for the generation of an ultra-short pulsed source which has a wavelength below the 

capabilities of a commercial Ti:Sapphire laser.  

 

This chapter covers three aims; the construction and characterisation of a SFM 

source at a wavelength of ~ 630 nm, the application of the same source for two 

photon laser scanning microscopy, and provide a comparison of effectiveness 

between the Ti:Sapphire and the SFM source. 

 

5.2 Sum frequency mixing: Theory 

 

When considering the electrodynamics of materials like those used in nonlinear 

optics, the use of Maxwell’s equations is required. They may be manipulated in order 

to describe the response of a material to an incident electric field. This is provided by 

use of the de-coupled wave equation 
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where Pn
NL is the nonlinear polarisation field and ε(1)(ω3) being the linear dielectric 

constant. Throughout this analysis, tilde represents a field which is rapidly varying in 

time. 

 

In the case where two strong incident beams, at frequencies ω1 and ω2, are 

propagated, in the z direction, through a nonlinear medium, a new frequency 

component may be generated ω3, which is the sum of both frequencies. This is 

caused by the nonlinear atomic response of the medium. The plane wave equation 

describing the electric field of a beam induced in such an interaction may be shown, 

in terms of amplitude, is given by Boyd [18] 
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where it is assumed that the amplitude of the electric field, A3(z, t) is a slowly 

varying and the wave vector k is described by  
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The nonlinear source term may be represented by the following 
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By substituting Eq. (5.2) and (5.4) into Eq (5.1) and simplifying, we arrive at the 

following relationship 
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At this a point the slowly varying amplitude approximation (SVAA) may be applied 

(Eq. (5.6)). This allows the second derivative, with respect to time, in Eq. (5.5), to be 

neglected since 
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By using the SVAA, the second derivative term may be ignored and Eq. (5.5) 

becomes 
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In the event where phase matching is perfect (Δk = 0), A3(z, t) increases linearly 

upon propagation through the z direction, in turn resulting in a squared increase in 

the intensity due to 
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thus, the nonlinear intensity is always the highest when the phase matching condition 

is met. 

 

When considering the interaction of the propagating beams within a SFM process it 

is important to consider not only the effect of the input beam upon the output, but 

also the effect that the output beam has upon the inputs. Equivalent equations for 

each may be represented by the following 
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and 
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For these coupled amplitude equations, it was assumed that the propagation E-field 

incurred zero losses through the dielectric medium and that the effective nonlinear 

susceptibility deff is constant for each equation. 

 

5.3  Sum frequency mixing: Geometries 

 

A variety of geometries including single pass, intra-cavity or within an external 

cavity may be used for increased efficiency. This section looks to identify the most 

appropriate method for this application. 
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5.3.1 Single pass pumping 
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Figure 5.2 a) Single pass SFM within a nonlinear crystal b) Energy level illustration of SFM 

 

Single pass SFM geometries are perhaps the simplest configuration for frequency 

conversion. Figure 5.2 illustrates two pump beams of differing frequencies ω1 and ω2 

focused into a nonlinear crystal in order to produce a third frequency, ω3, equal in energy to 

that of the two pump beams combined. The output intensity of ω3 in a single pass conversion 

may be calculated under the assumption of zero pump depletion [19]: 
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Despite its simplicity, single pass SFM has been shown to provide useful outputs in the 

visible range [20], support the creation of femtosecond pulses [21] and provide conversion 

efficiencies in excess of 30 % [22]. Control over the output wavelength for SFM is dictated 

by the phase matching conditions and conservation of energy described in chapter 2. The 

nonlinear crystals used for SFM are also subject to the same acceptance tolerances as those 

described in section 2.2.5. 

 

 

 

  145



5.3.2 Extra-cavity pumping 

 

An alternative geometry for SFM can be achieved through placing the mixing crystal 

within an external resonator, such as that illustrated in Fig 5.3. Reflection of the 

generated wavelength back upon itself leads to the formation of a standing wave. 

Mode matching of the pump beams to the SFM cavity allows for efficient build-up of 

power within the cavity. Having a partially-reflecting mirror at the SFM wavelength 

allows greater power to be extracted from the resonator than is possible in the single 

pass case. This is particularly so when impedance matching is applied, i.e. where the 

transmission of the input mirror is equal to the sum of all other losses with the cavity 

[23]. 

 

ω1 & ω2 

l1 

Nonlinear crystal

ω3 

m1  m2 

 

Figure 5.3 An example of an external SFM enhancement cavity. Pump beams ω1 and ω2 are 
required to be temporally overlapped. Lens l1 is used for mode-matching. Cavity mirrors m1 

and m2 are HR at ω3. 

 

In the case where double refraction is ignored, the power transmitted through the 

output coupler Pt, can be given by  
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where, t is the power transmission coefficient, PNR is the SFM power within a cavity 

in the non-resonant state, r is a power reflection coefficient determined by the 

reflections within the crystal and φ is the round trip phase shift within the resonator. 

At resonance φ = 0, and hence the resonant enhancement ratio for output SFM power 

is given by 

2)1( r

t
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P

NR

t


 .  (5.13) 

 

Enhancement cavities have been applied extensively throughout nonlinear optics [24-

27]. With application of external cavities, conversion efficiencies of SFM in excess 

of 90% have been reported [28]. However, there can be issues with standing wave 

enhancement cavities. By creating a standing wave, the cavity allows for complete 

saturation of the gain at the peaks of the resonant wave. Conversely, at the troughs of 

the wave, no gain saturation occurs, this effect is known as spatial hole burning [23]. 

This can lead to competing modes depleting gain, resulting in issues with single 

frequency operation and laser efficiency. Additionally, wavelength tuning and ultra-

short pulse generation can be problematic with the occurrence of spatial hole 

burning. One solution to this, which is commonly used in commercial lasers, is the 

implementation of a ring resonator. Instead of the light folding back upon itself, as 

with a standing wave resonator, a ring configuration implements a travelling pump 

wave around an enclosed system. This negates the possibility of spatial hole burning 

and allows for uniform saturation of gain throughout the crystal, thus favouring a 

single longitudinal mode. In order to permit uni-directionality, an optical isolator is 

typically introduced into the resonator. Along with increased efficiency, the uni-

directionality of a ring laser allows all generated light to be extracted from a single 

output coupler without any losses incurred from reverse propagation. Despite the 

advantages of ring resonators, they are notoriously difficult to align and have low 

tolerance to misalignment.  
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5.3.3 Intra-cavity pumping 

 

When looking to extract optimal SFM power from a crystal and efficient nonlinear 

conversion, it is important to ensure that pump intensities are as high as possible 

whilst remaining below the damage threshold of the nonlinear crystal. When high 

intensities are not possible in a single pass geometry, a good option is to place the 

nonlinear crystal within the laser cavity. This concept was first demonstrated in 1963 

by Wright [29] who made use of the higher intensity within a laser resonator for 

intra-cavity SHG. In doing so, unconverted light stays within the cavity whilst the 

generated nonlinear frequency may be extracted through use of a specially-designed 

output coupler.  

 

m4 m3 

l1  m1  m2 

Laser gain medium

Nonlinear crystal

Pump laser 

Frequency mixing 

output (ω3) 
 

Figure 5.4 An example of an intra-cavity SFM geometry. Element l1 is a lens for mode-matching 
and m1-4 are cavity mirrors highly reflecting at the two wavelengths supported by the laser gain 

medium (ω1 and ω2). Additionally, m4 is transparent at ω3 and acts as an output coupler. 

 

Through judicious choice of resonator design, laser gain media such as Nd:YAG or 

Nd:YVO4 may be simultaneously operated at two independent laser lines [30, 31]. 

The presence of a secondary frequency within a laser cavity may also be achieved 

through the introduction of an additional nonlinear crystal for frequency doubling 

[32]. The presence of two frequencies resonating within a cavity provides a useful 

pump source for intra-cavity SFM. Such geometries have been shown to generate 

visible wavelengths [33] with high output powers [32]. By placing a nonlinear crystal 
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inside of a resonator which is either doubly resonant [33] or has an additional 

nonlinear process occurring such as SHG [32], it is possible to expose the crystal to 

higher pump powers resulting in greater conversion. Despite the benefits of placing a 

nonlinear crystal with a laser resonator, it has been noted that chaotic power 

fluctuations are often incurred when using this method for increasing efficiency [34, 

35].  

 

An additional form of intra-cavity SFM is that commonly experienced is that 

produced within an SPOPO resonator [36, 37]. Due to the multiple wavelengths 

which are generated in the parametric process, SFM is often found to be a by-product 

of the system. This can result in ultra-short pulse generation at the SFM frequency 

and may be optimised to extract the greatest power. Using this technique, it has 

proven possible to couple the SFM light into a microscope platform and perform two 

photon excitation imaging [20, 37]. As the SPOPO nonlinear crystal is not designed 

to be phase matched at the SFM frequency the process has poor efficiency. Output 

powers were therefore restricted to < 15mW at the sample. However, average powers 

of up to 50 mW at the sample tend to be used as the upper limit for multiphoton 

excitation with regards to saturation of a fluorophore (assuming excitation is 

provided by a typical < 200 fs-pulsed Ti:Sapphire laser) [38].  

 

Despite the greater efficiency offered by external- and intra-cavity SFM, their 

application tends to be with cw or Q-switched pump lasers [28, 33, 39]. These lasers 

do not provide high peak intensities and thus these alternative methods of increasing 

efficiency are essential.  

 

With widespread availability of ultra-short pulsed laser sources, high peak powers 

are already available and can therefore be used with a simpler single pass SFM 

geometry.  
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5.4 Sum frequency mixing: Experiment 

 

In order to perform the SFM process required to provide a wavelength suitable for 

efficient two photon excitation source for UV excitable samples, two pump sources 

of different frequencies are required. The first pump beam, ω1 (which will be 

referred to as the ‘pump’ beam), was a single pass SPOPO, the same as that 

described in Chapter 4. As described in the single pass configuration, the pump 

source for the OPO provided 2 W of average power. Due to the damage threshold of 

the OPO crystal, only 1 W of the source could be utilised. The additional, unused, 1 

W from this source was implemented as the second pump source, ω2 (which will be 

termed the ‘fundamental’ beam) for SFM generation. The experimental setup for this 

is shown in Fig. 5.5. 
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Figure 5.5 System diagram of SFM of a SPOPO and Yb-doped fibre laser. Numbered elements 
are additions to the system shown in Chapter 4. 

 

 

Component Description 

1 Beam steering mirror (HR @ 1064 nm) 

2 Delay line 
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3 Collimating lens  (f = 150 mm, AR coated @ 1064 nm) 

4 & 7 Half-wave plates 

5 & 6 Beam steering mirror (HR @ 1.4 – 1.6 μm) 

8 Beam steering mirror (HR @ c, HT @ 1064 nm) 

9 & 10 Mode matching optics (63 mm & 75 mm, AR coated at 1.4 – 1.6 μm) 

11 PPLN crystal stored within a home-built oven (1 mm long, 1 mm thick), Λ = 

10.9 μm, uncoated. 

Table 5.1 List of new components applied in Fig. 5.5. 

 

With use of beam shaping optics (elements 3, 9 and 10) and the use of a time delay 

(element 2) it was possible to spatially and temporally overlap the fundamental and 

pump beams. The OPO provided 200 mW of average power to the crystal over a 

wavelength range of 1.45 – 1.6 μm, and the 1064 nm source provided 750 mW, 

following loss experienced upon propagation through the optics solely coated for 

wavelengths greater than 1.4 μm. Lenses with coatings at both of these wavelengths 

were unavailable. Both beams were focused into a nonlinear crystal, in order to 

generate SFM.  

 

Due to its high nonlinearity, damage threshold and wide transmission band, PPLN 

was selected as the nonlinear crystal for SFM. With reference to the Sellmeier 

equations and acceptance parameters described in Chapter 2, input wavelengths of 

ω1 = 1530 nm ω2 = 1064 nm may be used to generate an output of ω3 = 630 nm 

within the QPM PPLN crystal. Fig. 5.6 shows the tuning of pump ω1 (SPOPO) 

which permit phase matching with a constant pump frequency of ω2 (Yb:doped fibre 

laser). Both sources were described previously in Chapter 4.  
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Figure 5.6 The variables required for a fixed ω2 = 1064 nm to produce an output ω3 = 630 nm. 
Including ω1, temperature and period length. 

 

The crystal was 1mm long (approx. one coherence length) determined by Eq. (2.15), 

with a period length of 10.9 μm and kept at a temperature of 160 ºC in order to 

satisfy phase matching conditions. A spectral acceptance of 11 nm and temperature 

acceptance of 12 K were calculated for this crystal using the equations given in 

Section 2.9. Due to commercial limitations the crystal could not be anti-reflection 

(AR) coated at both of the input wavelengths. 

 

This source was designed for use with the life sciences and despite the large increase 

in signal when applying the source to the reference sample, it was of interest to 

analyse the response from a biological samples. 

 

A comparison between the SFM source and Ti:Sapphire, operating it its lowest 

wavelength (710 nm), was carried out for a biological sample. A mouse kidney 
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(Invirogen, fluocells prepared slide 3) which was labelled with DAPI was used in 

this analysis. As with the reference sample, 20 mW of average power and ~ 350 fs 

pulse durations were used for both sources. 

 

For comparative studies, a commercial fs pulsed Ti:Sapphire laser (Coherent, MIRA 

900F) was also available as a source of excitation. This laser provided an output 

average power of ~ 400 mW with a wavelength tuning range of 710 – 800 nm and 

pulse durations < 200 fs (repetition rate of 76 MHz and spectral width ~ 10 nm).  

 

5.5  Sum frequency mixing: Results 

 

A benefit of using an OPO as one of the pump sources a SFM experiment was the 

ability to vary the wavelength in order to optimise and manipulate the phase 

matching condition. In conjunction with the control of the temperature of the SFM 

PPLN, the wavelength of the SFM output can therefore be altered whilst maintaining 

a zero phase mismatch. Application of the experimental setup described in Section 

5.4, a SFM wavelength tuning range of 622 – 636 nm was achieved. Fig 5.7 shows 

the SFM average output power corresponding to input OPO wavelength, at varying 

temperatures of the SFM crystal. 
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Figure 5.7 Average SFM power dependence upon the signal output from the SPOPO for varying 
temperatures of SFM crystal. 

 

The maximum average output power from the SFM process generated 150 mW at a 

wavelength of 630 nm. This condition corresponded to a pump wavelength of 1538 

nm and a SFM crystal temperature of 418 ºK. Tuning of the SPOPO signal was 

achieved through a combination of temperature tuning and period length selection. 

For each wavelength an average signal power of 200 mW was applied. Signal 

wavelengths which were below 1500 nm and above 1570 nm generated negligible 

powers. This was also the case of SFM crystal temperatures below 398 ºK and above 

428 ºK. 

 

In order to achieve greatest SFM conversion, it was necessary to ensure temporal 

overlap of the two pump beams within the crystal. This was achieved through control 

of a delay line seen in element 2 from Fig. 5.5.  

 

  154



 

Figure 5.8 Average SFM power as a function of temporal overlap of the two pump beams. 

 

At a constant wavelength of 630 nm, the FWHM range of overlap was found to span 

over approximately 60 μm. Over this range pulse durations measured 390 – 420 fs. 

This figure highlights the importance of the temporal overlap of pump pulses for 

ultra-short pulsed SFM experiments. 

 

With use of a variable neutral density filter to incrementally increase power, it was 

possible to determine the dependence of the generated SFM average power upon 

both the 1064 nm and 1530 nm sources, as seen in Fig. 5.9 & 5.10. 
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Figure 5.9 Plot of SFM average power as a function of 1064 nm pump power (constant OPO 
power 200 mW) 

 

Incremental changes of 20 mW to the 1064 nm average power resulted in the SFM 

power closely following a squared relation as was expected from this nonlinear 

interaction (R2 = 0.9915). 
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Figure 5.10 Plot of SFM average power as a function of 1530 nm pump power (constant 1064 
power 750 mW) 

 

Resultant SFM average power generated, with incremental changes of 5 mW to the 

1530 nm input average power, was plotted. It could be seen that the power 

dependence closely followed a squared fit (R2 = 0.9945). 

 

The results from Fig. 5.9 and 5.10 follow the expected dependence of pump power 

upon the SFM process as highlighted by Eq. (5.8). 

 

5.6  Application and comparison of a Ti:Sapphire laser and a SFM source for two 

photon microscopy: Experiment 

 

Non-commercial excitation sources often experience high optical loss when coupled 

into commercial microscopes. This is due to the optics within not being designed for 

operation at the wavelengths or pulse durations, which has previously seen to provide 
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up to 80 % losses in the IR [40, 41]. For this purpose, a home-built inverted laser 

scanning microscope was used in order to minimise these losses. 
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Figure 5.11 Home built microscope in a two photon configuration 

 

 

Component Description 

1 Input beam steering mirror (HR @ visible) 

2 40/60 beamsplitter (visible) 

3 Galvo-scanning mirrors (General Scanning, M-series) 

4 & 5 Beam expander (f= +50 mm & f = +100 mm lenses AR coated @ visible) 

6 Objective lens (20x 0.75 NA), Olympus 

7 Sample slide 

8 X – Y translation stage 

9 & 10 Imaging lenses (f = +75 mm, AR coated @ visible) 

11 550 nm SP filter (85 % transmission, OD > 2), Edmund optics 
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12 PMT (spectral range λ = 200 – 850 nm, gain: 0.8 kV), Electron Tubes, (no 

longer commercially available, similar systems available from Hamamatsu) 

Table 5.2 List of components applied for the home-built inverted laser scanning microscope in 
Fig. 5.11. 

 

By inserting an aperture at the focus prior to the PMT, the system may be used as a 

confocal microscope, but as two photon excitation was being implemented, an 

optical sectioning aperture was not required. A flipper mirror prior to element 1 

provided a method of alternating between 630 nm and Ti:Sapphire excitation whilst 

maintaining the imaging region of interest. Control of the average power applied to 

the sample was achieved with use of a variable neutral density filter. 

 

The first sample, which was used as a reference to determine levels of two photon 

emission, was a paper labelled with the fluorescent dye ‘Page Blue’ (provided by Dr 

Brad Amos, MRC). Although absorption and emission spectra were not available for 

this sample, this was chosen only as a reference prior to imaging biological 

specimens. Strong fluorescence resulted from single photon UV excitation under epi-

fluorescence illumination and the fibres in the paper were useful contrast indicators.  

Moreover, this three-dimensional structure was useful to confirm the inherent optical 

sectioning provided by two photon excitation. 

 

The second sample analysed was a commercial biological sample. This was a mouse 

kidney slice (Invitrogen, fluocells prepared slide 3) labelled with the fluorophore 

DAPI. DAPI is a commonly used fluorophore within life sciences as a cell nuclei 

indicator. Absorption and emission spectra are given in Fig 5.12. 

  159



 

Figure 5.12 DAPI absorption/emission spectra (courtesy of Invitrogen) 

 

As DAPI is excitable in the UV, it is of particular interest for two photon excitation 

using the wavelengths provided by the SFM setup.  

 

Before application of the SFM source to UV excitable samples, it was of interest to 

determine if the commonly used fluorophore DAPI, exhibited the same wavelength 

dependency as that seen in NAD(P)H. 

 

To achieve this, a commercial fs pulsed Ti:Sapphire laser (Coherent, MIRA 900F) 

was coupled into the homebuilt microscope. This was applied as the source for two 

photon excitation of the mouse kidney sample labelled with DAPI. Using a constant 

power of 20 mW at the sample it was possible to extract the intensity of fluorescence 

from each image plot against varying wavelengths produced by the Ti:Sapphire. The 

laser supported mode-locking over a wavelength range of 710 – 800 nm. With use of 
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a neutral density filter, an average power of 20 mW was supplied to the sample and 

images acquired at each 10 nm increment over this range.  

 

In order to quantify levels of fluorescence produced by samples, the average 

grayscale intensity was analyzed from by each image. These grayscale values were 

extracted from each image using Metamorph in the same fashion as was used for 

image analysis in Chapter 3.  

 

5.7 Application and comparison of a Ti:Sapphire laser and a SFM source for two 

photon microscopy: Results 

 

Figure 5.13 highlights the fluorescence response of the Page Blue paper sample with 

application of the Ti:Sapphire laser at varying wavelengths. For each image, 

excitation conditions were kept constant in order to provide comparable outputs (Pav 

= 20 mW, τ = 350 fs and Δν = 76 MHz). 
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Figure 5.13 Plot of the fluorescence intensity obtained from a UV excitable sample (Page Blue) 
versus Ti:Sapphire wavelength tuning . 

 

The average grayscale intensity of each image was plotted as a function of 

wavelength in Fig. 5.13. It was apparent that the trend observed by Huang et al, who 

applied a similar Ti:Sapphire source to NAD(P)H, is reflected in this data. Again, it 

is uncertain whether the two photon excitation wavelength has peaked at the lowest 

wavelength provided by the range of a Ti:Sapphire. It is therefore of interest to 

investigate whether more efficient fluorescence generation could be obtained with 

use of a lower wavelength source for two-photon excitation of DAPI. The error in 

Fig. 5.13 represents one standard deviation of the intensity across each image, which 

was extracted from analysis in Metamorph.  

 

Upon optimisation of the Pav = 150 mW, 630 nm source, it was then coupled into the 

home-built microscope described in Section 5.4. Following a steering mirror, a beam 

splitter is used to split the beam with 40 % reflectance and 60 % transmission. The 

transmitted beam was dumped, whereas the 60 mW reflected beam was sent to the 
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galvo-scanning mirrors. The beam was then passed through a beam expander, and 

finally to an objective lens.  

 

The objective lens chosen was a 20x, air lens with a 0.75 NA. This was to permit a 

wide field of view whilst providing a high numerical aperture for, as described by 

Abbe’s equation (Eq. 1.3) in Chapter 1. Using this setup, it was possible to provide 

up to 32 mW of average power to the sample at a wavelength of 630 nm. With use of 

a variable neutral density filter, it was possible to alter the excitation power supplied 

to the reference sample. No averaging was performed in the acquisition of these 

images and the gain was kept constant throughout. 
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Figure 5.14 (a-i) Two photon images of Page Blue fluorescent paper at incremental SFM 
average powers 

 

Power scaling of the sample allowed determination of the relation between excitation 

power and emitted fluorescence, as shown in Fig 5.15. 
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Figure 5.15 ln/ln plot of fluorescence intensity against average excitation power 

 

Using Metamorph image analysis software, it was possible to extract average image 

intensities from those shown in Fig. 5.14. By taking the natural logarithm of both the 

fluorescence intensity and their corresponding average power for these images, it 

was possible to generate a plot highlighting the power relation between each of these 

values. 

 

The data extracted from the images in Fig. 5.14 yield a ‘best fit’ linear gradient of 

1.67. With a standard deviation of 10 %, this value falls below the  expected value of 

2 [14] for the two photon process, it is also noted that average power in excess of 20 
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mW resulted in damage to the paper sample (highlighted in Fig. 5.14 g, h and i) 

which will greatly reduce the fluorescence induced by the laser. 

 

Despite the lack of electronically-controlled translation of the objective lens within 

the home-built microscope, it was possible to adjust the position of the lens manually 

using a micrometer. Incremental translation allowed for approximate z-stacking of 

the sample. 

 

   

   

Figure 5.16 Approximate two photon optical-sectioning of fluorescent paper (Page Blue) 

 

Translating over 50 μm in the z-direction, it was possible to use the inherent optical 

sectioning provided by two photon excitation to image different layers of the paper. 

This was apparent from the different fibres which became visible at each depth of 

focus. 
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Limited resolution in the translation stage controlling the axial position of the 

microscope objective lens has restricted the increments to 10 μm. Nonetheless, the 

inherent optical sectioning capability of two photon imaging could still be 

demonstrated. 

 

  

Figure 5.17 Reference sample with irradiation using; a) 710 nm Ti:Sapphire and b) 630 nm 
SFM source, at the same image acquisition settings. 

 

Comparable average power (20 mW) and pulse durations (~ 350 fs) were applied to 

the sample for imaging using the home-built microscope system. Whilst maintaining 

the plane of focus, it was possible to see substantially more fluorescence from the 

630 nm source. This could be quantified by comparison of the average grayscale 

intensities of each image, which gave respective values of 32 and 117 for the 

Ti:Sapphire and 630 nm source. This marks at least a three fold increase in the 

fluorescence generated by the sample, merely by judicious choice of the two-photon 

excitation wavelength. 
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Figure 5.18 Mouse kidney labelled with DAPI under irradiation from a) Ti:Sapphire (710 nm) 

and b) 630 nm source. 

 

Figure 5.18 shows (a) fluorescence generated by the Ti:Sapphire source at 710 nm 

when compared to (b) the 630 nm source. Average intensity grayscale values were 

measured for each image a) 9 and b) 15 (arbitrary grayscale units). This 

corresponded to ~ 65% increase in fluorescence when applying the 630 nm source. 

This highlighted the usefulness of a sub-Ti:Sapphire wavelength source biological 

imaging of UV excitable samples. 

 

In addition to the various UV excitable dyes which are used, it is also common for 

tissues and botanical samples to autofluoresce. Some examples of autofluorescence 

are given below for a mollusc radula, a prunus leaf and marine algae. 

 

   

Figure 5.19 Two photon autofluorescence imaging from a) snail radula, b) Prunus leaf and c) 
Marine Algae. 
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Each of these samples applied 16 times averaging and they show the suitability of 

this source to many UV excitable samples. All images were acquired using the 20 

mW at the sample and using a 20x objective lens (0.75 NA). 

 

5.8 Conclusion 

 

It has been shown that there is a need for ultra-short pulsed sources at wavelengths 

below the tuning range of Ti:Sapphire laser for two photon excitation of UV 

excitable samples; UV dyes and autofluorescence. A wavelength tunable (622 – 636 

nm), sub-400 fs source was presented as an alternative source for excitation at these 

wavelengths. The source was generated through the sum frequency mixing of an 

SPOPO and an Yb-doped fibre laser.  

 

The SFM source was then coupled into a home-built microscope and applied to 

various samples. Two photon excitation was confirmed through the standard 

technique of a ln/ln plot of the average fluorescence intensity and average power. 

This obtained a value of 1.67, which despite being below the expected value of 2, 

suggested that the signal was generated through two photon excitation. Issues with 

saturation may have accounted for this inconsistency. The capacity for use of this 

source and microscope for optical sectioning was also demonstrated. Despite the 

crudeness of the sectioning capability, this could be easily rectified with the purchase 

and incorporation of a piezo onto the objective lens mount. This would permit true 

3D reconstruction of fluorescent samples. 

 

When applying this source to a UV reference sample, a three fold increase in 

fluorescence intensity was measured when comparing the SFM source to a 

Ti:Sapphire source under the same operational conditions. The same comparison was 
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applied to a biological sample and yielded an increase in fluorescence of at least ~ 65 

%. 

 

These improvements highlight that smaller wavelength lasers may be constructed to 

perform more efficiently than the standard two photon Ti:Sapphire source for 

excitation of UV excitable samples. Additionally, at a fraction of the cost of 

commercial OPO systems, the source is financially much more appealing. Therefore 

serious consideration must be taken when deciding upon the purchase of microscope 

systems for UV excitable two photon imaging.  
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Chapter 6 AC and DC optical beam induced current microscopy of InGaN 

 light emitting diodes 

 

6.1  Introduction 

 

Light emitting diodes (LEDs) were first introduced as a practical light source by 

Holonyak in 1962 [1]. Since this time, LEDs have become one of the most 

commonly used light sources. Through the process of electro-luminescence, whereby 

a forward biased voltage is applied across the semi-conductor device, electrons from 

the n-type region combine with the positive ‘holes’ in the p-type region, as described 

in Chapter 1.3.3., resulting in the emission of a photon. The frequency of this photon 

is dependent upon the bandgap energy of this transition, E = ħω. 

 

When compared to other illumination sources, various advantages are noted. 

Lifetimes of LEDs have been shown to be as high as 50,000 hours [2], exceeding that 

of most fluorescent tubes (~ 10,000 hours) and incandescent sources (~ 1000 hours). 

Also tailoring of the output emission wavelength may be achieved through the 

alteration of the semi-conductor composition. In addition, LEDs, unlike alternative 

light sources, do not radiate large amounts of IR. A small heat sink is enough to 

maintain the temperature of an LED, resulting in low-cost, compact devices. 

 

One type of LED, with a wide range of visible outputs (400 – 570 nm) is the Indium 

Gallium Nitride (InGaN) LED [3]. InGaN LEDs have found widespread use across a 

range of applications including full-colour display, liquid crystal display back 

lighting and in low-cost mobile platform technologies [3], largely due to the 

flexibility in wavelength made possible at the design stage. To obtain full benefit 

from this technology, the many real-world applications to which InGaN LEDs can be 

applied clearly require optimum device performance, but structural defects and 
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inhomogeneity across the active region of an LED are often a problem since these 

may decrease the operational lifetime of the device [4] and may require higher power 

consumption [5].  Prior to packaging and integration, it is therefore essential to use 

non-destructive methods to assess the quality of the semiconductor materials within 

the device, to ensure that only LEDs with good performance reach the end-user. 

 

One technique which may be used for semi-conductor failure analysis is electron 

beam induced current (EBIC). This technique is based upon the interaction of a 

focused electron beam and an electrical device (e.g. a semi-conductor). Upon 

bombardment of the device with the electrons, electron-hole pairs may be generated, 

allowing for an observable current to be detected [6]. This may then be used to 

provide information regarding the internal carrier dynamics of the device and 

defective areas. A serious disadvantage to this method is incurred through the use of 

the required high energy electrons (~ 20 keV) as the source for inducing the current. 

This can lead to damage within the device and alteration of its electrical properties 

[7]. 

 

A few non-destructive optical techniques for semiconductor analysis are available. 

Photo-luminescence imaging, which is perhaps the most widespread method [8-10] 

and this is applicable to InGaN [11, 12]. This technique can be used to create a 

surface map of a semiconductor device when performed on a microscope platform, 

but information is limited, and details of internal carrier dynamics cannot be 

obtained.  Importantly, this presents an obvious restriction when considering fast 

LEDs and hence is unsuitable for testing many of the emerging devices. This 

information can however be obtained using a technique known as optical beam 

induced current microscopy. 

 

Laser scanning optical beam induced current (OBIC) imaging is an alternative non-

destructive technique which provides high spatial resolution analysis of the active 
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region of LEDs [13, 14]. In the simplest form, OBIC requires irradiation of a photo-

sensitive semiconductor using a laser source (typically a continuous wave laser) with 

energy equal to, or greater than, the electronic bandgap of the p-n junction in the 

device [15]. This results in the creation of electron-hole pairs. A bias voltage is 

typically also applied across the sample, permitting higher collection efficiency of 

the generated free carriers via an electrical contact [16]. Lateral raster scanning of the 

laser source relative to the stationary semiconductor under investigation results in an 

optically induced current that can be detected and used to provide a surface image in 

the active region of the device.  

 

When performing OBIC imaging, the signal generated is composed of two current 

components, one of which is direct current (DC) and the other alternating current 

(AC). Traditionally, signals in the DC domain have been widely applied throughout 

semiconductor analysis, due to the straightforward methods of detection [17] in both 

one photon and two photon geometries. In 1999, Xu et al demonstrated that the 

application of one photon geometries to OBIC yielded lower signal to noise as a 

result of the in increase scattered light when compared to a two photon geometry 

[18]. Additional advantages of the two photon process were shown to include the 

spatial confinement of carrier generation, resulting in more accurate imaging and the 

possibility for increased spatial resolution [18]. 

 

As a method to obtain additional information from a given device, it can be of 

interest to analyse AC component of the response. This was first demonstrated in an 

experiment in a one photon geometry by Kao et al [16], where it was highlighted 

that, uniquely, this technique could provide a spatially resolved frequency response 

to excitation of the active region of a device in real-time. Together, application of 

AC and DC OBIC techniques allows mapping of the electronic properties of the 

active region along with details of the structural integrity of the active layer. By 

measuring the optoelectronic response of a device, details regarding the homogeneity 
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and quality of the device can be obtained which would not be available through 

purely optical methods. 

 

In this chapter, AC and DC OBIC was performed on a single imaging platform to 

analyse the active region of a green emitting InGaN LED.  We perform one photon 

and two photon DC OBIC and also two photon AC OBIC of the same sample to 

provide a comparison and evaluation of the DC and AC methods for studying InGaN 

LEDs. This includes information regarding the one photon and two photon DC 

spectral response, the AC spectral response, modulation frequency and phase 

variations across the LED, from which we determine the best methods for studying 

InGaN LEDs. 

 

6.2 Theory of AC detection 

 

AC OBIC signals require an alternative method of detection as to that used for DC 

detection. Noise levels for the generated AC component from an OBIC signal are 

higher than that for DC components and consequently, direct measurement 

techniques are not applicable. Implementation of a lock-in amplifier provides a 

method to isolate a signal, ωsig, from noise using phase sensitive detection (PSD). A 

signal generator provides a fixed frequency of excitation, whilst providing a 

reference frequency, ωref, for detection. This reference is used to provide an internal 

reference, which is generated via a phase-locked loop. Following amplification, the 

signal can then be multiplied by the lock-in reference. 

 

The PSD provides two outputs from the signal, one at (ωref + ωsig) and the other at 

(ωref - ωsig). With the use of a low pass filter and in the case where, ωref = ωsig, the 

product of these outputs results in a DC signal which is proportional to its amplitude, 

Vpsd ~ Vsigcos(θ). Here, θ is the phase difference between the signal and the lock-in 
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reference and Vsig is the amplitude of the signal. Any noise which is not equal to the 

reference frequency is fully attenuated. 

 

The phase dependence of this output can be eliminated with use of a second PSD 

measuring a reference frequency shifted by 90º. In this case, signal amplitude is 

given by; Vpsd2 ~ Vsigsin(θ). Using Vpsd and Vpsd2, the magnitude of the signal vector, 

R, can be calculated, as the phase dependence (which cannot be directly measured) is 

eliminated. 

 

sigpsdpsd VVVR  2/12
2

2 )(   (6.1) 

 

The phase difference between the signal and the lock-in can also be calculated using 

the following: 

 

)/(tan 2
1

psdpsd VV    (6.2) 

 

 

6.3  Experimental method 

 

To perform both AC and DC OBIC imaging of InGaN LEDs, a galvanometer-mirror 

based laser scanning inverted microscope platform (Fluoview FV300 and IX-81, 

Olympus) was used. 

 

  178



To facilitate comparison of the different OBIC techniques, the same sample was used 

throughout the study.  The sample was a commercial InGaN LED (Epistar, Venus 

series), the dimensions and structure of which is shown in Fig. 6.1.  

 

 

Figure 6.1 Illustrations of the dimensions and structure of the sample LED. Dimensions are in 
microns 

 

The peak emission wavelength from this LED was found at 525 nm with a 

bandwidth of 35 nm (FWHM). This was measured using a compact spectrometer 

(Ocean Optics, USB2000), with a spectral resolution of 0.5 nm. 
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Figure 6.2 Wavelength emission from InGaN LED 

 

6.3.1 One photon and two photon DC OBIC: Experiment 

 

Figure 6.3 Schematic diagram of DC OBIC. 
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The experimental configuration for DC OBIC is shown in Fig. 6.3. A 10x objective 

lens (0.4 NA) was used to provide an image of the full active region while 

maintaining high lateral spatial resolution. The LED was mounted upon a 3-axis 

high-precision mount in order to align the device perpendicular to direction of laser 

excitation to ensure that excitation and resultant images were obtained from within 

the active region and not buffer or substrate layers. Upon irradiation, the current 

induced within the LED was on the nanoampere scale and was therefore directly sent 

to a current pre-amplifier (Stanford Research Systems, SR570), allowing the signal 

to be amplified and then digitized for data processing.  

 

When performing one photon DC OBIC, the generic excitation source described in 

Fig. 6.3 was a white-light SC source (Fianium, SC400), providing a broadband 

source ranging from 400 nm to the near-infrared. Pulse durations of approximately 5 

ps at a repetition rate of 20 MHz allowed the source to be treated as a continuous 

wave source.  This was used in conjunction with appropriate bandpass interference 

filters with a peak spectral transmission of λ = 420, 450, 490, 520, 550 and 580 nm 

each with ~ 50 % transmission and a bandwidth of 15 nm (Comar) in order to 

determine the optimal wavelength for maximum DC OBIC signal generation.  

 

In order to stimulate two photon absorption required for two photon DC OBIC, the 

excitation source was replaced by an ultra-short pulsed Ti:Sapphire laser (Coherent, 

Mira 900-F, Coherent Verdi V10 pump). The Ti:Sapphire laser provided a 

conveniently accessed continuous wavelength tuning range from 720 to 900 nm, with 

pulse durations of approximately 200 fs at a repetition rate of 76 MHz.  

 

Variations in average power across the spectral ranges for both one photon and two 

photon DC OBIC were experienced (shown in tables 1 & 2). Neither the SC source 

or the Ti:Sapphire laser source provided the same output power across the available 

wavelength range. To compensate for this change in excitation power, a linear 
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scaling relationship between excitation power and generated signal was used for one 

photon excitation, and a quadratic scaling relation was used when considering two 

photon excitation [18]. 

 

Table 6.1 One photon DC OBIC power provided at sample for selected wavelengths 

 

Table 6.2 Two photon DC OBIC power provided at sample for selected wavelengths 
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6.3.2 Two photon AC OBIC: Experiment 

 

The system shown in Fig. 6.3 was amended to perform AC detection. In this 

experiment, the PSD described in section 6.2, was provided with use of a lock-in 

amplifier. Additionally, as the frequency of pulses from the same Ti:Sapphire laser 

as used for DC OBIC was in the MHz range, any AC signal generated would be cut 

off by a large inherent capacitance. In order to reduce the modulation frequency, an 

electro-optic modulator (EOM) driven by a frequency generator (Stanford Research 

Systems, SD345) was introduced along with an RF lock-in amplifier (Stanford 

Research Systems, SR844), as shown in Fig. 6.4.  

 

 

Figure 6.4 Schematic diagram of two photon AC OBIC. An electro-optic modulator was 
introduced to reduce the repetition rate of the Ti:Sapphire laser, along with a lock-in amplifier 

in order to detect the AC signal 

 

The EOM was used to control modulation frequency in order to determine the site-

specific AC response from the sample. Since the EOM used in these experiments 

was designed for use at NIR wavelengths, application of the EOM to the visible 
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wavelengths of the supercontinuum source resulted in large losses. Consequently, 

upon reaching the sample there was insufficient excitation power available to 

perform one photon AC OBIC imaging.  

 

Although the EOM was designed for NIR wavelengths, an optical loss of 

approximately 15 % was measured. This provided average power in excess of 25 

mW at the sample, which was sufficient for two photon excitation. As a result, the 

two photon AC OBIC signal could be collected and used to create a 2D image of the 

active region of the sample. For this experiment, the EOM could provide useful 

excitation frequencies ranging from 200 - 850 kHz. 

 

6.4 Analysis method 

 

Upon laser scanning of the LED, electron-hole pairs are generated. This induced 

current is relative to the scanning position of the beam. Following this, the current 

was amplified and digitised permitting the scanning software (Fluoview, Olympus) 

to convert the signal into an 8-bit grayscale image of the active region. This was 

achieved by assigning relative ‘intensity’ values to the magnitude of the signal, 

ranging from values of 0-255.  

 

As a method to determine the homogeneity of the active region of the LED, data 

from five regions of interest (ROI) were analysed. A ROI at each of the four sides of 

the image of the active region was chosen along with an ROI in the centre of the 

image in order to provide a spread of data throughout the sample. With use of image 

analysis software (Metamorph 7.7, Universal Imaging), it was possible to extract 

numerical data from the average grayscale intensities produced by the OBIC images 

within the areas of interest. 
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6.5 Results and discussion 

 

 

Figure 6.5 OBIC image of LED with five labeled ROIs 

 

An example OBIC image is shown in Fig. 6.5, highlighting the five relative ROIs 

which were analysed for each image. Upon collection of these OBIC greyscale 

images, Metamorph was used to calculate the average intensity within selected areas 

and to also provide values for the standard deviation of the intensity within each 

ROI. 

 

6.5.1 DC spectral response: one photon DC OBIC 

 

Using the broadband properties of the SC source combined with the previously 

described optical bandpass filters, it was possible to provide an indirect comparison 

of one photon and two photon DC OBIC signal level. As described in Section 6.3.1., 

any fluctuations in one photon excitation power were compensated for using a linear 

relation and all data was normalised to the largest intensity. 
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Figure 6.6 The normalized one photon DC spectral response. Each ROI equates to the relative 
labelled areas in Fig. 6.5, for each image. 

 

Figure 6.6 shows the broad one photon DC response of the LED, which peaked at 

485 nm. A standard deviation of 5 % was calculated for one photon DC OBIC data 

sets. Upon irradiating with wavelengths beyond 485 nm, sufficient energy could no 

longer be provided to exceed the bandgap of the device (which may vary through the 

p-n junction) and hence the OBIC signal dropped significantly. Additionally, as seen 

in Table 6.1, filtering the white-light spectrum below 420 nm provided insufficient 

power to provide any response. The excitation bandwidth over this range spans 65 

nm at FWHM. This broad range of excitation clearly indicates that the excitation 

source for one photon DC OBIC need not be broadband or tunable and that less 

expensive sources may be used to observe a strong DC OBIC signal.  

 

With regards to active region homogeneity, a maximum signal intensity difference of 

up to 30 % was measured between ROI 2 and 5. As described previously, any 

possibility of the LED having not been perpendicular to the excitation source was 

kept to a minimum through mounting upon a 3D gimble mount. This suggests that 

despite uniformity to within 10% between all other regions, ROI 5 appears to possess 

significant defects in the active region.  
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6.5.2 DC spectral response: two photon DC OBIC 

 

The continuous wavelength tuning capabilities of the Ti:Sapphire laser provided a 

very flexible source of excitation for measuring the wavelength dependence of 

excitation upon optimal two photon DC OBIC signal generation,. The two photon 

DC OBIC signal relative to the excitation wavelength range is shown in Fig. 6.7. As 

described in Section 6.3.1, any fluctuations in two photon excitation power were 

compensated for using a quadratic relation and all data was normalised to the largest 

intensity. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

730 750 770 790 810 830 850 870 890

Wavelength (nm)

In
te

n
si

ty
 (

n
o

rm
al

is
ed

)

ROI 1

ROI 2

ROI 3

ROI 4

ROI 5

 

Figure 6.7 The normalized two photon DC response to wavelength tuning. Each ROI equates to 
the relative labeled areas in Fig. 6.5, for each image. 

 

A standard deviation of 6 % was calculated for two photon DC OBIC data sets. It 

was found that the wavelength yielding the largest OBIC signal and hence that which 

gave most efficient excitation was 815 nm. This wavelength does not correspond to 

double the wavelength required for efficient one photon absorption, which was 

shown previously to be 480 nm. This can be explained by the mechanism of two 

photon absorption, which often does not occur at exactly double the wavelength of 
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the one photon process as a result of quantum mechanical selection rules [19]. It was 

also noted that the two photon excitation bandwidth of the device was much smaller 

at 25 nm (FWHM), when compared to one photon, which yielded a FWHM of 65 

nm. From this result it was clear that there are much stricter excitation conditions for 

two photon, which highlight the importance of using a continuously tunable 

excitation source for two photon DC OBIC. 

 

Similarly to one photon excitation, data from ROI 1-4 were found to exhibit 

comparable performances. However, for two photon DC OBIC, ROI 5 was 

substantially lower in amplitude than had been seen previously. A difference in 

amplitude between ROI 2 and 5 was found to be 70 % in comparison with 30 % for 

the equivalent ROIs in the one photon DC OBIC case. Upon analysis of the intensity 

across the two photon DC OBIC image (from left to right), it was found that a 

gradient in intensity was found. This drop-off in intensity became more prominent at 

the right hand side of the image (ROI 5). This behaviour is typical of imaging which 

is out of focus and was not experienced in any other dataset. Despite our efforts to 

reduce this effect through mounting of the device on a 3D positioner as previously 

described, it was subject to both drift and optical mis-alignment. Therefore it was 

appropriate to disregard information collected from ROI 5 in this dataset. 

 

6.5.3 AC spectral response: two photon AC OBIC 

 

Since the EOM used in these experiments was designed for use at NIR wavelengths, 

application of the EOM to the visible wavelengths of the SC source resulted in large 

losses. Consequently, upon reaching the sample there was insufficient excitation 

power available to perform one photon AC OBIC imaging.  Given the near-infrared 

wavelengths of the Ti:Sapphire laser source, it was possible to employ the system for 

two photon AC OBIC and to compare the two photon AC OBIC spectral response 

with that of the two photon DC OBIC signal.  A fixed modulation frequency of 200 

kHz was used throughout the wavelength tuning. As in Section 6.5.2, the two photon 
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response was quadratically dependent upon excitation power and data was 

normalised to the highest intensity. 
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Figure 6.8 Two photon AC OBIC response to wavelength tuning of excitation source. Each ROI 
equates to the relative labeled areas in Fig. 6.5, for each image. 

 

A standard deviation of 5 % was calculated for two photon AC OBIC data sets. From 

Fig. 6.8 it was seen that the peak two photon excitation was found at approximately 

the same wavelength as seen in two photon DC OBIC (Fig. 6.7) of around 800 nm. 

However, unlike the case for two photon DC OBIC, a much broader range of 

excitation yields a reasonable signal. This also encompasses a secondary, smaller, 

peak wavelength of excitation. For powers which were ~ 10 % less than the power 

used for two photon DC OBIC, this equates to an excitation bandwidth of 40 nm 

(FWHM) and showed that the excitation wavelengths conditions for two photon AC 

OBIC were more flexible than for two photon DC OBIC. As a result, alternative 

fixed wavelength ultra-short pulsed lasers could be used as a source for excitation 

whilst maintaining reasonable signal in two photon AC OBIC.  
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It was found that the two photon AC response provided a more homogenous output 

across the five ROI analysed. The drift/misalignment which was highlighted in 

Section 6.5.2 was not found in two photon AC imaging. This was due to the 

continuous adjustments made to the system in order to reduce this effect. A variation 

of less than 20 % was found between the different ROIs.  

 

6.5.4 Frequency modulation: two photon AC OBIC 

 

As mentioned in Section 6.3.2., the inherent capacitance generated across an LED is 

proportional to the modulation frequency of the source. Use of the 76 MHz source 

would have resulted in effectively no AC signal detection, since when the repetition 

rate is in the MHz range, the active region effectively sees the source as cw, due to 

the LED having a slower response time than the interval between pulses. Therefore a 

range of pulse frequencies from 200 – 850 kHz were delivered through control of the 

EOM to determine the effect of varying the repetition rate for two photon AC OBIC 

imaging of the InGaN LED. A fixed wavelength of 800 nm was kept constant 

throughout the experiment, as this wavelength produced the maximum OBIC signal. 

A constant average power of 30 mW was provided at the sample for this experiment. 
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Figure 6.9 Two photon AC OBIC response to modulation of the excitation source. Each ROI 
equates to the relative labeled areas in Fig. 6.5, for each image. 

 

A standard deviation of 8 % was calculated for two photon AC OBIC frequency 

modulation data set, which is shown in Fig. 6.9. As expected, a reduction of the 

modulation frequency led to an increase of up to 70 % in two photon AC OBIC 

signal when comparing 200 kHz and 850 kHz measurements. Reduction of the 

capacitance, i.e. noise, across the device, in turn allowed for better isolation of the 

signal. ROI 3 was most changed by a reduction in modulation frequency; the other 

regions provided more modest increases (10 – 35 %) for comparable frequencies.  

 

It can also be seen from Fig. 6.9 that highest two photon AC OBIC response in signal 

intensity was found at the lowest frequency setting of the EOM (200 kHz). Using an 

alternative pulse picker which could select frequencies below this value would be 

likely to induce greater OBIC signal. 

 

6.5.5 Phase variation: two photon AC OBIC 
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As described in Section 6.2, information regarding the response of the device can be 

obtained through analysing the phase difference between signal and lock-in reference 

(calculated from Eq. (6.2)). 
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Figure 6.10 Two photon AC OBIC phase difference between signal and lock-in reference vs 
modulation frequency. Each ROI equates to the relative labeled areas in Fig. 6.5, for each 

image. 

 

As the same datasets were used in Fig. 6.9 as in Fig. 6.10, a standard deviation of 8 

% was also applied to data in Fig. 6.10. From this the phase relationship between 

OBIC signal and lock-in reference was shown as a function of modulation frequency. 

As the modulation frequency was decreased, the difference in phase was reduced. 

When the frequency was greater than 500 kHz, the phase difference between signal 

and lock-in neared π/2 and could be no further out of phase; therefore the signal 

could no longer be well isolated using the reference frequency. As a result, the signal 

that could be detected was greatly reduced, as seen in Fig 6.9. By demonstrating this 

phase difference at the various ROIs, it was clear that there was a substantial 

descrepancy across the active region of up to 0.4 radians. This highlights the non-

uniform phase response from the LED, which was not possible to detect using DC 

techniques.  
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From this study, it was concluded that DC techniques are good methods for 

electronically mapping the surface of active regions within InGaN LEDs and for 

providing insight into the energy required to excite across the bandgap of the device. 

However, information regarding modulation frequency and phase variation across 

the sample are unique to AC techniques. These provide a more comprehensive 

assessment of the performance and quality of the device.  

 

6.6  Conclusion 

 

The expansive range of real world applications for InGaN devices has resulted in the 

need for techniques to increase their quality. In line with this need techniques for 

quality analysis are also considered vital. This study presented results obtained from 

the application of OBIC techniques to a green InGaN device, to determining the 

homogeneity of the active layer, from which it is possible to infer the performance of 

the LED.  

 

Results from one photon and two photon DC OBIC experiments provided data 

regarding the peak spectral response of the InGaN device, occurring at 485 & 815 

nm respectively. This data was useful for the determination of the bandgap of the 

device and providing the optimal operating conditions for efficient signal generation.  

 

Additionally, excitation bandwidths of the device were found to be 25 & 65 nm at 

FWHM for one photon and two photon excitation, respectively. This showed that the 

wavelength tuning requirements for one photon excitation were less stringent than 

the case for two photon excitation. As a result of its broad excitation band, cheaper, 

discrete sources could be used for generation of one photon DC OBIC signal, whilst 

maintaining reasonable outputs.  
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Conversely, application of two photon DC OBIC required tunability as a result of the 

short band of excitation which was provided. Both of these methods demonstrated 

inhomogeneity across the InGaN device, to varying extents. A variation in signal 

amplitude of up to 30 % across the device could be seen in the one photon case. In 

the case of two photon exciation, ROI 1-4 followed similar trends, however up to a 

70 % difference in signal was observed for ROI 5. This was deemed not to be an 

effect of inhomogeneity but rather a result of defocusing as a result of drift or optical 

misalignment. 

 

Implementation of two photon AC OBIC to the InGaN LED provided additional 

information relative to the DC techniques. Analysis of the spectral response revealed 

an excitation bandwidth of 40 nm. This was shorter than the one photon DC OBIC 

bandwidth, however was substantially broader than the 25 nm bandwidth 

experienced with two photon DC OBIC. Therefore, whilst maintaining the 

advantages of two photon excitation, AC collection provided relaxed requirements 

upon the need for tunability of the excitation source. As AC signal was low, any 

capacitance build-up across the device would lead to increased noise and reduced 

detection. Therefore specific attention was paid to the modulation frequency of the 

excitation source. By scanning the a range of frequencies in the kHz range, it could 

be seen that up to 70 % greater signal could be collected when operating at 200 kHz 

than at 850 kHz. This result was expected due to reduction in capacitance at lower 

frequencies. In addition to describing optimal operating conditions, it was possible to 

determine information regarding the site specific phase response across the device. 

With use of PSD it could be seen that the variation in signal phase compared to lock-

in reference was inconsistent. A discrepancy of up to 0.4 radians could found at 

compared regions, again highlighting the inhomogeneous response of the LED. 

Additionally, a cut-off of 500 kHz was identified whereby the difference between 

signal and reference becomes π/2. This corresponds to the frequency at which 

capacitance had increased until the signal could no longer isolated by the reference. 
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This poor isolation is reflected in Fig. 6.9, where frequencies above 500 kHz exhibit 

low signal. 

 

In summary, this chapter has highlighted the benefits and limitations of one photon 

and two photon DC OBIC as a technique for imaging of InGaN LEDs. The 

additional benefits incurred from the use of the 2P AC OBIC imaging technique, 

including frequency and phase dependencies, have been shown to be complementary 

to these techniques. 
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Chapter 7 Conclusion 

 

7.1 Review 

 

The work presented in this thesis represents advances in experimental nonlinear 

optics including, but not limited to, applications in optical microscopy. 

 

Following a brief introduction to microscopy in Chapter 1, an overview of the 

nonlinear optical processes involved throughout this project were presented in 

Chapter 2 with particular attention paid to the choice of nonlinear crystal and the 

process of quasi-phase matching. 

 

Chapter 3 provided an analysis of PPLN, the nonlinear material at the heart of 

Chapters 4 and 5.  A comparative study of the periodic structure was performed 

using CLSM and MPLSM: by virtue of the luminescent properties of the nonlinear 

crystal dopant (MgO), it was possible to use this as a contrast mechanism for 

imaging of the poling structure. Using CLSM it was only possible to image close to 

the surface of the crystal. However, when performing MPLSM it was possible to 

observe the poled regions throughout the entire depth of the crystal. This is 

important, as through use of this technique, it was seen that structures observed close 

to the surface of the crystal were often deceiving with regards to the internal 

structure.  Given the dependency of nonlinear optical conversion efficiency on period 

length, as described in Chapter 2, this approach provided a non-destructive and high-

resolution measurement of inhomogeneities that would restrict the nonlinear 

conversion process. 

 

The motivation for Chapter 4 was to improve the conversion efficiency of a SPOPO 

for three photon laser scanning microscopy.  To date, with the exception of the work 
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presented in this chapter, all work involved either cw or ns-pulsed pump sources, 

whereas this research involved ultra-short pulses systems in a synchronous pumping 

geometry.  Furthermore, this chapter describes an innovative bi-directional pump 

geometry and a comparison with the conventional single pass and double pass pump 

methods was presented.  A nonlinear increase in conversion efficiency was observed 

using the novel bi-directional pump geometry, with an increase in peak output power 

of approximately 100% when compared with the single-pass approach. The 

developed high peak power source was then used as the basis for three photon laser 

scanning microscopy to overcome the substantial losses (of up to 90%) present 

within the commercial imaging platform. As a result of the efficiency of this 

geometry and the output powers obtainable, three photon laser scanning microscopy 

of fluorescent beads and various biological samples was performed. 

 

Chapter 5 concerned SFM of the single pass SPOPO source described in Chapter 4 

with the pump source for the SPOPO to create a sub-700nm ultra-short pulsed laser 

source for excitation of short-wavelength absorbing fluorophores.  The need for such 

technology at wavelengths below the tuning range of Ti:Sapphire laser for two 

photon excitation of UV excitable samples was discussed. By careful choice of SFM 

geometry, a sub 400 fs, wavelength tunable output was generated (622 – 636 nm) at a 

maximum average power of 150mW.  This laser system was applied to a home-built 

microscope, in order to perform two photon excitation imaging of a range of UV 

excitable fluorophores and autofluorescent samples. When performing comparative 

imaging using the industry standard Ti:Sapphire source, it was seen that the SFM 

source could provide up to 65 % greater signal from biological samples. 

 

Chapter 6 described the materials analysis of InGaN LED sources using both an 

ultra-short pulsed Ti:Sapphire laser and a SC source. Through use of the OBIC 

technique and, in particular AC detection of the generated signal, it was possible to 

determine the frequency and phase responses of the device. In doing so, more 
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information could be gained regarding the homogeneity of the active region of the 

device. 

 

7.2 Future work 

 

There exist many opportunities for further work to expand the research outcomes 

presented in this thesis. 

 

Regarding the materials analysis described in Chapter 3, this technique could be 

applied to alternative periodically poled materials with luminescent dopants for 

similar analysis. From this it would be possible to determine whether the 

inconsistencies observed within the PPLN sample described were found within other 

nonlinear crystals. The method could also be used to provide a comparison of poling 

techniques (i.e. electrical vs chemical). 

 

Due to time restrictions and the availability of suitable samples, the OPO source 

which was described in Chapter 3 was not able to be applied to thick tissue sample. 

Ideally this would have been performed to highlight the additional depth penetration 

which is inherently possible through use of longer wavelengths. A comparison of the 

equivalent two and three photon absorption processes could be carried out. 

Additionally, the bi-directional pumping geometry developed within this chapter was 

very efficient and was extremely beneficial with regards to damage threshold 

conditions. As a result, it would be very interesting to apply this pump geometry to 

alternative nonlinear processes. 

 

The spatial and temporal overlap of the OPO signal and excess pump described for 

the SFM experiments described in Chapter 5 are similar to the requirements needed 

for application of an OPO and pump source to a coherent anti-Stokes Raman 
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scattering (CARS) microscope. This type of microscopy uses a tunable source (i.e. 

such as an OPO) and a pump source to generate a signal which is the result of 

matching these frequencies to the inherent vibration of a specific molecule. With this 

type of microscopy exogenous labels are not required and therefore biological 

processes can be imaged without the interference of the labels which can often cause 

disruptions. An OPO CARS system has been shown previously [1, 2].  

 

Chapter 6 highlighted characterisation of the important semi-conductor InGaN. The 

outcomes of the study have provided information on the tolerances and output 

characteristics of the laser sources required for both one photon and two photon AC 

and DC analysis. Due the tunability of the excitation sources used, it would be 

possible to analyse other important semi-conductors such as zinc selenide (ZnSe) and 

aluminium gallium phosphide (AlGaP).  Additionally, it was not possible with the 

instrumentation described to perform one photon AC OBIC of the sample under 

investigation.  To complete this study, a SC source with higher average output power 

would be highly desirable, particularly at lower wavelengths. As technology in this 

field improves, it is expected that such studies could be performed imminently. 
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	Other techniques can be used for periodic poling such as chemical and thermal methods, however these are not as successful as the case for electrical poling [14, 15].


	The master source was a passively mode locked fiber laser based on a core-pumped, Yitterbium doped fibre providing pulses ~ 3 ps at a repetition rate of 80 MHz. The passive mode locking of the laser was achieved with use of a semiconductor saturable absorber mirror (SESAM). 


