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Abstract

In this thesis several rapidly updating pulse characterisation schemes have been developed to

enable the full characterisation of ultrashort laser pulses. These techniques have been based

upon the measurement of a sonogram of an optical pulse.

The first ever technique capable of single-shot and video-rate acquisition of a sonogram is
demonstrated. The design and implementation of this technique is detailed. Results are

compared with externally acquired experimental data to show excellent agreement.

Two separate characterisation systems are reported which utilise two-photon detectors to

provide extremely sensitive and accurate measurements of sonogram traces. These two

systems differ in the way they spectrally filter a pulse. One system, capable of an update rate

of 0.5Hz, uses a grating-lens-mirror arrangement so that a rapidly scanning slit, placed in the
Fourier plane can be used to pass selectively a narrow band of frequencies. The other

technique, with a higher repetition rate of 1.5 Hz, uses a rapidly scanning Fabry-Perot filter to

provide the filtering action. Detailed experimental results have been obtained from these

systems. By using the sonograms trace marginals and other experimentally acquired data it is
shown that the retrieved results from both of these systems give excellent comparison.

A dispersion characterisation technique using Fourier transform white light interferometry is
described which provides dispersion characteristics of optical components including those
used in the sonogram characterisation optical arrangements. Results from this technique are

compared with theoretically predicted results and show excellent agreement. The sensitivity
of this technique has also been demonstrated by measuring the small amount of dispersion
that occurs from the reflection from a silver mirror.

The first practical demonstration of dispersion-propagation time-resolved optical gating (DP-

TROG) is demonstrated. The use of the trace marginals is shown to provide self-calibration,

making DP-TROG a very attractive and simple alternative to other pulse characterisation

techniques.

iv



Preface

In Chapter 1, an introduction to the field of ultrafast laser physics is given. Some applications

that utilise the unique properties that ultrashort laser pulses possess are discussed. The

propagation of such ultrashort pulses through an optical medium is then outlined with

descriptions of both linear and nonlinear dispersive effects. Methodologies enabling these

dispersive effects to be compensated are then analysed. Finally, the principle of modelocking

of a laser is outlined to show how ultrashort pulses are generated. The two separate

Ti:sapphire laser systems that were used throughout this project are then described in some

detail.

In Chapter 2 there is a review of techniques employed to characterise ultrashort laser pulses.

Temporal pulse measurement techniques such as SHG and TPA autocorrelation are discussed

initially. This is followed by a description of the various techniques capable of determining

comprehensively the intensity and phase of the spectral and temporal components of

ultrashort pulses. These techniques are divided into two separate categories, those that operate

in the time-frequency domain and those that rely on interferometry. Time-frequency domain

methodologies such as frequency-resolved optical gating (FROG) and sonograms are

discussed in detail, together with the various geometries that have been devised to obtain

experimentally time-frequency measurements of an ultrashort pulses. The retrieval algorithms

that are required for these time-frequency measurements are also discussed. Interferometric

techniques such as SPIDER are then outlined and finally, the advantages and disadvantages of

each geometry arc discussed.

Chapter 3 includes a discussion of the development of a technique, later used in Chapter 4,

that is capable of determining the dispersion characteristics of optical components using white

light interferometry. A review of alternative dispersion characterisation techniques is

presented. These techniques are capable ofmeasuring the dispersion of either a single optical
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component or the overall dispersion within a laser cavity. Using white light interferometry, a

simplified and sensitive technique is introduced. Dispersion measurements from a KDP

crystal and a silver mirror are reported which demonstrate the overall reliability of the

technique. Importantly, a description is given of how this technique was used to explain why

a CriLiSAF laser was unexpectedly modelocking in the femtosecond temporal regime.

In Chapter 4, two separate rapid characterisation schemes are discussed that measure the

sonogram of a pulse to fully characterise ultrashort laser pulses. The systems differ in the way

they frequency filter a pulse. The first system uses a grating-lens-mirror arrangement that

employs a slit in the Fourier plane to selectively filter the pulse. The dispersion characteristics

of this filter are measured using the technique developed in Chapter 3. The second system

uses a scanning Fabry-Perot etalon to provide the required filtering. To ensure both systems

gave accurate results extensive data analysis was carried out to compare trace marginals and

experimentally acquired data with retrieved results.

The investigation of a new geometry capable of acquiring a sonogram without the need of a

frequency filter, known as dispersive-propagation time-resolved optical gating (DP-TROG) is

described in Chapter 5. An experimental procedure is described that, arguably, provides the

first practical technique which allows a DP-TROG trace to be measured accurately. The

simplicity and practicality of the new technique is highlighted. An investigation is also carried

out to establish the fundamental limitations in measuring extremely short and complex pulse

profiles.

In Chapter 6, the first ever technique that is capable of making a single-shot acquisition of a

sonogram trace is described. This technique is also shown to obtain a sonogram trace at

video-rate acquisition speeds. The design of this highly compact system is explained in detail

including the design of the mixing crystal and the new procedures that have been devised to
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calibrate the sonogram trace. The results are then compared to complementary experimentally

measured results.
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Chapter I: Introduction

CHAPTER 1

Introduction

1.1 A solution looking for a problem

When the first laser was built over 40 years ago [1, 2], Charles Townes, one of the co-

inventors of the laser would often be teased by colleagues at the Hughes Aircraft Corporation

who would say to him "That's a great idea, but it's a solution looking for a problem".

Figure 1.1 Dr. THMaiman with thefirst ruby laser, a solution lookingfor a problem

As time passed and research was applied increasingly to the development of laser based

technologies, it was soon realised that the unique properties that laser light exhibits could be

utilised within an extraordinary range of applications that ranged from reading bar codes in

supermarkets to splitting the atom [3,4]. Under the umbrella that is "laser physics", there now

exist a large number of research avenues, each concerning itselfwith specific types of lasers

and applications. This thesis concerns itself with a branch of laser physics that uses a laser to

produce a sequence of ultrashort pulses instead of the usual narrow-band and continuous

wave (CW) operation of a laser. These 'ultrashort laser pulses' possess many characteristics

that are truly unique and have been used, especially over the past decade, to achieve

remarkable results in many areas of science and technology.
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Chapter I: Introduction

1.2 Ultrashort Laser Pulses

So what exactly is an ultrashort laser pulse? There is no precise definition ofwhat "ultrashort"

really means but in the context of this thesis an ultrashort laser pulse is one which has a

temporal duration less than a few hundred femtoseconds (lfss 10~15s). It is now common for

lasers to routinely produce sub-10 fs pulses directly from the oscillator and such durations can

thus be easily taken for granted. The true meaning ofwhat a femtosecond really is can often

be forgotten as its scale is extremely difficult to comprehend and visualise in every-day life. It

is for this reason that many real-life analogies have been made comparing a femtosecond with

a whole second. One such analogy is if we take one second to be equivalent to the wealth of

Bill Gates (currently around 37 billion dollars), if he were to donate one femtosecond's worth

of his fortune to charity, the lucky recipient would receive 0.0037 cents!!!! Some of the most

visually stunning pictures have been created using pulsed laser light.

Figure 1.2 Photograph, using a 'slow' 50 picosecond laser pulse to act as a shutter, to view a bullet
passing through an apple[5]

Figure 1.2 shows a photograph of a bullet passing through an apple. To enable the successful

capture of such a picture an extremely fast shutter was required. A relatively 'long' 50

picosecond pulse (lps=10"12s) was used to take for this picture, that is three orders of
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Chapter 1: Introduction

magnitude longer than the pulses being measured in my project. Throughout the work

described in this thesis, the lasers used to produce ultrashort pulses had repetition rates around

100MHz. This means a pulse is generated every 10ns which suggests that the peak power of

each pulse will be approximately one hundred thousand times larger than the average laser

output power. With such tremendous peak powers being available in such a short time-period

a vast array of applications has been devised to exploit these unique characteristics.

1.3 Applications of ultrashort pulses

Importantly, many atomic and molecular processes happen within the picosecond and

femtosecond regime. To enable scientists to investigate these processes in detail, some faster

event is required and ultrashort laser pulses provide the perfect tool to achieve this. In the

field of semiconductor spectroscopy, pump-probe experiments have been instrumental in

developing theoretical models of semiconductor devices and have thus been partly

responsible for the increasing speeds of semiconductor devices. By saturating the conduction

band of a semiconductor with an initial strong pump pulse, a weak, time-delayed probe pulse

can be used to measure the transmission at various delays with respect to the initial pump

pulse. The variation of the transmission with time is directly related to the rate at which the

saturation recovers which in turn gives information about the rate at which electrons and holes

are scattered from their excited states by non-radiative processes such as phonon emission and

electron-electron scattering.

In ultrafast chemistry, ultrashort laser pulses are used to investigate many chemical processes

such as bond breakage and formation, ionisation, and molecular collisions, rotation, vibration

and fragmentation, all of which occur with characteristic times on a femtosecond scale. By

using a similar pump-probe setup, a molecule can be excited into the transition state and be

probed to stimulate ionisation, laser-induced fluorescence (L1F) or chemiluminescence, the

intensity of which can be used to determine the molecular dynamics. One of the first

experiments which utilised this idea was to investigate the vibrational motion of I2 molecules
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Chapter 1: Introduction

[6], and soon after, similar experiments went on to investigate bond breaking in ICN[7], Nal

[8] and C2F4I2 [9], Kent Wilson's group (U.C.S.D) was first to demonstrate that not only the

pulse duration and intensity were important to light interaction with molecules but also the

chirp on such pulses. It was demonstrated that the precise quantum state of molecules could

be selected by using positively and negatively chirped pulses [10]. This was an important

observation which demonstrated the usefulness of precise knowledge of the temporal and

spectral intensity and phase of an ultrashort pulse.

Ultrashort pulses are currently being used for new imaging techniques that provide

advantages over conventional imaging techniques in that they have greater resolution and they

allow 3-D and 4-D images to be obtained at deeper penetration depths. Nonlinear microscopy

[11] was first demonstrated for bio-medical imaging. This technique measures two-photon

florescence generated by the sample by a focused femtosecond pulse. As two-photon

fluorescence only occurs at the focus of the beam, 3-D cross-sectional images can be

achieved. Using a similar technique, semiconductor devices have been imaged by scanning

focussed femtosecond pulses across the device and recording the photocurrent caused by two-

photon absorption[12], A technique called fluorescence life-time imaging (FL1M) has shown

its potential for real-time medical imaging [13, 14] . Following excitation by an ultrashort

laser pulse it has been shown that by measuring the difference between fluorescence lifetimes

across a sample, it is possible to discriminate between cancerous and healthy tissue [15], This

technique has then been combined with holographic detection to provide 4-D (x,y,z and t)

images of lifetime fluorescence [16].

The high peak powers that are associated with ultrashort laser pulses can be practically used

in material processing. Soon after the invention of the laser it became clear that material

processing would become an important application for lasers. Whereas CW lasers such as

C02 lasers are used for cutting materials, pulsed lasers are often used to drill holes in

materials. Laser drilling possesses many advantages over conventional mechanical drilling
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Chapter I: Introduction

such as speed, and reliability. Trying to machine sub-lOOpm dimensions is extremely difficult

whereas with laser drilling it is possible to drill to a resolution of ~lpm. Until recently large

pulsed C02 and metal vapour lasers have been used for laser drilling. Such lasers produce

pulses with durations of a few tens of nanoseconds (10 9s). By applying such a long pulse onto

the surface of a material, a large area surrounding the initial absorption area is affected by

conduction of heat. The molten material which occurs from the heat-affected zone is

spluttered around the surrounding area of the hole causing the edges of the hole to become

rough and uneven. When an intense ultrashort pulse is applied to the same surface, the pulse

is short enough not to create a heat-affected zone and instead, the majority of the energy of

the pulse goes into vaporising the area onto which it is focused. Consequently a much cleaner

hole is achieved with no molten material surrounding the hole. These favourable

characteristics have been used successfully to create surgical implants [17] and waveguides

[18]. By focussing an ultrashort pulse into a transparent material, the internal structure of the

material has been shown to change without affecting the surface [19, 20],

By using a technique called chirped pulse amplification (CPA) the energy within a single

pulse can be increased so that when focused it can produce an intensity of over 102°Wcm~2.

With peak powers in excess of a petawatt, some of the most extreme conditions in the

universe can be created such as the processes within a star as it becomes a supernova [21].

Nuclear fusion has also been achieved in a laser laboratory using such a laser system [3, 4].

The large spectral bandwidth associated with ultrashort pulses (section 1.4) has great

implications within the area of metrology [22, 23] where ultrashort pulse have shown to be

ideal to relate optical frequencies with conventional reference oscillators [22], Diddams et al.

have recently used a mode-locked femtosecond laser to demonstrate an "optical clock" that is

100 times more accurate than conventional atomic clocks [24],
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Chapter I: Introduction

Although this section has only touched briefly upon the extensive applications that ultrashort

laser pulses are currently being used for, it serves to demonstrate how important ultrafast

optics has become over recent years. As the number of applications have increased so has the

demand for simpler, more robust, faster, and more accurate techniques for the complete

measurement of an ultrashort laser pulse. The work carried out in this project has extended the

knowledge of ultrashort pulse characterisation to enable overall progress in the area. The

remaining part of this chapter describes in formal terms the propagation and generation of

ultrashort pulses, knowledge of which is essential for the full understanding of the rest of the

thesis material.

1.4 Mathematical description of an optical pulse

Before we are able to discuss what happens when a pulse passes through a material we must

first be able to describe the incident pulse in mathematical terms. The most common

technique is to use the slowly varying envelope approximation which assumes the pulse

envelope varies slowly with respect to the carrier frequency co0- The time-varying electric

field E(t) can therefore be described as:

E(t) = s(t)e^')e-'^ (1.1)

where co0 is the carrier frequency, e(t) is the time varying electric field envelope and (j>(t) is

the temporal phase variation across the pulse. The soliton-like pulse shaping in the

Ti:Sapphire lasers that have been used throughout the experiments described in this thesis has

been shown theoretically to result in a pulse that has a temporal envelope which can generally

be represented as a hyperbolic secant function [25] and can be expressed as:

= £0sech
' 1.763^
Ar

V P J

(1.2)

where s0 is the real electric field amplitude and Ar^is the full width half maximum duration

of the pulse.

6



Chapter I: Introduction

The spectral field amplitude of a pulse is obtained by Fourier transforming its temporal field

amplitude. This means the spectral and temporal components of a pulse are directly dependent

upon one another such that if the temporal characteristics (ie. intensity and phase profiles) of

the pulse change, so will the spectral characteristics. This dependence upon one another gives

way to the bandwidth theorem which states that there is a minimum duration-bandwidth

product,

A^Arpulse>Cfi (1.3)

where CB is the value produced when a pulse is "transform limited" ie. <f>(t)=0. For a sech2

pulse profile the value of CB is 0.315. When a pulse becomes chirped so that differing

frequencies arrive at a fixed reference point at different times, although the spectral intensity

remains the same, the pulse duration increases. This has the effect of increasing the value of

the duration-bandwidth product.

1.5 Pulse propagation within a dielectric medium

The knowledge of how an intense electric field interacts with a dielectric medium is of

paramount importance in the generation, measurement and control of ultrashort pulses. In this

section there is an outline of the main processes and phenomena that occur when an ultrashort

pulse passes through such a medium. It is known that when an electric field is applied to a

dielectric material, a polarisation (P) is induced

P = £oX\E + £QX2E2 + (1.4)

where is the permittivity of free space, E is the applied electric field and ^^and

are the first, second and third order susceptibilities respectively. When dealing with low

intensity electric fields, only the linear susceptibility term ,X\, is significant and is

responsible for optical effects such as refraction and dispersion. When ultrashort laser pulses

are used, the extremely high electric fields associated with their high peak powers mean that
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Chapter I: Introduction

nonlinear effects attributed to higher orders of susceptibility become significant and must also

be taken into consideration.

1.5.1 Linear pulse propagation

The first-order susceptibility of a material is related to the frequency of the electric field

applied upon it [26]

/ x Ne2Zi(<3>)= P7—; —n (1-5)
m£o [co] ) + *'&>/]

where co is the frequency of the applied optical field, m is the reduced mass of the electron, e

is the charge on the electron, N is the density of the polarisable atoms in the sample and y is

the damping rate for the electronic vibrational motion. The refractive index n of the material

is related to the susceptibility using equation (1.6)

n2(co)-\ = z](co) (1.6)

To calculate the refractive index of a specific material at a specific wavelength Sellmeier's

formula is often used

A.
n2 <ij>

j ~0)

where co, is the frequency of the jth optical resonance and Aj is its subsequent strength. Both

these constants are specific to the material which the pulse is passing through. Their values

can be obtained in many optical reference books. An alternative method to determine the

refractive index of a material is to use the Schott coefficients. These coefficients do not

consider icsonanee frequencies but instead originate from the fitting of experimental data of

refractive index across a wide range of wavelengths. As the pulse passes through a material of

length L, the phase change on the pulse is given as

</>(co) = — n(co)L = j3(co)L (1.8)
c

8



Chapter I: Introduction

j3(co) is defined as the propagation constant. To investigate which dispersive effects the first

susceptibility term is responsible for, it is useful to expand the propagation constant as a

Taylor series

1 2 1 3

P{a) = o) +—/?2(®-®o) +—&(«-«o) +••• (1-9)

where /?, is the derivative of J30 with respect to co, is the derivative of /?, with respect to

co and so on. Equation (1.9) is critical to the overall understanding of linear dispersion through

a dielectric medium with every term within the equation relating to a different behaviour of a

pulse. The first and for the context of his thesis the least important term J30 relates to the

phase velocity of the pulse, ie. the velocity at which the central carrier frequency, co0,

propagates

A>=— (i-io)

The second term, /?,, related to the group velocity of the pulse which is the speed at which

the pulse envelope propagates inside a dispersive medium

A =4r~=~dco c

c \

0

dn
n + co0

V dco j

'

(1.11)

The third term, f32, found in equation (1.9) describes modifications to the actual shape of the

envelope of the propagating pulse.

d/3, 1
2

dco c

2„ A
„ dn d'n
2 + co,
dco dco

0

y
(1.12)

This term describes what is known as group velocity dispersion (GVD) or what is commonly

referred to as second-order dispersion

dv
Pi=-7± (1-13)

dco

By definition, in a normally dispersive material, the value of the group velocity dispersion is

positive. This means that longer wavelength components of a pulse travel faster than shorter

9



Chapter I: Introduction

wavelengths. A transform-limited pulse that passes through a dispersive system that has non¬

zero GVD will cause the temporal pulse envelope to broaden and the pulse will become

frequency-chirped. The fourth term from equation (1.9), /?3, refers to a higher order of GVD

and is ofcn referred to as third-order dispersion (TOD)

R
/J j ~

dco c

where TOD can be described as

( j2„ r3„ \
^ d'n d n (1.14)

J

TOD=d-^- (1.15)
dco

Third-order dispersion results in much more complicated distortions of the pulse but can often

be discarded because it only becomes important when very short pulses are involved.

A transform-limited pulse that has had an amount of positive GVD applied to it is said to have

positive linear frequency chirp. A simple way of expressing this phenomenon mathematically

is by writing the instantaneous frequency as a linearly varying function so that the net phase

shift can be obtained from:

^- = co(t) = co0 + 2bt (1.16)

where b is used as a measure of chirp. By applying equation (1.16) onto an optical pulse we

can see that

£(V)ccexp -i{co0t + bt2^\ (1-17)

It is interesting to note that there is a quadratic dependence on the temporal phase when linear

chirp is present. Measurements reported throughout this thesis will demonstrate this in

practice. Figure 1.3 shows a comparison between (a) a transform-limited sech2 pulse and (b)

one which has had some inherent positive GVD.
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Figure 1.3 Comparison between the electricfield ofa 20fs pulse at 800nm that is (a) transform
limited and (b) positively chirped

1.5.1.1 Techniques used to achieve negative GVD

As a transform-limited pulse passes through a normally dispersive ((32>0) optical material, it

acquires positive linear chirp. This results in the longer wavelength components emerging

from the material earlier than the shorter wavelength components and causes the duration of

the pulse to increase. For many practical purposes such as pulse generation and shaping it is

vital to have control of the pulse chirp, and consequently optical components and systems are

needed that have negative GVD and can be used to compensate for positive chirp, allowing

shorter wavelengths to 'catch up' with the longer wavelength components of the pulse. A

number of techniques have been employed to achieve this and they can be divided into two
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Chapter 1: Introduction

separate categories of those that use bulk optics and geometry to create a wavelength

dependent path length and those that use interference effects.

One of the first ever techniques to introduce negative GVD was by Treacy [27, 28] who used

pairs of diffraction gratings to allow shorter wavelengths to travel with a reduced optical path

length with respect to longer wavelengths.

The main limitation associated with this technique is the loss that is incurred from both

diffraction gratings. An improved technique to provide negative GVD was devised by R.L

Fork et al [29-32]who used a double prism pair arrangement.

The prism arrangement outlined in Figure 1.4 consists of four identical prisms that are cut

such that the minimum deviation angle coincides with the Brewster angle, thereby minimising

propagation loss through the four prisms. The exit angle from the first prism is dependent
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Chapter I: Introduction

solely upon the wavelength of the incident light. The shorter the wavelength, the more acute

the exit angle. This effect allows the shorter wavelength components to pass through less of

the second prism and with a shorter optical path length than longer wavelengths negative

GVD is achieved. The amount of quadratic phase caused by the prism arrangement can be

expressed as [32]

d't
dco' 27TC

,3 fd2P
dA2

+ L-
d2n, ^
dA2 (1.18)

where P is the optical path length and derivative d2P/dA2 is a function of the propagation

angle 0, the refractive index of the prism material np and the prism apex separation L:

d2P
dA2

■ = AL sin#
d2n ^

■ +
dA 2 2nP rf ,V n J

1 V dn]2
ydA;

-SLcosP
' dn_V
\dA j

(1.19)

By varying the prism separation and insertion, the amount of positive or negative dispersion

added to the pulse varies. This ability combined with its low loss has made the technique ideal

for controlling dispersion within a laser cavity. Using such a setup within a Ti:Saphire laser

has been shown to produce pulses as short as 1 lfs[33]. Recently, a more general expression

which calculated the second and third-order dispersion through a prism pair has been devised

[34], This expression enables the use of differing prisms within the optical setup. The prism

arrangement within Figure 1.4 is symmetric between the two prism pairs and allows in

practice the double-pass use of a single prism pair with a mirror being placed at position X.

Although the higher order dispersion introduced by the prisms can be calculated, the task of

removing higher order dispersion is very difficult and is one of the main difficulties in trying

to gain ever shorter pulses. Recent efforts such as those by Xu et al [35] have used a spatial

light modulator within a similar prism arrangement to try and compensate for higher orders of

dispersion and have successfully achieved pulse compression down to 6fs. The general issue

of pulse compression helps highlight one of the important driving forces behind the need for

full ultrashort pulse characterisation. If accurate knowledge of the phase is known, the task of

compensating it is made that much easier.

13



Chapter 1: Introduction

Some of the shortest pulses ever created have been obtained using lasers containing carefully

engineered intra-cavity dispersion mirrors [36, 37], It was first realised in 1986 that negative

GVD could be achieved when a laser was tuned so that its centre wavelength was longer that

that of the mirror centre wavelength. This forced the longer wavelength of the laser pulse to

penetrate deeper into the Bragg stack thus causing it to have a longer optical delay than

shorter wavelengths [38]. The disadvantage of this technique was that there was little control

over the amount of negative dispersion obtained and that the longer wavelength experienced a

lower reflectivity. Some of these problems were overcome in 1994 when chirped multilayer

dielectric coatings were devised [39], By varying the thickness of the high-low refractive

index stack found within a Bragg mirror stack it was found that a wide frequency bandwidth

could be reflected by the same amount while still forcing larger wavelengths to be reflected

more deeply within the multilayer structure. Although only small amounts negative dispersion

are obtained from these structures, by using multiple reflections from these chirped mirrors

within a laser cavity the amount of positive dispersion caused by the gain medium can be

compensated for in a precise fashion. Consequently, chirped mirrors have become popular in

the creation of prismless, dispersion-compensated Ti:Sapphire laser oscillators. Over recent

years much progress has been made in increasing the bandwidth of chirped mirrors. One

major obstacle to increasing the bandwidth is caused by interference between light reflected

off the mirror/air interface and the light reflected from the Bragg stacks. This results in an

undesirable modulation in the group delay dispersion (GDD). The use of a so-called double-

chirped mirror technique (DCM) [40-42] has served to reduce this modulation. Recently,

modulation has been reduced even further by using novel designs such as a tilted-front

interference chirped mirror [43] and applying the Bragg stack onto the back of the mirror

substrate so that there is no mirror/air interface [44], Another interferometric technique is to

use the frequency-dependent phase property of a Fabry-Perot fdter [45]. This has been

achieved by using a Gires-Tournois (GTI) mirror [46, 47], A GTI mirror has an etalon

fabricated within the Bragg stack that has a thickness of A/2 . Compared to chirped mirrors, a
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far larger amount of negative GVD is produced and a consequently a single GTI mirror is

capable of compensating the positive dispersion within a laser cavity.

1.5.1.2 Linear pulse propagation through an anisotropic medium

When dealing with the linear propagation of light through a dielectric medium, the electric

displacement vector D is introduced. This term includes both the vacuum electric field term as

well as the response of the medium

D = snE + P

By substituting equation (1.4) into equation (1.20) we get

D = s0sE

(1.20)

(1.21)

where s is the relative permittivity (1 + /) . Equation (1.21) cannot however be used if the

induced medium polarisation is not parallel to the electric field which is exactly what happens

within an anisotropic medium. Instead we need to write down each component of the electric

displacement vector to produce the dielectric tensor.

1
(D >X

Dy =

£x £*y exz

syx Sy £yz Ey (1.22)

By choosing a particular set of axes (known as the "principal axis"), a large number of terms

in equation (1.22) can be eliminated.

1 [d:
Dy =

, D,

/
£

0 £

0 OVE^
0

OOP

(1.23)

To help visualise the change in refractive index with orientation the use of the optical

indicatrix can be used. From the Fresnel equation it can be shown that the dependence of the

relative permitivity upon propagation direction and polarisation can be given as [48]

*2 y2 z2 ,—+—+—=i (1.24)
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Using the principal dielectric axis of a uniaxial crystal (£x = £v =£ £,) and knowing that

nl = £k , the following expression for the index ellipsoid can be produced

x2 y2 z2_
~T + ~T + ~T-1
no no ne

(1.25)

where n0 and ne are the refractive indices of the ordinary and extraordinary ray respectively.

Equation (1.25) can now be used to calculate and visualise the refractive index experienced

by an electric field at a given angle to the axis

(b)

/ V

ng

/
, N

Figure 1.5 The use ofthe optical indicatrix to show the index ellipsoid of (a) a positive uniaxial

crystal and (b) a negative uniaxial crystal

Figure 1.5 helps demonstrate how a uniaxial crystal can be described in two ways, a positive

uniaxial crystal (ne > n0) and negative uniaxial (ne < nQ). Birefringent media like this play a

vital role in optics, enabling devices such electro-optic, magneto-optic and accousto-optic

modulators to operate. In the context of this thesis, a birefringent material allows two

differing wavelengths to travel through a material with the same phase velocity

(phasematching). This enables the interaction of both electric fields over a much longer

distance enabling non-linear effects such as frequency doubling and frequency mixing that

form the basis of a number of ultrafast laser systems.
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1.5.2 Nonlinear pulse propagation

When dealing with ultrashort laser pulses and their associated high peak powers the second

and third orders of susceptibility that are contained within equation (1.4) must be considered.

Second-order nonlinear effects only occur within non-centrosymmetric materials (dijk ^0)

and are responsible for nonlinear effects such as frequency mixing. The polarisation change

caused within the material is proportional to the square of the field applied to it. Third-order

nonlinear effects occur within all optical materials (including centrosymmetric materials with

dljk =0). Since some third-order non-linear effects are crucial to the understanding of how

ultrafast lasers operate they will be discussed in greater detail within this chapter. For a more

detailed description of second-order effects such as sum frequency mixing the reader is

referred to Chapter 6.

1.5.2.1 Third-order nonlinear effects

Third-order nonlinear effects can occur in any optical material. This is unlike second-order

non-linear effects for which only non-centrosymmetric materials (ie. low symmetry crystals)

can be used. For all centrosymmetric media (where dljk = 0 ), Xi's the first non-linear term.

It is responsible for a number of important phenomena including third harmonic generation

(g)+cd+(d—»3cd), Raman scattering and the optically induced Kerr effect. The optical Kerr

effect is vital for ultrashort pulse generation and will now be described in more detail.

Self-induced optical Kerr effect

If we consider an isotropic medium (x2 = Xa = 0) with a significantly larger we can

use equation (1.4) to say

D = + (1-26)

Equation (1.26) can be rearranged to give

D = s0sE (1.27)
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where £ is the total dielectric constant is given as

s = £l+Z3E2

where

eL= l + Zi

Equation (1.28) can now be put into terms of irradiance:

n - y]~£ = n0 + n2II

(1.28)

(1.29)

(1.30)

where the Kerr coefficient n21 is given as

n2, =
6^3

8£0cn0
(1.31)

Equations (1.30) shows that if there is a sufficiently strong irradiance within any medium the

refractive index will change. Two important effects arise that are associated to ultrashort pulse

generation. These two effects are known as self-focussing [49] and self-phase modulation

(SPM) [50].

To consider self focussing we need to consider a pulse with a Gaussian-like spatial profile

that is passing through a medium where the term n2I is significant. By assuming that the

wavefront is initially plane with the Gaussian intensity profile, Figure 1.6 demonstrates what

happens as the pulse propagates into the medium

intensity,, intensity

x,y

Figure 1.6 Graphical representation ofselffocusing
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If we assume 112 is positive then the phase velocity (v = c/n) is reduced as the intensity

increases. Consequently the outer wavefronts of the pulse have higher speeds compared to

those nearer the centre and more intense part of the pulse. This has the effect of creating a

'virtual lens' within the optical material causing the beam to be focused. As well as having

important consequences for ultrashort pulse generation [51-53], self-focusing is also

responsible for beam break-up in high power lasers as well as optically induced damage

caused by the laser beam focussing within the optical material and resulting in the formation

of damage tracks.

Self-phase modulation (SPM) is the second important result of the self-induced optical Kerr

effect. If it is assumed that the refractive index change caused by the optical Kerr effect is

instantaneous then we can say that as a pulse propagates through a media, different parts of

the pulse will experience a different refractive index. This effect causes a phase shift within

the pulse

(1.32)

where L is the material length and I(t) is the intensity profile of the pulse. The phase shift

causes an instantaneous increase in frequency that can be repiesented as

A co = -
d(fr<f>(t)) 2nLn,

dt A,
dl{t)
dt

(1.33)

-t 0 +t
time relative to pulse centre

Figure 1.7 The phase shift (black) and instantaneous frequency shift (red) ofa pulse caused by self

phase modulation
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From looking at the instantaneous frequency shift, ACO, in Figure 1.7 it is possible to see a

positive linear ramp through the centre region of the pulse. It is this positive linear chirp

region that is responsible for SPM being often approximated as another form of linear

dispersion that can be compensated for using the techniques described in section 1.5.1.1. Self-

phase modulation is a very useful phenomenon in enabling the generation of ultrashort pulses

as it broadens the spectral bandwidth so that shorter pulses can be sustained within the laser

cavity (see Equation (1.3)).

1.6 Generation of ultrashort pulses

Techniques to force a laser oscillator to produce a periodic sequence of pulses rather than a

continuous waveform have existed for a long time. Methods such as gain switching [54],

cavity-dumping [55] and Q-switching [56] have all successfully been used to produce short

pulsed lasers. To produce the shortest possible pulse (ie.ultrashort pulses), a technique called

modelocking is used. It should be noted that this thesis details techniques that are capable of

characterising these pulses and does not largely concern itself with how such pulses are

created. Consequently only a brief overview of ultrashort pulse generation is presented. For a

more detailed description of ultrashort pulse lasers, the reader is referred to the following

references [57-59]

1.6.1 Modelocking

Modelocking has become the most common and efficient way of producing ultrashort laser

pulses. Normally when a laser oscillates within a cavity the axial modes exhibit random phase

between one another to give a noise-like output. When a laser becomes modelocked all the

axial modes that exist within a laser cavity become in phase with one another.
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Figure 1.8 Illustration howfive axial modes within a gain medium that are in phase with one another
can interfere to form apulsed output [60]

Figure 1.8 demonstrates how when 5 axial modes are in phase with one another within a laser

cavity, the interference between the modes produces a pulsed output, the separation of which

is determined by the round trip cavity time

2nL
A= •

sep (1.34)

where n is the average refractive index and L is the length of the cavity. The greater number

of modes that oscillate within a cavity, the shorter the pulse duration becomes. Consequently

to obtain the shortest possible pulse the gain bandwidth of laser medium must be large. In

'normal' operation, a laser will operate to produce a CW output. A laser needs to be

'encouraged' to operate in a modelocked fashion and this is achieved by applying some kind

of amplitude or phase modulation within the cavity. The modulation can either be introduced
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to the laser actively by an external source, so called 'active modelocking', or introduced

passively, 'passive modelocking.

1.6.1.1 Active modelocking

In active modelocking, amplitude or phase modulation is used to generate ultrashort pulses.

The frequency of the modulation is set to exactly match a multiple of the round-trip frequency

of the laser (Equation (1.34)). By using this exact modulation frequency a pulse is able to

make a round trip of the cavity so that it returns to the modulating component when the gain

or transmission of the device is at its maximum. This ensures that only multiples of this mode

are capable of propagation within the cavity, hence modelocked operation is achieved. An

alternative description can be made in the frequency domain where the applied modulation

will cause the axial modes to have sidebands. By having the modulation match the round-trip

frequency of the laser, the side bands of each mode will coincide with other adjacent modes

enabling power to be transferred from one mode to another. Various techniques have been

used to achieve active modelocking including gain modulation [61], synchronous pumping

[62] or the use of optical switches such as acousto-optic [63] or electro-optic [64] modulators

that are placed within the cavity itself.

1.6.1.2 Passive modelocking

Whereas active modelocking relies on an external modulation source, passive modelocking

utilises nonlinear effects to cause the output of the laser to modulate itself. Using the analogy

of a 'switch' that is controlled by the laser, passive modelocking is able to self-adjust its

modulation for small variations of the laser, thus providing a more stable method of

modelocking that is also able to produce shorter pulses than actively modelocked lasers. The

first example of a passively modelocked laser used an organic dye as a saturable absorber

[65], A saturable absorber is optically lossy at low incident light intensities but becomes

transparent at high intensities. One of the characteristics of an organic dye is its broad-
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bandwidth which makes it ideal for supporting ultrashort pulses. Passive modelocking relies

on modelocked oscillation to build up from noise. This is achieved from a noise spike in the

cavity that is large enough to begin to saturate the absorber. The noise spike will experience

less cavity loss than other smaller oscillations and will consequently begin to grow at the

expense of all other oscillations within the cavity. As the oscillation grows, its leading edge

will erode due to the saturation of the absorber dye solution and its trailing edge will be

eroded by gain saturation within the gain medium. This erosion helps reduce the overall pulse

duration until its bandwidth equals the gain bandwidth of the gain medium.

Many improvements of modelocking techniques were developed such as regenerative [66],

coupled-cavity [67-69] and colliding-pulse [70, 71] modelocking. Further improvement was

made when organic dyes started being replaced by new solid-state materials such as

Ti:Sapphire (TiiAFCb). These materials possessed much larger gain bandwidths than organic

dyes, opening the possibility of reducing pulse durations even further. The real break-through

came in 1990 when a technique known as self-modelocking was discovered [51, 53],

1.6.1.3 Self-Modelocking

Self-modelocking, often referred to as Kerr-lens modelocking (KLM), uses a couple of third-

order nonlinear effects described in section 1.5.2.1, specifically self-phase modulation and

self-focussing. It was discovered that, when a large noise spike was introduced into a laser

cavity during normal CW operation, a high enough intensity existed to cause self-focussing

within the gain medium (Ti:Sapphire). When the laser cavity was correctly adjusted the

focusing effect resulted in the noise spike experiencing lower loss than that of CW operation

because of its different mode size. By adding apertures into the cavity it was therefore

possible to force the laser to favour pulsed operation rather than CW operation. Two different

types of apertures exist - soft and hard. Hard apertures consist of physically placing actual

apertures within the cavity, usually at each end of the cavity. A soft aperture carefully aligns
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the pump source so that there is greater overlap during pulsed operation rather than in CW

operation. This leads to a larger gain for pulsed operation thus causing the laser to remain

stably modelocked. Self-phase modulation also occurs within the gain medium, helping to

broaden the pulse so that shorter pulse durations are possible. Since Ti:Sapphire has an

extremely large gain bandwidth, SPM is able to broaden the pulse enormously, thereby, in

theory enabling pulses as short as 3 fs to be produced. Of course to obtain such a short pulse

experimentally is extremely difficult because the intracavity dispersion must be controlled

precisely. Using carefully engineered double chirped intracavity mirrors, sub 5fs pulsed have

recently been generated directly from a Ti:sapphire oscillator [37]. In Ti:Sapphire lasers a

prism-pair arrangement is most commonly used within the laser cavity to provide the negative

dispersion that compensates for the positive dispersion created by material dispersion and

self-phase modulation.

1.7 Laser sources

Two separate Ti:sapphire lasers were used during the course of this thesis. Both lasers used a

Spectra Physics 5W Millennia (diode pumped Nd:V04 frequency-doubled CW laser at

532nm) as the pump source.

focal focai

Figure 1.9 Optical layout of the 'Stingl' Ti:Sapphire laser

Figure 1.9 shows the optical arrangement of the Stingl TirSapphire laser which was used in

the majority of the work carried out within this thesis [72]. The use of chirped mirrors

enabled the cavity design to be very straightforward. The chirped mirrors had been designed
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to produce enough negative dispersion to compensate for the positive dispersion created

within the Ti:Sapphire crystal. By translating one of the chirped mirrors, a noise spike was

introduced into the cavity that was large enough to initialise modelocking. This laser had an

average output power of ~250mW and had a repetition rate of ~80MHz. Two extra-cavity

chirped mirrors were used to compensate for the positive dispersion put onto the pulse by the

output coupler and compensation plates. It was possible to vary the chirp on the pulse by

using multiple reflections off these two mirrors. The use of chirped mirrors limited the

tunability of this laser and always operated at a centre wavelength of 790nm, producing

pulses with durations of ~30fs.

mirror

mirror mirror

Figure 10 The optical arrangement ofa Ti.sapphire laser with intra-cavity prisms to compensatefor

positive dispersion

The second laser, shown in Figure 1.10, was used throughout Chapter 6. The intra-cavity

negative dispersion was obtained using a prism pair arrangement. By varying the prism

insertion, the positive dispersion created within the Ti:Sapphire crystal was compensated. The

laser could be tuned to operate at different wavelengths by either varying the alignment of the

cavity or by placing a slit after the prism arrangement. The laser normally operated at a centre

wavelength ~815nm to produce 50 fs, transform limited pulses. Its repetition rate was around

~80MHz and had an average output power of~800mW.
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1.8 Conclusion

Within this chapter I have given an introduction to the applications, behaviour and production

of ultrashort laser pulses all of which are vital for the full understanding of this thesis

material. One vital area has yet to be discussed and involves the techniques used to measure

ultrashort pulses. Since the majority of the material within this thesis concerns itself with

pulse characterisation, chapter 2 goes on to describe in detail the many techniques that have

been used characterise ultrashort pulses.
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CHAPTER 2

Ultrashort pulse measurement techniques

2.1 Introduction

Chapter 1 gave an introduction to a number of key aspects related to the creation and physical

characteristics of an ultrashort pulse. Contained within this chapter is a description of the

non-trivial task of measuring these pulses. So how exactly do we manage to measure the

fastest ever man made event? Ideally we would like to characterise pulses in both frequency

and time. A frequency measurement is perhaps the simplest of all pulse characterisation

techniques as it just involves passing pulses through a spectrometer and recording the

resulting spectrum. The temporal measurement of pulses is more demanding. To be measured,

an event in time normally must be compared with something shorter. In the case of ultrashort

laser pulses this is not possible because there is no faster event to compare it with. If this were

not a difficult enough problem to solve, we would also ideally like to know the chirp of the

pulse, ie to have knowledge of the arrival time of each spectral component of the pulse. Many

techniques have been devised over the past two decades that are able to characterise ultrashort

pulses. It is beyond the scope of this chapter to describe all of these techniques, and instead,

only the most common techniques will be described.

2.2 Temporal pulse measurements - SHG autocorrelation

One of the first ever techniques used to measure the temporal features of ultrashort pulses is a

second-harmonic generation (SHG) autocorrelation[l-3]. The technique is still commonly

used in ultrafast science laboratories due to its simplicity and fast update rate.
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SHG crystal

detector
oscilloscope

L
Figure 2.1 Optical arrangement ofa SHG autocorrelator

The optical setup is based on a Michelson interferometer. The pulse is initially split into two

copies, each travelling down a separate arm. By varying the relative delay between the two

sub-components pulses by moving one arm back and forth, they exit the interferometer with a

fixed delay, x, and are spatially overlapped with one another within the second harmonic

crystal. The net field in the crystal resulting from the two overlapping pulses is:

E(t) + E (t - r) (2.1)

where x is the delay of the second pulse with respect to the first. The signal within the SHG

crystal can be described by:

GW= j|[£(r) + £(r-r)]; dt (2.2)

where E(t) is defined as:

E(t) = s(t)e'me (2.3)

where £"(/) represents the real electric field amplitude of the pulse and ^(/) its phase at

frequency O)0. The frequency doubled signal from the SHG crystal has a quadratic response
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to intensity. By detecting this frequency doubled signal using a photomultiplier tube, a

temporal measurement is transformed into a spatial (or delay) measurement. For ultrashort

pulses the thickness of the doubling crystal must be chosen carefully to ensure, firstly, that

there is an adequate phase-matching bandwidth and, secondly, that group velocity mismatch

(GVM) [4] is kept to a minimum, otherwise distortion of the pulse will occur [5], The signal

measured by the detector is the interferometric autocorrelation of the pulse and is

mathematically described in normalised form as:

oo . 2

J [£(f)+ £(? +r)]" dt
&M=- ^ (2-4)

2j|£(f)| dt

The maximum and minimum value of each fringe half-period, for a transform-limited pulse,

corresponds to a change of delay of Ar = ±7T/co . By plotting an array of these minimum

and maximum values, two envelope functions can be created, one for the upper bounds of the

fringes, g„, and one for the lower bounds of the fringes, gf.

co

J|f(7) + £(7-r)| dt
- (2-5)

2 j^4 (t)dt
—oo

co

||^(/)-£(/-r)|4 dt
ftW =- « (2.6)

2 je4 (t)dt
-oo

Provided the pulses are near transform limited, the interferometric autocorrelation trace is

self-calibrating because the time period between each fringe is known (2.67fs per fringe at

800nm). From Equations (2.5) and (2.6) it is observed that the overall maximum and

minimum values are when the delay is zero (t=0) so that equation (2.4) becomes

f\2E(t)\4 dt 1A8>W=\ f =T = 8 (2J)2j|£(f)| dt 2
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and when r —> ±00

jinora+jiitora()_ (2.8)

From equations (2.7) and (2.8) we can see that an interferometric autocorrelation has a

contrast ratio of 8:1.

8r

-60 -40 -20 0 20 40

Delay (fs)

Figure 2.2 An interferometric autocorrelation trace ofa 30fs sech2 pulse that is centred at 800nm,
where Gfis the solid black line, Gfu is the solid red line and Gji is the solid blue line[6]

For chirped pulses, the upper and lower envelopes of the interferometric trace will become

distorted as the two electric fields will only interfere perfectly when they are exactly

overlapped in time (t=0). Consequently, an interferometric autocorrelation does hold some

phase information and attempts have been made to extract phase information from the trace

[7]. This technique was found to be difficult and prone to experimental errors and

consequently is not often used. More recently, using a technique called PICASO [8] greater

success has been achieved into retrieving phase information from these traces. Due to the

envelope distortion it is not advisable to infer direct pulse duration values from an

interferometric autocorrelation trace.
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The interferometric (or fringe resolved) signal can only be experimentally acquired if the

entire detection system has a fast enough time response so that the detection signal rise time is

faster than the time for the delay to scan through one fringe. If the time response is slower

than this, the intensity autocorrelation is recorded. The intensity autocorrelation is a time

averaged autocorrelation trace resulting in all of the phase information being removed. The

intensity autocorrelation trace can be described as:

CO

2 J l(t)l(t-r)dt
G2(T) = 1 +^^ (2.9)

jl(tfdt
—00

When x=0 and+Q0 equation (2.9) produces values of 3 and 1 respectively, hence for an

intensity autocorrelation a contrast ratio of 3:1 is found

Figure 2.3 An intensity autocorrelation trace ofa 30fs sech2 pulse that is centred at 800nm

As the intensity autocorrelation contains no phase information, unlike an interferometric

autocorrelation trace, it does not get distorted by the presence of frequency-chirp on the pulse.

This makes intensity autocorrelation the preferred technique for pulse duration measurements.
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To calculate the pulse duration from the pulse autocorrelation one has to assume a shape for

the pulse. The full-width-half-maximum (FWHM) of the pulse autocorrelation is equal to the

actual pulse duration multiplied by a conversion factor that depends on the assumed pulse

shape and the type of autocorrelation that is used. The FWHM of an autocorrelation trace, At,

is related to the pulse duration, Axp by the following expression:

At
A rp=— (2.10)

_(2
Table 2.1 outlines the values of the conversion factor k for pulses with a Gaussian (e ) and

sech2(t) intensity profiles along with their respective pulse duration bandwidth product,

AvArp , of the transform-limited pulse shape.

Pulse profile

Conversion factor k

A vAr
pIntensity Interferometric

Gaussian 1.414 1.697 0.441

sech2 1.543 1.897 0.315

Table 2.1 Interferometric and intensity autocorrelation conversion factors with the pulse duration
bandwidth product of the transform limitedpulse profile

Although intensity autocorrelations do not contain any phase information, researchers have

devised extensions of the autocorrelation techniques to extract complete phase information [8-

11]. One of the most successful of these techniques is PICASO (Phase and Intensity from

Cross correlation And Spectrum Only) [8]. PICASO uses an unbalanced Michelson

interferometer to measure the cross correlation between the original pulse and a replica which

has passed through a linear element with known dispersive properties. This measurement

when combined with the experimentally-measured pulse spectrum, allows the determination

of the phase of the pulse. Although the technique works adequately, the retrieval algorithm

used to obtain the pulse information is slow and prone to undetectable experimental errors.

Consequently the methods described later in this chapter are preferable for complete pulse
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characterisation. Third-order autocorrelations[12-15] have also recently been used to try and

improve the PICASO characterisation technique [13].

Recent developments have helped to reduce the complexity and expense of typical

autocorrelators by using semiconductor devices such as a photodiode or LED [16-20]. If the

energy bandgap of the semiconductor is given as Eg, then under normal circumstances, where

photon energies are greater than Eg, linear absorption occurs producing a linear response with

respect to input power. It has, however, been discovered that at sufficiently high intensities

where the photon energies are less than Eg but greater than Eg/2, a quite efficient two-photon

absorption process occurs. Here the current produced from the device has a quadratic

response to input intensity. By selecting the correct semiconductor device for a specific

wavelength, the two-photon quadratic response is equivalent to the conventional combination

of a SHG crystal and a photomultiplier tube. This cheaper method is also ideal for use with

ultrashort pulses due to its large bandwidth. This large bandwidth is due to the two-photon

process being able to detect photon energies ranging from 'AEg to Eg. Other advantages are

that two-photon detection is polarisation insensitive and phasematching is not required. Figure

2.4 shows a low dispersion two-photon autocorrelator designed as part of this research project

that is capable of measuring sub 10-fs pulse durations.
focal mirror
(f=100mm)

Digital signal
generator

focal mirror
mounted on
speaker

input pulse
(f=100mm)

< ►

"I two-photon
detector

j (photodiode) oscilloscope

Figure 2.4 The optical arrangement for the two-photon, low dispersion, autocorrelator
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Various semiconductor materials have been used to measure the autocorrelations of ultrashort

pulses and table 2.2 summarises some published two-photon absorption autocorrelation

results [18].

Device

Measured

wavelength
(pm)

Pulse
duration
measured

Reference

GaN 0.415-0.630 80-285 fs [20]

SiC photodiode 0.500-0.600 15fs [17]

ZnSe array 0.8 85 fs [16]

AlGaAs LED 0.8 90 fs [19]

SiC photodiode 0.420-0.760 90 fs [21]

GaAs p-i-n waveguide 1.5 150fs [22]

AlGaAs waveguide 0.8 17.7fs [23]

ZnSe photoconductive
switch

0.8 120 fs [24]

GaAs, GaP photodiodes 0.8 6 fs, lOOfs [25, 26]

InGaAs photdiode 2.5 , 3.45 90 fs [27]

Si photodiode 1.5 1.6 ps [28]

AlGaAs LED 0.8 90 fs [19]

InGaAs waveguide 1.55 >50 ps [29]

GaAs / AlGaAs

Quantum well

10.6 3 ps [30]

GaAs / AlGaAs waveguide 1.06, 1.3 >13 ps [31]

Csl, Cul photcathode 0.213-0.532 >10 ps [32]

GaAs substrate 0.93 >2.1 ps [33]

GaAs / AlGaAs waveguide 1.06 88 ps [34]

Si, GaAsP photodiode
CdS photocell

1.06

1.91

30 ps [35]

Table 2.2 Some published two-photon absorption autocorrelation measurements outlining the device
used andpulse measured

Some of the published work outlined in Table 2.2 relied on specially fabricated device that are

not readily available. Consequently, table 2.3 lists commercial products than can bought 'off

the shelf [18]
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Device Product
Wavelength

range (nm)

Si photodiode FND100 (EG&G) 1100-2100

GaAsP photodiode G1115 (Hamamatsu) 700-1400

GaAsP photodiode G1116 (Hamamatsu) 700- 1400

AlGaAs LED 564-015 (RS Compnents) 660- 1320

InGaAs G3476-10 (Hamamatsu) 1800-3600

GaAs LED 195-344 (RS Components) 950 - 1900

GaAs edge-emitting LED S86018E 950- 1900

InGaAsP laser diode NLK1301 CCA (NEL) 1300-2600

Table 2.3 Table ofcommercially available two-photon detectors

2.3 Techniques allowing the full characterisation of an ultrashort pulse

Surprisingly, before the early 1990's, there was no easy technique that allowed the phase and

intensity of a pulse to be measured, and it was only when Trebino's group, in 1993, came up

with a technique called Frequency Resolved Optical Gating (FROG) that phase could be

successfully measured[36-38] . The years that followed this discovery resulted in a vast array

of alternative techniques being devised, some of which are variations of FROG, and some of

which rely on totally different processes. All these techniques have various distinctive

advantages and disadvantages and have led to much heated debate within the ultrafast

community, over which technique is ultimately the best. In fact the truth is that it is not

possible to say which single technique is best, because a method that is well-suited for a

particular pulse duration and wavelength may not be the best for different pulse parameters.

In this section I shall discuss the many various techniques that provide full characterisation,

outlining their relative advantages and disadvantages.

So, what exactly does the full characterisation of an ultrashort pulse really mean? Until

recently (and for the purposes of the majority of this section), the definition of 'full

characterisation' shall refer to techniques that can determine the intensity and phase of the

spectral and temporal components of an ultrashort pulse without the need to assume the

38



Chapter 2: Ultrashort pulse measurement techniques

temporal pulse shape (as is the case for an autocorrelation measurements). These techniques

assume that the phase across the spatial profile of the pulse is constant and are in essence used

to perform spatially integrated measurements. Although this type of spatial integration is fair

in the majority of applications it is not of course true. Due to nonlinear optical processes and

frequency-dependent mode sizes (FDMS's) [39], which can lead to laterally changing spectral

content of the beam, spatial distortion is known to occur in some complex broadband

amplifier chains and in sub-10 fs Ti:sapphire lasers[40]. With the emergence of techniques

that offer spatially resolved amplitude and phase characterisations [41] there is now strong

debate among the scientific community over whether the term "full characterisation" should

be used exclusively to describe these techniques.

There are two main categories of characterisation techniques that allow determination of the

intensity and phase of a pulse. Firstly there are those that work in the time-frequency domain

and, secondly, there are the alternatives that rely on interferometry. I shall describe these two

approaches in turn, starting with methodologies that work in the time-frequency domain.

2.3.1 Methodologies working in the time-frequency domain

Simple techniques such as measuring the pulse spectrum or autocorrelation are constrained in

either the frequency or time domain respectively. It is, however, possible to make

measurements in both regimes at the same time and this measurement-space is referred to as

the time-frequency domain. Millions of musicians around the world are familiar with this

approach, the reason being that a musical score is an excellent example of a signal expressed

in the time-frequency domain (Figure 2.5).

Figure 2.5 A musical score, an example ofworking in the time-frequency regime
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The frequency (or wavelength) being played depends on the position of the note within the y-

axis. The time at which the note is played is dependent upon the position of the note within

the x-axis. Also, how loud this note is played (or intensity) is dependent upon whether the

score indicates for example fortissimo (loud, or high intensity) or pianissimo (soft, or low

intensity).

A musical score is an example of a spectrogram, and an analogous optical spectrogram can be

written as:

SP(O),T) = |E(t)G(t -r)exp(-icot)dt (2.11)

where G(t-r) is the varying delay gate function so that the spectrogram is simply a set of

spectra of gated sections of E(t) as the delay, t, is varied. Spectrograms are very intuitive to

consider because they allow a quick visual determination of which frequencies arrive earliest.

An alternative to the optical spectrogram exists so that instead of first gating in time (as in a

spectrogram), the frequency is gated first. This is called a sonogram [42-44]:

SN(t,Q) = J E(a>) G (ry -Q) exp (-/eft) dco (2.12)

Here, G(co-G) is the varying frequency gate so that a sonogram records the group delay of

each frequency component using the frequency filter G(co) followed by a time-resolved

measurement of its intensity. This technique is described in much more detail within

Chapters 4 and 5.

All measurement techniques that work within the time-frequency domain strive to measure

either the spectrogram or sonogram of the pulse. The following few sections describe how

this can be done experimentally along with the processes used to extract (or retrieve) pulse

information from the spectrogram or sonogram. Much of this thesis describes time-frequency

techniques, and consequently a detailed introduction is provided here.
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2.3.1.1 Frequency Resolved Optical Gating (FROG)

Until as late as 1993, the problem of how to determine the phase of a pulse had yet to be

tackled satisfactorily or reliably. It was only when, in 1993 that Trebino and co-workers

developed a technique called Frequency Resolved Optical Gating (FROG) [36-38, 45] that the

possibility of phase measurement was realised. FROG is a technique that makes it possible to

record experimentally the pulse spectrogram. It does this by spectrally resolving the signal

beam produced by any second-harmonic or frequency-mixing autocorrelation measurement.

As there are several beam geometries capable of performing autocorrelation measurements,

there are consequently many different FROG varieties, each of which has its own distinct

advantages and disadvantages. All of these techniques allow the experimental determination

of the pulse spectrogram.

Polarisation-gate FROG (PG-FROG)

Polarisation-gate FROG relies on the optical Kerr effect, a third-order susceptibility (see

Chapter 1). The intensity of a pulse is split into two equal parts. The first part, called 'the

probe' passes through a polariser, while the second, called the 'gate' is sent through a half

wave-plate to provide a ± 45 degree linear polarisation with respect to that of the probe. The

two beams are then spatially recombined with one another within a material that has a very

fast third-order susceptibility such as fused silica. The probe then passes through a polariser

or analyser which is oriented so that it prevents transmission of the probe (ie crossed with

respect to the first polariser). Under normal circumstances no light will pass through the

analyser but as the gate is scanned in delay and the probe and gate overlap temporally (as well

as spatially), the intensity of the gate pulse can be sufficient within the fused silica to induce a

birefringence thereby allowing some of the probe intensity to be transmitted through the

analyser to be detected. As the gate is scanned in delay a measurement of transmitted intensity

versus delay can be recorded to yield an autocorrelation. By inserting a spectrometer after the

polariser, the light passed through the analyser can be spectrally resolved with respect to
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delay and thus the PG-FROG trace can be generated. Figure 2.6 shows the schematic of the

PG-FROG setup.

Waveplate

Polariser

Prism Lens

•A H
Camera

Figure 2.6 Schematic representation ofthe PG FROG optical setup

The PG-FROG trace can be described mathematically by the following expression:

2

^FROC, (®> exp {-icot^dt (2.13)

PG-FROG offers many advantages, the first of which is that traces generated using PG-FROG

are very intuitive and accurately reflect the pulse frequency versus time. This, as will be

evident later, is not always the case with FROG traces. There are also no ambiguities in the

trace such that a PG-FROG trace yields a complete pulse characterisation and, because it uses

third order nonlinearities, no phase matching is required making the optical setup and

alignment relatively simple.

Disadvantages with this technique include the need for very high quality and thus expensive

polarisers. Even using high quality polarisers, a PG-FROG trace will suffer some polariser-

leakage background noise[46]. The need for polarisers also means that the pulse must travel

through a substantial amount of glass before it is measured. For longer pulses this is not a

problem, but as the pulse duration is reduced material dispersion in the polarisers causes the

pulse to distort dramatically. Although this effect can be taken into account it is not ideal and

other FROG techniques are better suited for characterising ultrashort femtosecond pulses. The

shortest ever pulse measured using PG-FROG was 30fs [47] and this used a thin-film

polariser to avoid these effects of material dispersion. Another consequence of having to pass

42



Chapter 2: Ultrashort pulse measurement techniques

through a large amount of glass in the polarisers is that it makes PG-FROG not suitable for

measurement of ultra violet pulses.

Second-harmonic-generation FROG (SHG-FROG)

SHG-FROG[36, 38, 48-51], as the name suggests uses the same autocorrelation geometry

described earlier (section 2.2) for a SHG-autocorrelator. The identical optical arrangement

can be used as in the SHG autocorrelator except that instead of using a photomultiplier to

detect the frequency-doubled light, a spectrometer in conjunction with a CCD array is used to

spectrally resolve the frequency-doubled light at various time-delay positions.

The SHG-FROG trace can be described mathematically by the following expression:

which illustrates (see equation (2.11)) that in SHG-FROG the gating pulse is identical to the

probe pulse.

There are many advantages associated with SHG-FROG that make it the most commonly

used FROG technique. The main advantage is that, with the exception of methods using

cascaded second-order nonlinearities [52], SHG-FROG is the only FROG technique that

relies on second-order nonlinearities, making SHG-FROG very sensitive. Also, SHG-FROG

unlike PG-FROG introduces very little material dispersion, especially since material

dispersion after the doubling crystal does not affect the measurement because the spectral

rather than temporal characteristics are recorded. This characteristic makes SHG-FROG ideal

Camera

Figure 2.7 Schematic representation ofthe SHG-FROG optical setup

2

(2.14)
—CO
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for the measurement of very short pulses where material dispersion needs to be kept to a

minimum. One criterion that must be seriously considered when contemplating measuring

ultrashort pulses with SHG-FROG is to ensure that the SHG crystal will have sufficient

bandwidth to allow frequency doubling of the entire bandwidth of the pulse. This problem is

caused by phase mismatch within the crystal and is described more detail in section 6.2. This

phase shift is reduced by minimizing the interaction length (ie. reduce crystal thickness). The

SHG crystal bandwidth is inversely proportional to the crystal thickness, thus the shorter the

measured pulse, the thinner the SHG crystal must be so that the measurement of sub 10 fs

pulses typically requires a ~10 pm thick SHG crystal [53]. The use of such a thin crystal

reduces the peak conversion that could be achieved with longer crystals and thus the

sensitivity is drastically reduced. When the crystal is too thick, the spectrum recorded at each

delay position will become narrower than it should be, resulting in the FROG trace becoming

distorted. There are simple techniques described later in chapter this (section 2.3.1.3) that

ensure systematic errors such as these are detected.

Recently, progress has been made to develop a technique that addresses the SHG crystal

bandwidth problem [54], The technique uses a thick SHG crystal which, in a normal SHG-

FROG setup there would be insufficient bandwidth to successfully record an SHG-FROG

trace (a 1mm thick BBO crystal is used to measure 70fs). However O'Shea et al point out that

only the phase-matching bandwidth integrated over the measurement period need exceed the

pulse bandwidth. This statement is actually saying that in a multishot measurement, only a

fraction of the pulse spectrum needs to be phase matched in one shot, as long as the remaining

portion of the pulse spectrum achieves phase-matching on other shots during the

measurement. Phase matching across all parts of the pulse spectrum is achieved by angling

the crystal such that by angle-dithering the crystal the effective phase-matching bandwidth is

increased. An advantage of this technique is that the crystal can be thicker so that the SHG

efficiency is greatly enhanced and this yields a significantly greater signal strength.
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The requirement for phase matching has already been discussed but there are other

disadvantages associated with SHG-FROG. Unlike PG-FROG, SHG-FROG has a number of

ambiguities, the main one being in the direction of time. The pulse, E(t), and its time reversed

phase-conjugate replica E*(-t), both yield the same SHG-FROG trace. This has the effect of

making the SHG-FROG trace symmetrical with respect to delay and thus making it very

unintuitive to look at. As a consequence of this, the sign of chirp on the pulse cannot be

determined.

Self-diffraction FROG (SD-FROG)

SD-FROG was the first ever demonstration of frequency resolved optical gating [38]. The

technique used is similar to PG-FROG in that it uses the optical Kerr effect to provide the

process of optical gating. In SD-FROG no polarisers are used so that the two beams

interacting within the third-order nonlinear medium have the same polarisation. This has the

effect of generating a sinusoidal intensity pattern that constitutes a grating within the material.

By spectrally resolving one of these diffracted beams, a SD-trace can be produced.

Prism Lens

£* hfl
Camera

Figure 2.8 Schematic representation of the SD-FROG optical setup

The SD-FROG trace can be described mathematically by the following expression:

2

IFROG (ty'r) ~ (*£(/) E{t — r~) exp(-icot)dt (2.15)

The absence of polarisers has enabled SD-FROG to measure deep UV pulses successfully in a

single shot regime [55], SD-FROG is, unfortunately, very susceptible to phase mismatch and
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as phase mismatch is highly dependent upon frequency and because ultrashort pulses have a

wide frequency bandwidth, SD-FROG is not suited for pulses that have durations below

lOOfs.

Transient-gating FROG (TG-FROG)

TG-FROG [56] is a more recent FROG based geometry with which the advantages associated

with PG-FROG and SG-FROG can be maintained while eliminating their respective

disadvantages. TG-FROG uses a three-beam geometry shown below in Figure 2.9

Prism Lens

Ĉamera

%<3)

Figure 2.9 Schematic representation ofthe TG-FROG optical setup

Two beams are used to create the refractive index grating (as in SD-FROG) by being

overlapped temporally and spatially within the nonlinear medium. The third beam is scanned

temporally while passing through the refractive index grating created by the other two beams.

The diffracted fourth output beam is detected and spectrally resolved to produce the TG-

FROG trace. Figure 2.10 shows the most common optical arrangement used for this

technique, known as the BOXCARS arrangement.
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Figure 2.10 (a) the BOXCARS arrangementfor TG-FROG with (b) 3-D interpretation ofthe beam

geometries

The mathematical expression describing TG-FROG is dependent upon which one of the three

beams is varied in time. When pulse 2 (in Figure 2.10) is delayed relative to pulses 1 and 3

the expression is given as:

(t,r ) = E,(2.16)

As it is known that all three pulses are identical (ie Ei=E2=E3), the expression can be reduced

to give:

E™(t,T) =E(t)2E-(t-r) (2.17)

Equation (2.17) is exactly the same as the SD-FROG signal electric field and consequently

results in the identical trace. If pulse 1 or pulse 3 (in figure 2.10) is used as the temporally

varying pulse the signal electric field becomes identical to that of PG-FROG (with a reversed

sign of delay):

E™=E(t)\E(' +*f <218)

So, in essence, TG-FROG can produce what is equivalent to a PG-FROG trace but with the

advantage of not requiring any polarisers. This allows TG-FROG to be used to measure much
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shorter pulses and pulses that have wavelengths in the deep-UV. TG-FROG, unlike PG-

FROG, yields a background free signal, making it a much more sensitive technique. Unlike

SD-FROG, TG-FROG is phase matched so that long interaction lengths can be used, resulting

in enhanced signal strengths, this therefore helps TG-FROG to also be more sensitive than

SD-FROG.

Third-harmonic-generation FROG (THG-FROG)

In TF1G FROG, yet another third-order nonlinearity process has been used successfully to

obtain a FROG trace [57], Usually third harmonic generation is an extremely weak process

but it is found that by spatially overlapping the pulses at an air-dielectric interface, the

normally weak THG process becomes much stronger; this is known as surface third-harmonic

generation (STHG) [58].

Prism
30) a Lens

Camera

Figure 2.11 Schematic representation ofthe THG-FROG optical setup

The THG-FROG trace can be described mathematically by the following expression:

\E(t)2E(t-r)exp {-icot^dt (2.19)

THG-FROG is by far the most sensitive of the third-order FROG techniques and along with

SHG-FROG is the only FROG technique capable of characterising pulses directly from an

oscillator (ie. unamplified pulses). An advantage of THG-FROG is that because the

interaction is localised at the surface of a material, the conversion bandwidth is very large,

making it viable for measurement of very short pulses. THG-FROG traces are not as intuitive

as other third-order techniques although they do have slight asymmetry that can distinguish

between whether the pulse has negative or positive chirp.
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2.3.1.2 Other techniques deriving from FROG

Described in section 2.3.1.1 are the 'normal' FROG geometries that exist and have been

demonstrated experimentally. There are also a subset of characterisation techniques that,

although based on the FROG technique, vary slightly in operation, making it either simpler to

measure a FROG trace or making it possible to measure pulses that would otherwise be

thought impossible with more traditional techniques. In this section some of these techniques

will be highlighted.

GRENOUILLE

Researchers involved with pulse characterisation schemes seem to have an unofficial

competition to see who can come up with the most intriguing acronyms for new

characterisation techniques. This is certainly the case for GRENOUILLE (the French word

for frog) which is an acronym for GRating-Eliminated No-nonsense Observation of Ultrafast

Incident Laser Light E-fields !!!!!. Yes, it is a daft name, however the technique that it

describes a quite logical extension to FROG.

GRENOUILLE is a new SHG-FROG optical arrangement that provides a much-simplified

way of obtaining a trace. The optical arrangement (Figure 2.12) consists of only 6 optical

elements, three cylindrical lenses, a Fresnel biprism, a SHG crystal and a CCD camera.

Cylindrical Fresnel g^ Cylindricallens biprism crystal lenses Camera

Figure 2.12 The GRENOUILLE optical arrangement consisting ofafew cylindrical lenses, CCD

camera, fresnel biprism and a thick SHG crystal

49



Chapter 2: Ultrashort pulse measurement techniques

The first thing to notice in the optical arrangement is that there is no scanning delay line or

spectrometer. The delay line has been replaced by a Fresnel biprism. This simple optical

component separates the beam into two separate beams and recombines them at an angle

within the crystal, resulting in the delay of the pulse being mapped horizontally across the

crystal. This in turn can then be imaged across the horizontal axis of the camera. The

frequency-resolving component is in fact the SHG crystal. Phase-mismatch (section 6.2) is

normally a problem as it restricts the frequency bandwidth of the crystal thus requiring thin

crystals for the measurement of ultrashort pulses. In GRENOUILLE, this is an advantage,

because the crystal acts as a wavelength filter so that the wavelength achieving the phase-

matching criteria varies linearly with crystal incidence angle. By focussing in the vertical

plane, a large divergence is achieved, so that when a couple of Fourier-transforming lenses

are aligned with the SHG crystal being placed within the Fourier plane, a map of wavelength

can be imaged in the vertical plane of the CCD camera.

Side View

Cylindrical Fresnel curs
lens biprism crystal

Top View

FT lens

imaging lens

1*
Ivy;*'

r-'-V-Jt—tiXi-V

1= T(X)< J—►

Camera

Figure 2.13 The side and top geometries ofthe GRENOUILLE optical arrangement
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Figure 2.13 helps clarify how the frequency (side view) and temporal (top view) components

are resolved. A f/2 cylindrical lens is used in the horizontal axis so that any fundamental light

could be filtered out at the line focus using a vertical slit.

Obviously the main advantage of GRENOUILLE is its simplicity because the ease of

alignment makes the technique extremely attractive. Also, the use of a thick SHG crystal

dramatically increases the output signal power and makes GRENOUILLE an extremely

sensitive technique. Although measurement of lOOfs pulses has been demonstrated, the

measurement of shorter pulses would need to consider carefully the thickness of the crystal. If

the crystal was too thick then group velocity dispersion would start distorting the pulse being

measured and this is obviously undesirable. Other disadvantages include the limited flexibility

of the GRENOUILLE setup. The delay across the crystal is solely dependent upon the Fresnel

biprism such that, if the pulse was to dramatically change in duration or chirp, there will

either be insufficient or too large delay so that resolving the pulse on the CCD camera would

become a challenge. To solve the problem, the Fresnel Biprism would need to be replaced and

the calibration would need to be repeated.

TADPOLE

TADPOLE (Temporal Analysis by Dispersing a Pair Of Light E-fields) is a pulse

characterisation technique capable of measuring pulses with tiny energies (zeptojoules (10 21~

J)) [59]. The technique relies on the assumption that a pulse with a small intensity will have

originated from a more intense source. Using FROG, the more intense pulses can be fully

characterised and used as a reference pulse for spectral interferometry [60], Spectral

interferometry consists of measuring the spectrum of the sum of a reference pulse and an

unknown pulse. By fully characterising the reference pulse (using FROG) there is sufficient

information to determine the unknown pulse.
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reflector

Figure 2.14 Optical arrangement TADPOLE, usedfor the measurement ofextremely weak ultrafast

pulses

TADPOLE is also an excellent method for the measurement of pulses that have complex

shapes. To measure such pulses using traditional FROG techniques requires long traces and

thus takes time for the pulse information to be retrieved. The use of TADPOLE applies only

to the characterisation of a simple smooth pulse and a single spectra. A restriction to this

technique is that the reference pulse must have a broader spectrum that is centred at the same

wavelength as the measured pulse.

There is a further derivative of TADPOLE called POL1WOG (POLarised Light Interference

versus Wavelength of Only a Glint) [61] that is also able to time resolve the polariation state

of very weak ultrashort pulses.

-1%
reflector

►

half-wave plate t weak pulse

FROG

Spectrometer

Figure 2.15 Optical arrangement POLIWOG
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The reference pulse is linearly polarised at 45° so it has equal x and y components. Once

recombined with weak pulse, these are passed through a polariser cube so that the horizontal

and vertical polarisation states are separated. The spectra of both beams are then measured

and have the form:

4(®) =4H+^4)+2V44)V4Hcos[44)-44)-(2-2°)
where I'si (<y)and I'ref (ry)are the spectra and (rw) and <f>'ref (&>) are the phases of the

signal and the reference pulses respectively. Since both the amplitude and phase of the

reference pulse are known, by using one of several fringe inversion routines, the signal pulse

information for both polarisation states can be gained [62].

TREEFROG

TREEFROG[63] (Twin Recovery of Electric-field Envelopes by use of FROG) is a technique

capable of simultaneously measuring two separate pulses that have different phase but

identical spectra. All previously mentioned FROG techniques use the pulse to gate itself so

that the autocorrelation is frequency resolved. TREEFROG uses a different pulse as the gate

function so that the cross-correlation and not the autocorrelation is frequency resolved. The

SHG version of TREEFROG can be described mathematically as:

2

KREEFROG4' r) ~ J Ep (t)EK (t -T)exp(-ia>t)dt (2.21)

where Ep and Eg are the two separate pulses that are to be measured (called probe and gate).
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Figure 2.16 Optical arrangement ofTREEFROG

At first, the problem of obtaining the characteristics of both pulses, without initial knowledge

of either pulse seems insurmountable. This problem was already solved within the area of

image science where a technique was available which allowed one to extract the image and an

unknown blurring function from a blurred image. This method is known as two-dimensional

blind deconvolution [64] and is described in more detail in section 2.3.1.3. Using this

technique, TREEFROG can successfully characterise both the gate and probe pulse.

X-FROG[65J is closely related to TREEFROG so that instead of using the same pulse as the

gate function (as in FROG), two separate pulses are used as the gate and probe. The

difference between the two techniques is that X-FROG can use two pulses that have differing

phase AND spectra. Using sum-frequency mixing [63] or difference-frequency mixing [66] of

the two pulses, the resulting cross-correlation is spectrally resolved to yield the X-FROG

trace.

X-FROG was first developed to be an alternative to TADPOLE to avoid the need for spectral

interferometry. It used to be the case that both techniques required a fully characterised

reference pulse for the unknown pulse to be successfully retrieved. By using an algorithm

Cross-FROG (X-FROG)
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similar to that used in TREEFROG, it has recently been demonstrated that X-FROG does not

need any prior knowledge of either of the pulses for both to be successfully retrieved [67], In

this demonstration, a 4pm mid-IR pulse from an Optical Parametric Oscillator (OPO) was

characterised by mixing with the 770nm OPO pump pulses.

4f

Figure 2.17 The optical setup used to characterise two unknown pulses usingXFROG [67]

The fundamental advantage of X-FROG is its capability to fully characterise weak ultrashort

pulses in the mid-IR [67] and deep UV [66] spectral regions.

2.3.1.3 The retrieval of FROG traces

So far we have discussed the various techniques that are capable of experimentally acquiring

a time-frequency trace of a pulse (or pulses). Although some of these traces are fairly intuitive

and one can approximate the chirp of a pulse, there is a need to utilise the trace to obtain an

accurate characterisation of the pulse. At first, the problem of extracting data from a FROG

trace seems to be intractable and, although the first time-frequency measurement was taken in

1971 by Treacy [44] it wasn't until 1993 when Trebino's group successfully devised a

technique capable extracting pulse information from a spectrogram [36-38, 45] that time-

frequency characterisation techniques became established, and the rest as they say is history.
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Many retrieval algorithms have been developed to extract the pulse characteristics of a

spectrogram or sonogram [36, 37, 68-73], Over recent years, one specific technique has

become the standard algorithm due to its fast computation speed and robustness and this

technique is referred to as Principal Component Generalised Projections (PCGP) [71, 72, 74],

PCGP will be the technique used throughout this thesis and so a detailed description of the

technique is necessary.

The overall aim of the retrieval algorithm is to find the form of the complex function E[t) or

more generally E (t,r). The term Eslg (7, r) is the complex amplitude of the signal field

and must satisfy two separate equations, or constraints, for it to be correct. The first constraint

is that the Fourier transform of Esjg (t,r) must have an intensity equal to the experimentally

measured trace which is given (for FROG) as:

IFROG (<y' T) : J Esig (t, t) exp (-icot) dt (2.22)

Equation (2.22) is known as the intensity constraint. The other constraint is the mathematical

form of the signal field produced when two identical pulses are combined within a nonlinear

material. This is known as the physical constraint and can be described in a more generalised

form of:

Esig (t, T) =E(t)r [E(t - T)] (2.23)

where £(f)is the probe and - r)J is the gate function. The gate function is

dependent upon the type of FROG geometry that was used. Table 2.4 summarises the

mathematical expression for the signal field for a number of FROG geometries.
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Version of FROG EsiAt>r)

PG FROG or TG FROG E(t)\E(t- r)f
SD-FROG or TG FROG E(t)2 E' (t-r)
SHG FROG E(t)E(t-T)
THG FROG E(tf E(t-t)

Table 2.4 The mathematicalform ofthe signalfield Esj (t, T) for various FROG geometries

The measured FROG trace IFROG is of course a real quantity meaning that there is no

phase information present. The aim of the algorithm is therefore to determine this phase by

minimising the difference between the measured FROG trace and the FROG trace calculated

from the current pulse E(t) • By combining equations (2.22) and (2.23) we get the following

expression that needs to be solved

CO

V7f«oG(®'r) = \E(t)r[E(t-r)~\exp (-icot)dt (2.24)
—00

All spectrogram/sonogram retrieval algorithms use the same general technique, shown in

Figure 2.18

Figure 2.18 The generalised techniquefor retrieval algorithms
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An iterative process is carried out so that after each iteration there is an improved match

between the measured and calculated FROG trace. After an initial guess of Eft) is made, the

guess value of Esj (f, r) is calculated. By taking the Fourier transform the calculated FROG

trace is obtained ie. yjIcak (o), t^<f>calc (&>, r). The square root of the measured FROG trace

( yjlFROG (&>, r) ) is then substituted for the calculated intensity. The whole procedure is now

reversed so that a new value of Eft) is calculated from yJlFROG (o), r)(j)calc (at, r). It is this

final minimisation procedure for determining a value ofEft) for which Esig (t, r) is closest to

\]ifrog t)0caic t) ^at differs between the various algorithms and this is where the

technique of PCGP comes into its own.

Principal component generalised projections (PCGP)

All previous retrieval algorithms before PCGP were developed to assume that the gate was

related to the probe pulse. PCGP [71, 72, 74] does not assume this and instead, as with

TREEFROG, assumes that the gate is entirely independent of the probe. This is referred to as

a blind-deconvolution algorithm [63] so that Ifrog(co,t), known as the blind-FROG trace

becomes:

ifrog (®' t) ~~ |E [t)G (t - r) exp {-icot) dt (2.25)

where G[t — r) is the gate function and E(t) is the probe. By having two unknowns (the

gate and probe) initial thoughts would suggest that it would be harder to retrieve than only

having a single unknown as is the case when you assume the gate and probe are identical.

This is in fact not true and instead makes thing more straight forward.

At any time interval x, the blind-FROG trace is the intensity spectrum of the product of the

gate and probe and the trace is obtained when the whole gate is scanned in time across the
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gate E(t). By sampling the intensity spectrum at differing values of t with a constant spacing

ofAt, a vector representation of the gate and the probe can be obtained:

Probe

EGate ~
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N n f '

f /N \
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where N is the length of the vector. To simply things somewhat Equations (2.26) and (2.27)

can be reduced to the following

^Probe = [^1» E2 ' EN ] (2.28)

^Gate ~~ [G\ ? G2, G3 Gw] (2.29)

A matrix, referred to as the outer product form can now be created which consists of all

conceivable products of the gate and probe:

0 =

exg2 exg3 e\g4 -
■ exgn

E2Gx e2g2 e2g3 e2g4 • E2Gn
E3gx e3g2 e3g3 e2g4 •

■ e3gn
e& e4g2 e<g3 e4g4 •

■ e4gn

eng , Eng2 eng3 eng4 ■ engn

(2.30)

As all the pioducls of the gate and probe are held within the matrix, the time domain FROG

trace can be formed by simple matrix manipulation. This process can then be reversed to get

back to the outer product form. By shifting each row along in incremental steps, a new matrix

is formed where columns are made up from gate and probe products that have equal temporal

delay:
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£,G, E\G2 £,G3 •
■■ e,Gn_2 E\Gn

E2G2 E2G3 E2Ga • E2Gn_x e2gn e2gx
e3g3 E^Ga £3G5 • e2gn EA e,g2

e4g5 e4G6 •
•• EaGx eag2 EaG3

engn EnGn+1 EfjGN+2 EnGn_3 engn-2 engn_

t = 0 z = —At z--2At ••• r = 3At r = 2At t = At

By permutating the columns so that t increments from negative to positive, the matrix

becomes in essence Esj (t, r) . Taking the magnitude of the Fourier transform of this matrix

yields the FROG trace. Figure 2.19 helps outline graphically the procedure for getting from

the initial guess ofE(t) to the production of the FROG trace

Pulse and filter

complex amplitude L'(t) and ^(t)
r

Create matrix into
outer product form E/tjG/t)

r

Row rotation Et (/)G (t -x )

r

Fourier transform
c

j Ej (t)G (t-x )exp (™/o) l)dt
t;

r

a

Calculate intensity
2

| Et (l )G (t-x )exp (-i(ot )dl

Figure 2.19 Procedurefor generating FROG trace using the PCGP
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The magnitude of the generated FROG trace can now be replaced with that of the square root

of the magnitude of the experimentally acquired FROG trace. The procedure in Figure 2.19 is

then reversed so that using an inverse Fourier transform a time-domain spectrogram is

created; the row rotation is then applied to get back to the outer product. Values of the gate

and probe now need to be extracted from this matrix. This can be achieved very elegantly by

using a singular value decomposition (SVD). Even though many routines already exist in

software libraries to carry out SVD, the procedure is very computationally intensive and time

consuming. A less time consuming technique is to reduce the SVD step to a low-overhead and

fast matrix-vector multiples [71, 72, 75] whereby the next guess for the pulse is gained from

multiplying the previous guess pulse by the outer product matrix and its transpose so that:

Encw = EoldOO (2.32)

Gnew=GoldOO (2.33)

where E(M and GoW are the previous guesses of the probe and gate respectively and O is the

transpose of the outer product form matrix O. The new values of the gate and probe are then

used to create a new outer product matrix and the whole iteration is repeated over and over

again until the experimental trace matches well with the computed trace. For a technique such

as FROG where it is known that both the G(t) and E(t) are identical an extra constraint can be

applied to guess pulses. The full retrieval procedure is represented in Figure 2.20.

61



Chapter 2: Ultrashort pulse measurement techniques

Figure 2.20 Schematic representation ofthe steps involved within the PCGP retrieval algorithm

To determine how accurately the experimentally measured FROG trace compares with the

computed trace, the 'G-error' can be calculated. The G-error is the rms difference between the

experimentally measured trace IFROG ((W,jr,) ar>d the computed trace IFFOG T; ) where k
indicates the most recent iteration:

Typical values of the G-error vary from <1% for PG-FROG to <0.5% for SHG-FROG due to

the technique having very little background noise.
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The PCGP algorithm is inherently a blind-FROG algorithm [74] and consequently tries to

find the probe and gate independently without any prior assumptions between them. This can

cause trouble when trying to retrieve a FROG trace given that a slight change of width in the

probe can be compensated by a small change in width of the gate without much change seen

in the G-error. As a consequence it is wise to give the algorithm a bit of help by adding some

spectral constraint on either the probe or gate. The spectral constraint can be added just before

the principal component decomposition is carried out on the outer-product matrix. At this

point, the columns are arranged so that one element of the gate is multiplied by the probe

field. The Fourier transform of each column is then carried out and its magnitude is replaced

by the square root of the measured pulse spectra. Care must be taken to keep the area of the

intensities equal to ensure the gate field is preserved. The columns are then reverse Fourier

transformed to get back to the outer-product form.

There is an alternative to the spectral constraint however which utilises the fact that the gate is

made up from the probe by the function T . Its inverse, T"1 , will therefore produce the probe

from the gate. Instead of obtaining the outer product form by taking the outer product of the

probe, Eprobe , and the gate, Egale , we can take the sum of the outer products of Eprohe Egate and

r1 (Eprobe) r1 (Egate) to give:

Ou = probe' gate7 +r~' (gate)' T"1 (probe)7 (2.35)

In terms of SHG-FROG, the above equation can be further simplified by the fact that the gate

is identical to the probe, so that the outer product can become:

Ou = probe' gate7 +gate' probe7 (2.36)

In this section I have described the general technique used to retrieve pulse information a

spectrogram. The same approach can be applied to a sonogram and more detail of this will be

presented in Chapters 4 and 5

63



Chapter 2: Ultrashort pulse measurement techniques

Checking for systematic errors using the trace marginals

One of the most useful and important aspects of time-frequency characterisation techniques is

the over determination of the pulse. A time-frequency trace is made up from a N X N array of

points, which are then used to determine a N number of intensity and phase points (total of 2N

points). This over determination enables the marginals of the trace to be used as a check to see

if any systematic errors have crept into the experimental acquisition [49, 73, 76-78], The

delay marginal of a FROG trace is its integral along the frequency axis:

00

Mr(r)= \d(oIFROG(o),T) (2.37)
—00

When using SHG-FROG the delay marginal has the form:

00

(r) = jdtl(t)l(t-T) (2.38)
—CO

which is the standard second-order intensity autocorrelation of the pulse. This can be simply

measured experimentally and compared with the SHG-FROG delay marginal. If the two

traces disagree then it is implied that there is some systematic error within the trace. Similarly

the frequency marginal of a FROG trace is its integral along the delay axis:

CO

Mm(co) = \drIFRoc1{C0^) (2-39)
-00

and when using SHG-FROG the frequency marginal has the form:

Mfa {a) = 21 (co)* 1(a) (2.40)

which is simply the autoconvolution of the experimentally measured spectrum of the pulse.

Again, if there is disagreement between the two traces, there must be systematic error within

the trace. Although only the marginals of an SHG-FROG trace are discussed here, the same

approach can be used with all time-frequency measurements, with different techniques having

differing mathematical forms describing the trace marginals [73, 78].
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2.3.2 Interferometric characterisation techniques [79, 80]

Interferometric characterisation techniques until recently have been overshadowed by time-

frequency techniques. There are, however, two main advantages that are associated with

interferometric techniques. Firstly only a 1-D array needs to be recorded instead of a 2-D

array that is associated with time-frequency measurements. Secondly, pulse information can

be extracted using a much less computationally intensive direct data inversion algorithm

rather than an iterative retrieval algorithm. Diels demonstrated an interferometric technique

that uses an ultrafast diode and a Schottly nonlinear mixer to record the beat noted between

pairs of spectral components of the input pulse [81]. Another similar technique known as

Direct Optical Spectral Phase Measurement (DOSPM) uses a nonlinear crystal as a time gate

to record interference beats [82]. When compared to characterisation techniques such as

FROG, these techniques are experimentally difficult requiring either a fast detector or a fast

nonlinear time gate and have subsequently not been widely used. All this changed in 1998,

when Walmsley and co-workers, devised a practical interferometric technique called Spectral

Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) [83, 84], SPIDER is

currently the main alternative to FROG for the full characterisation of an ultrashort pulse and

is therefore discussed here in some detail.

2.3.2.1 SPIDER

Spider uses spectral shearing interferometry to retrieve the spectral phase of the incident

pulse. This is achieved by measuring the interference pattern between two pulses separated in

time that are identical in every respect except for their centre frequency (ie two pulses which

are spectrally sheared). The resultant spectrum of these two pulses is in the form of an

interferogram, described mathematically as:

£■(&>) = l(a> + Q) + /(<j)) + 2^/(&> +Q)/(<y) cos{^(<y +Q)-^(ry) + <yr} (2.41)
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where I(co) is the pulse spectrum, is the difference between the central frequencies of the

two pulses (spectral shear), <j)(co) is the spectral phase of the pulse and r is the time delay

between the pulses.

Figure 2.21 The experimental setup used in SPIDER

The spectral shearing of the pulse is achieved experimentally by combining two properly

conditioned beams within a nonlinear crystal such that the resulting sum or difference signal

comprises a spectrally sheared pulse pair. The first beam consists of a pair of identical pulses,

separated by a known time delay of r. The second beam consists of a highly chirped pulse.

The amount of chirp added to this pulse is dependent upon two conditions. First, to ensure the

pair of pulses in the first beam successfully interacts with the chirped pulse, the duration of

the chirped pulse must be much longer than r. Secondly, the chirp must be large enough to

ensure that when the two beams mix each of the paired pulses mix with a different frequency

in the chirped pulse. This has the result that each pulse emerging from the mixing crystal has

a different centre frequency (ie. spectrally sheared). By measuring the spectrum from the

output of the nonlinear crystal, the SPIDER interferogram is recorded. To ensure the sampling

rate is above the Nyquist limit (> 2 points per fringe) the value of rmust be carefully chosen.

Also, the amount of spectral shearing must also be carefully controlled to ensure the

Whittaker-Shannon sampling theorem [85] is satisfied. If the shearing is too small or too

large, the phase measurement will become incorrect.
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To retrieve the phase information the interferogram is Fourier transformed into the time

domain. A DC component and two AC sidebands will be present. The DC components

correspond to the constant terms in equation (2.41). The two AC side bands are inversed

replicas of one another, both of which correspond to the cosine term in equation (2.41) so

only the positive AC term is required. By fdtering out the other two components and reverse

Fourier transforming, the phase profde of the remaining trace is that of the contents of the

cosine term in equation (2.41). The linear phase term, cot, can be removed by subtracting

from the trace a previously measured calibration interferogram that has no spectral shearing,

achieved by simply blocking the chirped pulse. What is left is known as the phase difference:

By using concatenation [84], the sampled spectrum phase at intervals Q across the pulse

spectrum can be calculated. To gain temporal information from SPIDER, it used to be the

case that an experimental measurement of the spectrum was required, which when combined

with the spectral phase yields the temporal profde of the pulse. Improvements to the initial

SPIDER technique have provided ways of retrieving both spectral phase AND spectral

amplitude from the same interferometric trace so that an experimentally measured spectrum is

not required [86]

The fact that there is no need for a computationally intensive iterative retrieval algorithm

makes SPIDER ideal for a real-time characterisation technique. This potential was realised by

Shuman et al. who characterised the output of a 1 kHz regeneratively amplified laser system at

repetition rate of 20 Hz [87], Due to the reconstruction of the phase being insensitive to

phase-matching bandwidth of the nonlinear crystal, SPIDER is also ideally suited for

ultrashort pulses and has been used to measure some of the shortest ever pulses created [88-

90]. SPIDER has also been demonstrated in a single shot geometry [91] and then used to

characterise a chirped pulse amplification system [92], As discussed at the start of this

section, the term 'full characterisation' has been defined to not include spatial measurements,

(2.42)

67



Chapter 2: Ultrashort pulse measurement techniques

but SPIDER has been used successfully to measure the phase variation across the spatial

profile of an ultrashort pulse [41].

2.3.2.2 Can SPIDER's gobble up FROG's?

So, with SPIDER having so many advantages the obvious question to ask is, "If SPIDER is

such a good technique, why keep using techniques such as FROG and sonograms?". The

answer to this controversial question is that although SPIDER is an excellent technique there

are a few fundamental disadvantages associated with it. The main disadvantage of SPIDER is

its lack of any major error checking ability. In time-frequency characterisation techniques,

marginals may be utilised to ensure no systematic errors have crept into the measurement. In

SPIDER, because only a 1-D plot is measured, there is as yet no method to check for

systematic errors as thoroughly as time-frequency techniques allow. Consequently, the

SPIDER measurements are solely dependent upon the calibration of the whole optical setup,

which can be prone to errors. The influence of this calibration has been investigated by Dorrer

et al. [93] who suggest a few techniques for improving the calibration of a SPIDER setup.

Another consequence of acquiring less data points is that it makes SPIDER more susceptible

to noise. Anderson et al carried out theoretical calculations on how noise can effect phase

measurements [94]. It was found that by adding 10% additive noise the pulse shape could

only be recovered to an accuracy of 1.5%. This could be improved by averaging a number of

the noisy interferograms together, at the expense of slower update rates.

The second fundamental disadvantage is the flexibility of SPIDER. Both the Nyquist limit

and the Whittaker-Shannon sampling theorem need to be considered and altered for different

pulses. This poses two problems. Firstly, to initially design the SPIDER optical arrangement,

knowledge of the pulse to be measured must be known. This can only be done using

techniques such as FROG that do not have such critical optical constraints to enable it to

characterise a pulse. Secondly, if the duration or phase of the measured pulse varies while

measuring with SPIDER, the delay within the pulse pair, x, will need to be altered along with
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the amount of spectral sheering being produced, and consequently the whole optical setup will

require re-calibration. A comparison between SPIDER and SHG-FROG has been carried to

see which technique is best suited for the measurement of sub 1 Ofs pulses [40]. It is concluded

that there is no overall winner and that both methods have yet to be fully utilised and both

should allow for the accurate characterisation of pulses into the single-cycle regime.

2.4 Conclusion

Within this chapter I have described a vast range of ultrashort pulse characterisation

techniques. SHG-FROG and SPIDER are now the most commonly used techniques but still

possess their individual disadvantages. The following chapters mainly concentrate upon the

development of 'real-time' pulse characterisation systems based on the measurement of a

sonogram (section 2.3.1). As will be discussed, the measurement of a sonogram has many

advantages over more commonly used techniques but has not been considered for a viable

real-time system due to requirement of a near dispersionless frequency filter. This need

enabled me to develop a procedure capable of accurately determining the dispersion

characteristics of an optical arrangement. Chapter 3 describes the development of this

technique.
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CHAPTER 3

Measurement of group velocity dispersion using
white light interferometry

3.1 Introduction

A vital part of the work carried out within Chapter 4 was the development of a scanning

frequency filter which is a key component of the sonogram acquisition setup. The main

criterion for this filter design was the need for it to be near-dispersionless across the

bandwidth of the pulse spectrum. This chapter contains an initial overview of techniques that

have been used to measure the dispersion of bulk optics followed by a description of a

simplified procedure which was developed to allow the dispersion of bulk optical systems and

components to be measured simply and accurately. This procedure was then used successfully

in the work described in chapter 4 to characterise the dispersion of a frequency filter.

Careful control and knowledge of GVD is essential when dealing with generation and

characterisation of ultrashort laser pulses. As mentioned in Chapter 1, ultrashort laser pulses

have a characteristically large frequency bandwidth and to create the shortest possible pulse

its frequency components must arrive simultaneously (ie. transform limited). When ultrashort

pulses are generated each passes through various optical components inside and outside the

cavity such as lenses, polarisers, waveplates, mirrors and crystals which all possess differing

amounts of GVD. To compensate for this GVD, detailed dispersion characteristics are

required for each optical component. Also, and more relevant in the context of this thesis,

when measuring ultrashort pulses, great care must be taken to ensure that any GVD in the

optical characterisation arrangement does not alter the measured pulse while it is being

measured because this would result in errors in the pulse measurement.
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3.2 Dispersion characterisation techniques

The techniques that are used to determine the dispersion characteristics of optical components

can be divided into two separate categories. Firstly there are interferometric techniques which

are able to determine the dispersion of a single optical component and, secondly, there are

techniques that can determine the overall dispersion within a laser cavity. Both of these

techniques will be discussed within this section.

3.2.1 Interferometric techniques

Some of the earliest work carried out to calculate the dispersion of the optics used in ultrafast

lasers employed white light interferometry [1], The simplest approach, often referred to as the

Fringe Contour Shift (FCS) technique, was initially used to calculate the dispersion of single

mode fibre [2] and was later used to measure the group delay of optical components [1].

Light source

t

i

Beamsplitter

i

f

Test sample
W

\

\''1 -J
r

■■■ Tunable filter

1 Photodiode1
T

Figure 3.1 Experimental arrangement used in the Fringe Contour Shift (FCS) technique

The FCS technique, shown in Figure 3.1, uses a collimated white light source that is passed

through a Michelson interferometer. The output of the interferometer is detected using a

photomultipler tube and a lock-in amplifier, in front of which a tunable filter is placed. One
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arm of the interferometer is scanned with high precision to produce an interferogram for a

specific filter centre wavelength. Many interferograms are then recorded at differing filter

positions. In a carefully balanced interferometer in which both arms possess equal amounts of

dispersion, the centroid of each interferogram will have an identical temporal response. If,

however, a dispersive element is added to one of the interferometric arms, the dispersion in

each of the arms will become unbalanced making the centroid of each interferogram shift

temporally. Measuring this shift across a range of filter positions allows the relative

dispersion of the dispersive element to be measured. Tateda et al used a similar approach to

measure the dispersion of a single-mode fibre but replaced the white light source and the

frequency filter with a number of lasers, each operating at a distinct wavelength [2],

Although the FCS technique is relatively simple, its sensitivity is solely dependent upon the

accurate location of the interferogram centroid. This also means that the measured light must

have a finite spectral bandwidth to form a wave packet. To avoid this problem an alternative

technique was devised called Phase-locked interferometry (PLI) [3, 4], With PLI a

monochrometer is placed at the output of the Michelson interferometer to allow a narrow

bandwidth of light to pass onto the photomultiplier tube. A fringe near the peak fringe

visibility is then locked onto and used in an active feedback loop to make slight adjustments

to the optical path length of one of the interferometric arms. If the interferometric arms are

unbalanced, as the output wavelength of the monochrometer is scanned, the optical path

difference will change. To compensate, the active loop is utilised and automatically adjusts to

keep the optical path difference the same. By recording the movement of the interferometric

arm with respect to the scanning of the monochrometer, the dispersion characteristics of the

optical component are measured.

Both techniques described so far (FCS and PLI) require the filtering of the white light. Also,

both techniques are known to give misleading results if the sample being measured is

absorptive or if it has sharply varying spectral features [5, 6], An interferometric technique
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that does not have these disadvantages is the Fourier-Transform Correlation technique [6] and

is the basis behind the simplified experimental technique described later in Section 3.3.

3.2.2 Intracavity-dispersion techniques

The dispersion within a laser cavity can critically determine the duration of the pulse that can

be generated from it. A number of techniques have therefore been developed that allow the

sum total of the dispersion within a cavity to be calculated. Two main techniques exist, one

that is able to calculate the dispersion when the laser is not operational [7] and one that

calculates the dispersion while the laser is modelocked [8], These techniques, as discussed

later, produced some unexpected results.

Naganuma et al [7] devised a technique very similar to the optical setup shown in Figure 3.1

but instead of a white light source the laser cavity was used as the light source into the

Michelson interferometer. By pumping the gain medium just below threshold, the light

emitted from the cavity consisted of periodic noise spikes that were separated by the round-

trip time of the laser cavity. Each successive spike had a different temporal shape caused by

the extra dispersion added to it after passing through the cavity for one additional transit. By

allowing the arms of the Michelson interferometer to be separated so that the delay was

equivalent to a whole number of round trips, it was possible to measure the interferogam

between a spike and the same spike after it had circulated the cavity a set number of times.

The spectral phase difference could then be measured to calculate the overall dispersion of the

cavity.

A technique devised by Knox [8], enables the accurate dispersion measurement of a laser

cavity while it is modelocked by measuring its repetition rate. The repetition rate of a laser is

dependent upon the overall round-trip time of the cavity at a specific mean wavelength of the

pulse. The optical path length of the cavity and hence the repetition rate will change if the
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mean wavelength of the pulse changes. By tuning the laser across a range of wavelengths,

while it is still modelocked, the change in repetition rate can be measured and thus the

dispersion characteristics of the laser cavity can be deduced. Before this technique was

devised it had been assumed that the dispersion characteristics of the cavity would change

dramatically when the laser changed from CW to modelocked operation. This assumption was

shown to be incorrect because the dispersion calculated within a modelocked cavity was very

close to that of the sum of all the dispersive elements within the cavity [8], This result showed

it was only necessary to measure the dispersion of separate optical components within the

cavity to be able to determine the dispersion within the whole cavity. A technique, outlined in

Section 3.3, allows this to be carried out simply and accurately using white light

interferometry.

3.3 Measurement of group velocity dispersion using the Fourier transform

white-light interferometry

The majority of the techniques described in section 3.2 used to measure the dispersion of

optical components rely on a Michelson interferometer. When white light is incident on the

interferometer and the end mirror of one of the arms is scanned about zero path difference, an

interferogram is formed [5, 6], If a sample of unknown dispersion is included in the static arm

while the scanned (reference) arm is kept empty, the interferogram signal, I(r), measured by a

photodiode at the interferometer output port is the intensity of the total field resulting from

combining the field from the time-delayed reference arm, Er(t-r), with the field returned from

the sample arm, Es(t):

oo

\\Er(t-T) +Es(tf dt (3.1)
-oo

When the sample arm is lossless, the returned field differs from the reference field only by a

frequency-dependent phase factor (j)s, so that

<?, (®) = O) exP [¥, )] (3 -2)
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where ev(<y) and er(a>) are the Fourier transforms of Es(t) and Er(t) respectively.

Equation (3.1) can be expanded as

00 oo

/[ (t) — j*2l[t^dt+ + (3.3)
-co —oo

Combining equations (3.2) and (3.3) gives

oo

/,(r) = 2 ^1r(t)dt + FT'1 {i(co)exp[i0s(cv) + n]} + FT~l{i(-a>)exp[-i<f>s(-a>)-7r]} (3A)
—oo

where the inverse Fourier-transform operation is denoted by FT"1 and the power spectrum of

the light from the reference and sample arm is given as

i(co) = \er(co)\2 =\es(o))f (3.5)

It is evident from Equation (3.4) that Fourier transforming the interferogram will result in a

DC component and two conjugate terms at positive and negative frequency whose intensity is

the power spectrum of the light source i{co) and whose phase, (j)s(co) + n, is due to the

sample dispersion. The dispersion of an unknown sample can therefore be found from two

interferograms - a bias signal measured with an empty sample arm and a measurement signal

recorded with the sample in place. Fourier transforming both interferograms and subtracting

the phase of the bias spectrum from that of the measurement spectrum gives the double-pass

sample phase dispersion, ^s(&>) . If the sample is lossy then the ratio of the measurement and

bias intensity spectra gives the single-pass frequency-dependent intensity loss factor. When

the sample is lossless the power spectra calculated from the bias and measurement

interferograms should be identical and this provides a useful check for the presence of

systematic error in the data. The group delay, t(co), can be expressed as a function of

frequency, co, and optical phase, <fr.

T(co) = ^~ (3.6)V ' dco

Once the sample phase dispersion, (j)s{co) has been determined, Equation (3.6) can then be

used to calculate the wavelength-dependent group delay of the sample.
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3.3.1 Experimental configuration

The optical setup used to measure the group delay (Figure 3.2) comprised two parts. The

principal part, used to measure the white light interferograms, consisted of a Michelson

interferometer in which identical end mirrors were used in both the delay and sample arms to

ensure that they contributed identical amounts of dispersion.

HeNe
calibration

interferometer

white light
measurement

interferometer

II silicon
^ photodiode

Figure 3.2 The optical arrangement used to accurately measure the interferograms

The interferometer used a 1mm thick broadband near-infrared beamsplitter (R=50±6% from

530-1070nm) which allowed dispersion measurements around 800nm. Another beamsplitter

could be substituted to allow measurements in the visible. The scanning of the delay arm end

mirror was achieved using a piezo translation stage (Spindler & Hoyer, PX5-400) and a sine-

wave generator was used to drive it at a frequency of ~15Hz, allowing a maximum travel of

400p.m to be achieved. It should be mentioned that the piezo stage could easily have been
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replaced with a modified loudspeaker to provide a cheaper alternative. The only criterion the

scan element must meet is that the travel produced by it must be large enough to allow the

whole inteferogram to be measured. The piezo translator was sufficient to allow measurement

of a glass substrate with a thickness of ~5mm and a loudspeaker-based design would enable

measurements of samples several times longer. A standard halogen lamp of the kind found in

low-voltage domestic lighting was used as the white light source. An infrared pass (RG 780)

filter was included in front of the halogen lamp to confirm that the apparatus calibration was

correct by checking that the calculated power spectrum of the lamp did not contain

wavelengths shorter than the filter cut-off.

Exact calibration of the time-axis of the measured interferogram is vital if group delay is to be

calculated accurately. The second part of the optical setup dealt with this problem. By

attaching an aluminium mirror to the back surface of the delay arm mirror, a second

interferometer was configured as shown in Figure 3.2. By aligning a 633nm HeNe laser beam

through both arms of this interferometer a simultaneous fringe pattern was recorded at the

output using another silicon photodiode. The wavelength of the HeNe laser is known

precisely and therefore accurate calibration of the delay arm was possible simply by counting

fringes (1 fringe=2.1 lfs).

To provide an accurate calibration, both the interferogram and the HeNe fringes were

recorded simultaneously using a two-channel digitising oscilloscope (Tektronix TDS3032)

capable of sampling 10000 data points per channel. The timebase of the oscilloscope was

optimised to spread the interferogram across the whole trace, while ensuring the

interferogram intensity was zero at the trace edges. The information from the oscilloscope

was then transferred via the oscilloscope RS232 interface to a computer where the scientific

programming language MATLAB was used to analyse the data. The MATLAB code counted

the number of HeNe fringes observed over the recorded region, enabling a time-scale to be

created across the sampled scanning range. These data were then used to interpolate the
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interferogram onto a linear 2" array that had a constant sampling period, dt. This acquisition

and calibration procedure was repeated twice, once with the empty sample arm to give the

bias signal, and again in the unbalanced state with the sample in place.

The MATLAB code in Figure 3.3 takes the Fourier transform of the two calibrated

interferograms (sample.dat and bias.dat). The imaginary part of each Fourier transform (p and

pO) relates to the spectral phase where as the real part relates only to the spectral amplitude.

The dispersion characteristics of the test sample are obtained by subtracting the two spectral

phase terms with one another. Using equation (3.6), the group velocity of the sample is then

determined. The power spectra from both interferograms were also plotted and compared with

one another. This provided a useful test to ensure that the data were not corrupted. This is

because if the test sample was lossless both spectra should be identical, it is only the spectral

phase that should change.
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/

%input constants (user supplied)
c=3e8; ;%speed of light
S» ; %number of points within the interferogram array
delta t- ;%time between each point of the array

x_min=;%minimum wavelength range (in metres)
x max=;'^maximum wavelenght range (in metres)

%Calculate the position of the array at zero frequency
zero_f=(N/2)+1;

%load the calibrated sample and bias interferograms
load sample.dat
load bias.dat

%Calculate the fourier transform and resulting phase
%inforitiation from both the sample and bias interferogram
f=fftshift(fft(glass!);
p=angle(f!;
fO-fftshift(fft(bias));
pO=ang.l.e (f 0) ;

%subt.ract the bias phase information away from the sample phase
p3=(p-pO);
p4=unw.rap (p3) ;

%work out delta f
delta_f=l/(N*delta_t);

% create a calibrated array for the x_axis (in metres)
for n=l:N-zero_f

x_axis (n) = (c/ (delta_f *n) )
end

%ca.librate the y-axis in femtoseconds
y-((((diff(p4))/(2*pi))/delta_f)*lel5);
y axis-y(zero_f:N-1);

% plot the delay
figure (1)
plot (x_axis,y_axis)
y_min= %Input minimum delay (fs)
y_max=%Input maximum delay (fs)
axis([x_min x_max y_rain y_raaxj)
title('Group velocity dispersion gained from the sample')
xlabel('Wavelength (nn)')
ylabel('delay (fs)')

% plot the spectrum of the bias arm
figure (2)
y axis2*>f0 (zero f:N-l); Splot only positive frequencies
plot (x_axis, (abs(y_axis2)))
y min=(min(abs (fO))) ;

y_max=(max(abs(f0)));
axis([x min x max yjmin y max])
title('Power spectra obtained from the bias interferogram')
xlabel('Wavelength (nm)'}

% plot the spectrum of the sample arm
figure (3)
y_axis3=f (zero__f :N-1) ; %pict only positive frequencies
plot (x_axis,(abs(y_axis3)))
y_min=(min(abs(f)));
y_max=(max(abs(f)));
axis ( [x_min x_®ax y_min y maxj)
title('Power spectra obtained from the sample interferogram')
xlabel (.'Wavelength (nm) ' i

Figure 3.3 MA TLAB code used to calculate the dispersion characteristics from the two

experimentally acquired interferograms
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3.3.2 Dispersion measurements of a KTP crystal

The dispersion characteristics of a 1.2mm thick potassium titanyl phosphate (KTP) crystal

were investigated to provide an example of a typical transmission measurement. KTP is a

birefringent (positive biaxial) crystal so in addition to the optical arrangement in Figure 3.3, a

polariser cube was placed in front of the measurement photodiode to ensure that the recorded

results were for one optical axis only. Results presented within this section apply only to the

z-axis, but it should be noted that other orientations of the crystal could have been readily

investigated.

To ensure the correct interferogram was recorded it was important that only light that had

passed through the crystal was allowed to travel through the sample arm, and this was

achieved by masking the area around the crystal with a card. Pre-alignment of the

interferometer using a HeNe laser meant that finding the white-light interferogram only

required translation of one of the interferometer end mirrors.

For ease of calibration both the sample and bias interferograms were recorded using the same

timebase on the digitising oscilloscope. The interferogram with the sample present (the

'sample' condition) will always be wider in time than the one obtained when the sample arm

is empty (the 'bias' condition). It was therefore convenient to record the sample interferogram

first to ensure the timescale was sufficient. Once recorded, the oscilloscope settings did not

require changing for the bias measurement.
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Figure 3.4 The bias (a) and sample (b) interferograms from the interferometer

Figure 3.4 shows the two interferogram traces acquired when the KDP crystal was in and out

of the interferometer optical setup. The interferogram clearly broadens as a dispersive element

is added into one of the interferometric arms. Figure 3.5 compares the power spectrum

obtained from each of the interferograms.
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Wavelength (nm)

Wavelength (nm)

Figure 3.5 The power spectrum from (a) the bias interferometer and (b) the sample interferometer

As expected, the two power spectra show a spectrum with a minimum wavelength of around

750nm that corresponds to the cut offwavelength of the RG780 fdter. It is easy to see that the

two spectra compare extremely well with one another and this confirms two things. Firstly, it

shows that the experimental data acquired were taken correctly and that no fringe information

from the interferograms was lost during the acquisition stage. Secondly, it shows that the KTP

crystal had uniform transmission across the measured range of wavelengths.
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The experimentally obtained group velocity dispersion measurements are shown in Figure

3.6. These results were compared with those predicted theoretically for a flux grown KTP

crystal using a Sellmeier equation for the crystal z-axis refractive index [9]

Wavelength (nm)

Figure 3.6 The group velocity dispersion measured experimentally (symbols) and that inferredfrom
KTP Sellmeier data (solid line)

The close agreement between the experimental and theoretical data demonstrates the

effectiveness of this technique. It should be emphasized that although the length of the crystal

was 1.2mm, a double-pass optical layout exists such that the effective dispersion length seen

by the white light is twice the crystal length (ie. 2.4mm).
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3.3.3 Dispersion measurements of a silver coated mirror

To demonstrate the sensitivity of this method, the reflectivity dispersion of a silver coated

mirror (New Focus, 5103) was analysed. The measurement was made by placing a silver

mirror at a fold within the sample arm and at 45° incidence to the incident light. The sample

arm end mirror was unchanged and identical to the reference arm end mirror. A HeNe laser

was initially used to align the sample arm. The bias and sample inteferograms were measured

in exactly the same way as in section 3.3.2. Again, a double-pass optical setup was in place so

that the measured dispersion was in fact from two reflections of the silver mirror.
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Figure 3.7 The interferograms obtained while measuring the reflectivity dispersion ofa silver mirror

from the (a) bias interferometer and (b) the sample interferometer

Both the bias and sample interferograms show very similar temporal durations. This gives an

initial indication that only minimal dispersion was added by the reflection from the silver
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mirror. Again, to ensure that the two interferograms were recoreded correctly, the power

spectra obtained from each interferogram were compared with one another.

Wavelength (nm)

Wavelength (nm)

Figure 3.8 The power spectrum obtained while measuring the reflectivity dispersion ofa silver
mirrorfrom the (a) bias interferometer and (b) the sample interferometer

Again the two power spectra are similar showing that all data were acquired correctly as well

as showing that the silver mirror had broad and uniform transmission at the measured

wavelengths. The dispersion results outlined in Figure 3.9 show the dispersion characteristics

for a single reflection from a silver mirror. This is important to highlight because the initial,

calculated result is of a double-pass arrangement and must consequently be halved to obtain a

value for a single reflection.

90



Chapter 3: Measurement ofgroup velocity dispersion usingwhite light interferometry

30

20

10

'c/T 0

-10

<5 -20

-30

-40
750 800 850 900 950 1000 1050

Wavelength (nm)

Figure 3.9 The group velocity dispersion inferredfor a single reflection from a silver mirror

Although the measured dispersion from the silver mirror is small, the data obtained is

extremely smooth. This demonstrates the high degree of accuracy provided by this dispersion

measurement technique.

3.3.4 The mystery of the non-dispersion-compensated modelocked laser

Soon after the dispersion characterisation technique was devised, it was used to help explain

why a colleague's laser, which contained no apparent dispersion compensation element, was

modelocking in a femtosecond pulse regime. During the initial alignment of a compact

CnLiSAF laser it was noticed that the laser could be successfully modelocked to give

transform-limited pulses of 136fs [10]. This was highly unusual because there was no obvious

source of negative GVD that was required for modelocked operation within the femtosecond

regime. After substituting optical components within the laser cavity it was concluded that

the source of negative dispersion could only have originated from the cavity mirrors. This was
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very surprising given that the mirrors (Quality Thin Films (QTF), Tampa, FL, USA) were

designed only to be standard high reflectors. The dispersion characteristics of these mirrors

were therefore investigated in some detail. Figure 3.10 outlines the results obtained using the

same technique described in section 3.3.3.
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Figure 3.10 Dispersion characteristics obtainedfrom the Cr.LiSAF laser's QTFmirrors

The dispersion characteristics from the QTF mirrors, although surprising, explained why the

laser modelocked successfully. The dielectric mirror coating shows periodic drops in

dispersion. One of these periodic drops corresponds coincidently to the Cr:LiSAF lasing

wavelength of 859nm. The dispersion at this wavelength is similar to that of a GTI mirror that

has already been shown to provide enough negative GVD to compensate for positive intra-

cavity dispersion [11, 12].

3.4 Conclusion

In this chapter I have described a number of techniques that have been used to measure the

dispersion characteristics of optical components and systems. I have then described a

relatively simple but powerful technique capable of accurately measuring the dispersion of

optical components. The accuracy and sensitivity of the technique was demonstrated by

measuring the dispersion of a KDP crystal and a silver mirror. In the next chapter this

technique will be utilised to provide dispersion characteristics of a frequency filter which is

required for successful sonogram pulse retrieval.
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CHAPTER 4

Developments towards real-time pulse
characterisation using sonograms

4.1 Introduction

The past decade has seen tremendous developments in ultrafast laser science. The improved

availability of stable and reliable commercial systems has allowed ultrafast lasers to become

more widespread in industry and the life sciences, enabling the unique properties that their

output pulses exhibit to be utilised for many diverse purposes. As applications have increased

over recent years, so has the demand for techniques that are able to fully characterise a pulse

in amplitude and phase, thus enabling the exact tailoring of pulses for specific experiments.

Such a capability is becoming vital in an ever-increasing number of studies such as coherent

control experiments where it has been shown that not only the pulse duration but also its

phase (or chirp) can affect the interaction [1], Conventional rapidly-updating pulse

measurements such as those provided by scanning autocorrelators [2] and spectrometers are

versatile and convenient but fail to give complete and ambiguous pulse information. Ideally

the experimentalist would have access to a real-time technique that would be capable of

updating while tailoring of the pulse was being carried out. This would allow greater control

and knowledge of the pulse prior to the experiment and would eliminate uncertainties arising

from laser fluctuations in the time between the pulse measurement and the actual experiment.

The two most successful techniques that have been demonstrated to provide real-time pulse

characterisation are SHG-FROG [3-5] and SPIDER [6-8], A SHG-FROG system has been

shown to acquire and retrieve a spectrogram at a frequency of 2.3 FIz [9], The SPIDER
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technique, already described in detail in chapter 2, requires only the acquisition of a one-

dimensional (1-D) array as opposed to SHG-FROG in which a much larger two-dimensional

(2-D) array is required. The computationally intensive retrieval algorithm needed in SHG-

FROG is not required with SPIDER which instead uses a direct, non-iterative inversion

routine. As a consequence, rapid, real-time (20Hz) pulse characterisation from the output of a

regeneratively amplified laser has been achieved using SPIDER [10].

One of the fundamental advantages of time-frequency techniques like SHG-FROG is their

powerful ability to verify calibration and check for any systematic errors that may have been

introduced during the acquisition and retrieval stages by using the properties of the temporal

and spectral marginals of the trace [11]. An alternative technique that possesses certain

advantages over SHG-FROG yet which still retains the same error checking ability of

marginals is based on measuring the sonogram of the pulse:

^sonogram {t, fi) = E(co)G(co-Q)e+"a'dco (4.1)

A sonogram records the group delay of each frequency component using a frequency-filter

G(Q) followed by a time-resolved measurement of its intensity[12]. A Michelson or Mach-

Zehnder interferometer with a spectral bandpass filter placed within one of its arms can be

used to experimentally measure a sonogram. By taking many cross-correlations at various

filter centre frequencies, the sonogram can be constructed. The main difference between the

FROG and sonogram techniques is that whereas FROG initially gates in the time-domain and

then, using a spectrometer to measure the mixing signal from a nonlinear crystal, gates in the

frequency-domain (Figure 4.1a), the sonogram reverses the orders of the gating processes.

This difference allows the nonlinear crystal and the photomultiplier tube from the FROG

apparatus to be replaced with a much simpler two-photon absorption (TPA) detector [13, 14]

(Figure 4.1 b).
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Figure 4.1 Schematic ofhow a FROG trace (a) and a sonogram trace (b) are acquired

TPA detectors have an inherently broad detection bandwidth, making them ideally suited to

measurement of ultrashort pulses; they are also highly sensitive, polarisation insensitive,

cheap and readily available. The use of TPA detectors within a typical autocorrelation setup is

now commonplace and they have been used to measure very short pulses without the

restrictions of limited phase-matching bandwidth associated with conventional frequency

mixing crystals [15]. Pulses with energies as little as 12 pJ have been characterised using

TPA-sonograms [16], helping underline the high sensitivity that can be achieved by

combining TPA and sonogram techniques. The sonogram trace is much more intuitive than

that of a SHG-FROG and allows, unlike SHG-FROG, the direct determination of the sign of

the chirp. Figure 4.2 helps demonstrate this by comparing SHG-FROG and sonogram traces

with various pulses; it shows how negative and positive chirp skews the sonogram trace
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anticlockwise and clockwise respectively whereas the SHG-FROG traces remain symmetric

along the delay axis.

SHG-FROG SHG-sonogram

(a) transform
limited

(b)
-ve

quadratic
temporal
phase

(C)

+ve

quadratic
temporal
phase

Figure 4.2 Comparison between a SHG-FROG (left column) and a SHG-sonogram (right column)
trace for a Gaussian pulse with (a) no chirp, (b) negative quadratic phase

and (c) positive quadratic phase

When measuring a sonogram using a cross-correlation technique like that in Figure 4.1(b) the

actual measurement being taken is

<4-2>

where * indicates convolution. To ensure this experimental quantity is equal to the sonogram

trace of the pulse, the spectral filter must be sufficiently narrow for the filtered pulse to be

much longer than the original pulse. When this occurs the pulse intensity I(t) approximates to
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a delta function relative to the temporal width of the sonogram. A fdter bandwidth of around

one third of the pulse spectrum works well, although narrower filters can be used[17, 18]. If

the filter bandwidth is too small the trace becomes broad in time and large grid sizes are

required.

As with FROG, the sonogram technique can also use the frequency and time marginals of the

trace to confirm the integrity to the acquired data [18]. The time marginal of the

experimentally measured sonogram trace is the integral along the frequency axis and is given

as,

Mz(T) = A(2\TY\F{G{co)}"\ (4.3)

where A^ (r) is the second-order background-free intensity autocorrelation, * indicates

convolution and F represents the Fourier transform operation. Similarly the frequency

marginal of the sonogram trace is given as,

Mu{C0) = I(0))*\G(0})\2 (44)

The frequency marginal is equivalent to the convolution of the independently measured pulse

spectrum and the retrieved filter transmission intensity. The delay marginal is equivalent to

the convolution of the pulse autocorrelation and the intensity of the Fourier transformed filter

amplitude. Equations (4.3) and (4.4) will be used later on in this chapter to verify that the

measured sonograms are void of any systematic errors.

Using sonograms to characterise pulses in real time has, until recently, not been considered

viable. There are two main reasons for this, firstly the computationally intensive retrieval

algorithm required to extract pulse information from the sonogram trace and secondly the

large amount of data that must be acquired and processed to obtain a sonogram trace.

However, the recent advancements in retrieval algorithms [9, 18-21] combined with the

availability of high-speed personal computers has meant the overall speed of the procedure is
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now limited not by the pulse retrieval routine, but solely by the acquisition time of the

sonogram trace.

The acquisition of a sonogram involves the collection ofmany data points, all of which have

to calibrated and analysed correctly. Whereas in FROG, it is possible to utilise multi-channel

detectors (eg CCD arrays) the absence of nonlinear line or area detectors means sonograms

must generally be recorded using point detectors.

To develop a fast sonogram characterisation setup, many separate practical problems need to

be solved simultaneously within a single system. Firstly, an accurate sonogram needs to be

recorded quickly. A sonogram optical setup is made up from two major parts, the spectral

bandpass filter and the delay line. For rapid acquisition, both the delay line and the spectral

bandpass filter have to be carefully synchronised to enable fast and accurate recording of

cross-correlations at each different filter position. To avoid systematic errors, the method by

which this is achieved must be carefully implemented. Secondly, the many cross-correlation

traces which are combined to create a sonogram trace must be acquired by a personal

computer so that the trace can be calibrated, retrieved and displayed on the computer screen.

Described within this chapter are two systems that have been used successfully to rapidly

acquire and retrieve a sonogram trace. The main difference between these two arrangements

is how the spectral bandpass filtering is implemented. The first technique uses the traditional

optical arrangement, first used by Chilla and Martinez [12J, that consists of a grating and slit

to spatially separate and filter out the different spectral components. The second system is

faster and uses a scanning Fabry-Perot filter as the bandpass filter.
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4.2 Using the 'traditional' sonogram optical arrangement

In 1992 Chilla and Martinez were the first researchers to demonstrate a practical pulse phase

characterisation technique [12]. This section describes how a similar optical arrangement

constitutes a sonogram-based system.

4.2.1 Design of the frequency bandpass filter

The design of the frequency bandpass filter used in this section originated from early pulse

shaping experiments [22, 23] (Figure 4.3). This system used a pair of diffraction gratings and

a pair of lenses in a 4f arrangement. By placing a mask within the Fourier plane, the spectral

intensity and phase of the pulse can be altered. Recently, this optical arrangement has been

used to correct the spectral phase of a pulse so that it becomes near transform limited [24],

f f f
. f

■X-

Grating

Output
pul9e

Figure 4.3 Opticalfiltering arrangement used in apulse shaping experiment

In the experiments described here we used a folded filter and replaced the mask with a mirror,

allowing a single diffraction grating and lens to be used. By placing a narrow slit at the

surface of this mirror, the bandwidth and frequency of the light returned by the filter was able

to be selected. In my arrangement (Figure 4.4) I used a grating with 1200 lines/mm, a lens

with a focal length of 125mm and a silver coated mirror to ensure a constant reflectivity and

phase across the spectral bandwidth of the pulse.
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Figure 4.4 Schematic ofthefrequency bandpassfilter consisting ofa grating, lens andmirror within
a 2farrangement, enabling a slit to be placed at the Fourier plane to selectively

filter the outgoingpulse

To enable the returning, filtered pulse to be readily collected, a vertical offset within the lens

was made so that the filtered pulse returned back at a different height to the incoming pulse. It

was important to ensure that both the incoming and outgoing pulses passed through the same

amount of glass within the lens and the arrangement used is shown in Figure 4.5.

Mirror

Outgoing pulse -4-
to grating

Incoming pulse —
from grating

Figure 4.5 Side view of the lens-mirror configuration

To verify that a linear movement of the slit corresponded to a linear change in filtered

wavelength, the spectrum of the outgoing pulse was measured with respect to the position of

the slit. The slit was mounted on a translation stage and the movement of this stage was

computer controlled by using a stepper motor. Using a screwthread of 80 turns per inch and a

stepper motor that rotated 1.8° every time a TTL pulse was applied to it, we obtained a

resolution of 1.58pm per TTL pulse. Figure 4.6 shows a graph of outgoing pulse spectra

against number of TTL pulses applied to the stepper motor. Four measurements were taken,
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each separated by 500 steps of the stepper motor and shows a clear linear relationship

between slit position and peak wavelength of the filtered spectra. All spectra were normalised

to enable comparison of their peak wavelengths.

Figure 4.6 Thefiltered spectra at 4 equally spaced slitpositions

An important consideration when designing the bandpass filter was its dispersion related

response. Ideally the bandpass filter should be dispersionless so that the spectral phase of the

pulse is unaltered when it returns from the filter. It is important to define two separate forms

of dispersion that are associated with a spectral bandpass filter. Firstly there is spectral-

independent phase that can occur in a number of filters such as a Fabry-Perot filter described

in Section 4.3.1. This type of phase has a characteristic form which remains centred on the

filter transmission wavelength. Consequently, the phase response is intrinsically associated

with the filter or gate function and can therefore be fully retrieved when the sonogram trace is

passed through the retrieval algorithm. The spectral bandpass filter used in the experiments

described within this section consisted only of a slit so it was safe to assume that there was no

spectral-independent phase associated with it. As a result, the phase of the gate function was

set to zero and used as a constraint to reduce the number of iterations required for

convergence. The second type of dispersion is wavelength dependent phase in the form of

group velocity dispersion. This type of dispersion distorts the pulse measurement and must
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either be minimised or fully characterised and removed from the retrieved pulse spectral

phase

The group-velocity dispersion that is introduced by the fdter in Figure 4.4 varies from

negative to positive when the position of the lens is moved with respect to the grating and

mirror (varying distance X in Figure 4.4). The dispersion was carefully characterised to

ensure the filter provided zero-group-velocity dispersion across the bandwidth of the pulse

and this was implemented using white light interferometry. Described in more detail in

Chapter 3 the technique was specifically chosen because it was well suited to measuring the

dispersion of the filter in situ by recording two interferograms from a Michelson

interferometer into one arm of which the filter can be inserted. The first interferogram is a

bias signal and is measured without the filter and contains information on the intrinsic

dispersion differences between two arms of the interferometer. The second interferogram was

recorded when the frequency filter (without a slit) was introduced in one arm of the

interferometer . The Fourier transform of both interferograms contains information on the

intensity and phase of the spectrum of the white light signal. By subtracting the phase of the

bias spectrum from that of the filter spectrum, the phase dispersion of the filter was obtained

which was then differentiated numerically to provide the filter group-delay dispersion. For the

purpose of this experiment the incoherent light source used was the fluorescence produced

from the Ti:Sapphire laser when the pump power was reduced below threshold. A lock in

amplifier was also used in order to measure the interferograms more accurately. Results

shown in Figure 4.7 illustrate dispersion measurements at different lens positions (varying

position X within Fig. 2). These results are compared to theoretical ray-tracing calculations

(dashed lines). The results show that a lens position exists where there is near zero-dispersion

across a 50nm bandwidth which is sufficient for measuring the ~80fs pulses from the test

laser used.
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• ray-tracing model Towards

Wavelength (nm) mirror

Figure 4.7 Group-delay dispersion measurements recorded using white light interferometry at
various lens positions (solid lines) and comparison with theoretically

calculated results (dashed lines)

Because it would be impractical to make these dispersion measurements every time the

optical arrangement was altered we compared the intensity autocorrelation of the pulse

entering the filter to the cross-correlation between the input and output pulses from the fdter.

The lens position was moved so that the cross-correlation shape and duration closely matched

that of the autocorrelation (Figure 4.8). I found that this position was identical to the zero-

104



Chapter 4: Development towards real-timepulse characterisation using sonograms

dispersion position determined by using white-light interferometry, and this observation

allowed us to move the lens to the correct position without having to accurately measure the

filter dispersion every time.

1 1 1 1 1 1 . 1 1 1 1 1
-600 -400 -200 0 200 400 600

Pulse duration (fs)

Figure 4.8 Comparison between the intensity autocorrelation ofthe incident pulses (black solid line)
and the cross-correlation between the incident pulses and the pulses

returningfrom thefilter adjustedfor zero dispersion

4.2.2 Experimental configuration and procedure

For all of the experiments described in this chapter, a stable, chirped mirror Ti:Sapphire laser

system was used which produced 80fs near transform-limited pulses at a centre wavelength of

790nm. The sonogram cross-correlator (Figure 4.9) comprised a standard near-lR broad-band

dielectric beamsplitter with a 50:50 splitting ratio and silver-coated end mirrors in each of the

two interferometer arms. One arm of the interferometer incorporated the filter design

discussed in section 4.2.4 with the static end mirror mounted on a precision translation stage

for calibration purposes. A motorized slit was positioned directly in front of this mirror to

allow the center frequency of the filter to be accurately controlled by the computer. The width

of the slit was altered until it allowed the required one third of the pulse bandwidth to pass.

The second arm comprised a silver mirror that was mounted on a piezo-electric translation

(PZT) stage that was capable of traveling a distance of 400pm that corresponded to a total

optical delay of 2.7 ps. The PZT stage allowed accurate and precise control of the optical

delay within the interferometric arm and was capable of oscillating at frequencies up to
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~60Hz. The pulses from the delay arm and the frequency filtered arm were recombined

noncollinearly with a small crossing angle in the vertical plane on a GaAsP photodiode which

acted as the TPA detector. A cross-correlation signal free of interference fringes was then

obtained by scanning the PZT-stage through the zero delay position and a sonogram trace was

constructed from many cross-correlation profiles, each recorded for a different filter centre-

frequency (different slit position).

Figure 4.9 Schematic ofthe optical system used to rapidly acquire the sonogram. The pulses

returningfrom the zero-dispersion filter and delay line are combined at the GaAsP photodiode,

having a small crossing angle in the vertical plane, to avoid interferencefringes

4.2.3 Synchronisation and acquisition of the sonogram trace

Precise control of the slit and PZT stage, as well as the acquisition of the two-photon signal,

was achieved using a combination of an analogue-digital / digital-analogue expansion card

(Eagle Technology, part no. PC30G) within a personal computer and a specially designed

digital signal generator (Figure 4.10).
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Figure 4.10 Schematic representation ofthe electronic acquisition and retrieval system

This digital control box used a clock signal from the expansion card to produce two different

waveforms. The first waveform controlled the PZT stage and consisted of a digitally

constructed sine-wave (0 to 10V) with a period equal to 1024 clock signals. The frequency of

the clock signal corresponded to the frequency at which the signal from the two-photon

detector was being recorded, thus for every periodic movement of the PZT stage 1024 cross-

correlation points were recorded. For every period of the PZT stage, two separate cross-
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correlations were recorded, the first while the delay was increasing and the other while the

delay was decreasing. The second waveform provided a TTL trigger every 512 clock signals

and was used to advance the slit every time the PZT reached the end of its travel. This

enabled two cross-correlations with differing filter positions to be recorded every period of

the PZT stage. The translation stage was designed so the whole bandwidth of the pulse was

scanned across 120 stepper motor steps, enabling a sonogram consisting of 512x120 points to

be recorded every 2 seconds (0.5Hz) when a 33kHz trigger signal was being used. Once all

120 slit positions were scanned, the movement of the slit direction was reversed and the

procedure was immediately repeated. The whole acquisition process was carried out in on the

A-D card and utilized none of the processor power of the computer so, once sonogram trace

had been recorded, acquisition of the next sonogram began immediately while the processor

was used to calibrate, filter and retrieve existing the sonogram data.

4.2.4 Calibration and filtering of acquired sonogram trace

The acquired sonogram trace was comprised of 61440 data points. The data had to be

carefully manipulated to form a single 64x64 sonogram that could be fed into the retrieval

algorithm. All data handling and retrieval was handled using the FORTRAN computer

language due to its fast numerical capability.

The calibration of the time and frequency axis was done prior to the sonogram measurement

and was then added as a variable within the FORTRAN program. The wavelength axis was

calibrated by scanning the slit across the pulse spectrum while measuring the wavelength. By

building up a graph similar to that in Figure 4.6 a direct relation was obtained which

described the change in filter frequency per unit slit movement. The time axis calibration was

achieved by modifying the path length in the unfiltered arm by a known distance. By

measuring the corresponding temporal movement of the cross-correlation trace, a value for

the delay per pixel was determined. Background subtraction and a small amount of Fourier

filtering (where necessary) [25] was applied to eliminate high frequency noise. Background
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subtraction simply consisted of averaging intensities of a number of points that were distant

from any regions containing pulse information (eg. a corner of the sonogram trace) and the

resulting value was subtracted from the whole array. Any points that became negative during

this procedure were set to have a value of zero.

The filtered sonogram trace was then interpolated [26]into a 64x64 Fourier array so that the

sampling periods in time and frequency were related by

At =—— (4.5)
NAf

where At and Afwere the sampling periods in time and frequency respectively and N was the

number of samples across the array. An appropriate sampling period for the Fourier array was

selected and a 64 x 64 Fourier array was obtained. It was important to carefully select the

sampling period to ensure that both the time and frequency were efficiently sampled on the

trace so that no data were lost from the edges or squeezed within an insufficiently small

number of pixels. This trace was then processed by the retrieval algorithm.

4.2.5 Retrieval of the sonogram trace

The retrieval algorithm used in this work was based upon principal-component generalised

projections (PCGP)[9, 18, 20], PCGP has already been described in more detail in section

2.3.1.3 for the retrieval of frequency resolved optical gating (FROG) traces, and when applied

to sonogram retrieval uses a matrix approach based on the idea that a sonogram can be

generated from the outer product of the pulse complex spectral amplitude and the frequency

filter amplitude response. The sonogram generation procedure is outlined schematically in

Figure 4.11.
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Figure 4.11 The procedurefor generating a sonogram from the outer productform

Prior to the retrieval of the first sonogram, trial solutions of the filter (G) and the pulse (E) are

prepared using a Gaussian envelope with random phase. These trial solutions are then used to

calculate the sonogram complex amplitude and its intensity is replaced by the intensity of the

first acquired sonogram. The resultant pseudosonogram is then manipulated to produce a new

guess of the pulse spectral amplitude and the filter transmission. In our implementation this

was initially repeated 50 times to retrieve the pulse characteristics of the first sonogram trace

and these were plotted on the computer screen. Further retrieval used results from the

previous retrieval as trial solutions. Rapid acquisition meant that it was unlikely the next pulse

would have changed significantly from the previous one, thus the number of iterations

required for subsequent retrievals was dramatically reduced to only 20. The use of

FORTRAN (Salford FTN77) computer language to achieve fast data processing allowed the

sonogram algorithm to complete 100 iterations every second on a personal computer (Pentium

II 450 MHz) using a 64 by 64 array. Figure 4.12 outlines the processes involved within the

retrieval algorithm.
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Figure 4.12 Schematic representation of the sonogram retrieval algorithm

Once the required number of iterations were completed, all retrieved pulse information

including temporal and spectral intensity and phase were plotted on the screen. The

calibration, filtering and retrieval process was then repeated for the next acquired sonogram.

This whole process could be carried out at a repetition rate of 0.5Hz.

4.2.6 Results

All results shown within this section were acquired rapidly, calibrated, retrieved and

displayed on screen using the method described in the previous sections. For clarity of

reproduction these results were recorded to disk and re-plotted using MATLAB. Figure 4.13

shows an experimentally acquired sonogram. The graphs above and to the side of the

sonogram trace show a comparison between the trace marginal and those quantities described

in equations (4.3) and (4.4).
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i
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Figure 4.13 Experimental sonogram trace with corresponding time andfrequency marginals (solid

lines) compared respectively with quantities described in equations (4.3) and (4.4)

Excellent agreement can be seen between the marginals thus demonstrating that there is

negligible systematic error. The slight difference in the delay marginal can be attributed to

some noise within the trace. This is confirmed when the trace is retrieved and a similar

comparison is made between the marginals.

750 760 770 780 790 800 810 820 830 0 0.5 1
Wavelength (nm)

Figure 4.14 Retrieved sonogram trace with corresponding time andfrequency marginals (solid lines)

compared with quantities described in equations (4.3) and (4.4)
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Even better agreement is shown on the retrieved pulse showing that the slight difference in

the marginals was in fact due to noise within the trace. That these marginals compare so well

implies a confidence that the retrieved pulse information is correct. Figure 4.15 shows the

temporal intensity and phase of the retrieved pulse.
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Figure 4.15 Temporal intensity (triangles) andphase (circles) ofthe retrievedpulse

In Figure 4.16, the retrieved pulse spectrum is shown together with the spectral phase. For

comparison the experimentally measured spectrum is also plotted, again showing excellent

agreement.
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Figure 4.16 Comparison between the experimental (solid line) and retrieved (squares) spectra along
with the retrieved spectral phase (circles)
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Finally, by convolving together the retrieved temporal intensity (in Figure 4.15) and its

inverse, a simulation of the pulse autocorrelation can be carried out. Figure 4.17 shows a

comparison between the retrieved and experimentally acquired autocorrelation.

Delay (fs)

Figure 4.17 Comparison between the experimental (solid line) and retrieved (squares) intensity
autocorrelation

The results given within this section demonstrate that the sonogram characterisation technique

is very robust and is able to give complete characterisation with the reassurance that there are

no ambiguities within the experimental data. Before obtaining these results there was often a

false preconception when dealing with time-frequency characterisation techniques, like

sonograms, that the retrieval of the trace was the limiting factor when it comes to the

development of a real time system. Improved pulse retrieval algorithms, combined with ever

increasing speeds of personal computers have now made the speed of retrieval small

compared to the time taken to acquire the trace. Consequently, techniques to enable faster

acquisition of a sonogram trace are required.
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4.3 Fast acquisition of a sonogram using a scanning Fabry-Perot etalon

The optical scheme described in section 4.2 was very simple and easy to calibrate and gave

excellent results. For real-time measurements, however, the technique is solely restricted by

how fast the slit can accurately travel back and forward across the Fourier plane. Ideally, for

rapid acquisition, a method is required that allows the scanning of the pulse spectrum to be

achieved more rapidly, but with the same accuracy as the slit technique. Recently an

alternative bandpass filter was used to measure very low energy picosecond pulses [16]. Here,

a Fabry-Perot filter was used to selectively filter the narrow bandwidth of a picosecond pulse.

Even for the considerably broader spectral bandwidths associated with femtosecond pulses, a

Fabry-Perot filter presents an extremely attractive means of implementing a rapidly scanning

frequency filter due to the very small changes in mirror position that are required to scan

across a bandwidth of tens of nanometres.

4.3.1 Design of the frequency bandpass filter

The maximum frequency-scanning range which a Fabry-Perot filter can achieve is determined

by the size of its free spectral range (FSR). The value of the FSR is directly related to the

separation of the two mirrors

where FSR is in frequency, c is the speed of light and d is the mirror separation. Equation

(4.6) states that the larger the FSR, the smaller the mirror separation must be. This factor

becomes important when the large bandwidths that are associated with ultrashort pulses are

taken into consideration. For example, a lOOfs pulse centred at 800nm has a spectral

bandwidth of ~7nm. To scan across the whole pulse spectrum, including the wings, a FSR of

around 40nm is needed and this is equivalent to a mirror separation of 8p.m. The mirror

separation must also be accurately scanned through a distance of Zi the distance

corresponding to one full FSR. For a pulse centred at 800nm, this implies that the mirrors
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must accurately scan a distance of at least 0.4p.m. Figure 4.18 shows the design of the filter

that was used.

Top view

Side view

Static mirror Scanning Piezo block
within mirror mirror

mount

Micrometer

Figure 4.18 Mechanical design usedfor the scanning Fabry-Perotfrequencyfilter

Having such a small mirror separation meant that the two mirrors had to be perfectly parallel

with one another and to achieve this the static mirror was placed within a mirror mount to

allow angular adjustment relative to the scanning mirror. The scanning of the mirror

separation was achieved by placing a small piezo-electric stack within a translation stage

between the micrometer and the side of the translation block. This attractively simple

technique allowed coarse translations to be made using the micrometer screw gauge and final

small translations to be made using the piezo-electric stack. The piezo transducer used

(Thorlabs, Inc., Part no. AE050D08) provided a translation of~6pm across the 0-150V output

available from the controller box (Linos Photonics, part number 40 6050) and therefore

allowed scanning across 15 FSR's.
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The second critical parameter to be considered when designing the filter is the FWHM of its

passband. This characteristic is solely dependent upon the reflectivity of the mirrors within a

Fabry-Perot filter and is described by:

A
(4.7)

1—1h

where AvFWHM is the frequency FWFIM of the filtered spectrum frequency, AvFSR is the FSR

and Tj and r2 are the reflectivities of the two mirrors. As mentioned earlier within this chapter,

when measuring a sonogram, filter bandwidths of around one third of the pulse spectrum

work well. In this experiment two mirrors with reflectivities ri=r2=0.95 at 800nm were used,

corresponding to AAFWHM = 1.3nm (assuming a FSR of 40nm). In practice, the actual value

was usually larger due to the combination of scattering / absorption loss, small misalignments

and imperfect mirror flatness.

The complete filter response of an air-spaced Fabry-Perot etalon is a complex quantity which

can be represented as [27]

GM = 0.8)
1 -R exp c

This filter has a wavelength-independent phase profile in the form of a slowly-varying ramp

which passes through zero at the centre of the passband. Unlike dispersive filters (eg. grating

spectrometer designs) which can be optimised to have zero phase across their full tuning

bandwidth, the phase of the Fabry-Perot filter is never flat, but can be minimised across the

passband by a suitable choice of mirror reflectivity and separation.
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Wavelength (tun)

Figure 4.19 Representative Fabry-Perotfilterfunction (straight line) and its phase (dashed)

For illustrative purposes, there is a depiction in Figure 4.19 of the Fabry-Perot filter function

calculated using values of the FSR and the mirror reflectivities given above. As will be shown

later, the algorithm retrieves the complete profiles of both the pulse and the filter, and when

the Fabry-Perot filter is configured to have high finesse the phase change across the filter

bandwidth is obtained and retrieved.

4.3.2 Design of the delay line

Compared to characterisation techniques such as autocorrelation and FROG, the measurement

of the sonogram requires an increased length in scan due to the increased pulse duration

caused by bandpass filtering the pulse. Typically the filtered pulse is broader than the

unfiltered one by a factor of ~3-4 and therefore the pulse broadening caused by the filter is

not a problem provided techniques exist that allow rapid and accurate delay scanning with

sufficient range. The previous rapid sonogram arrangements in section 4.2 used a piezo¬

electric translation (PZT) stage to provide the required delay. PZT stages have the advantage

of being able to give direct control over the exact position of the delay line. Unfortunately at

high frequencies (ie >100Hz) these devices were found to be driven into resonance causing

violent vibrations and resulting in severe distortion of the cross correlation signal. Instead of a

PZT stage, a loudspeaker (Farnell, part number 562-336) was used within this sonogram
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arrangement to provide the scanning delay. The use of speakers is commonplace within

devices such as autocorrelators and provides a cheap and simple way of implementing a delay

arm with the advantage of being able to work at high frequencies without risk of distortion. A

hollow corner-cube retroreflector was fixed within the centre of the speaker cone and three

translation stages were used to provide X, Y and Z movement. These three adjustments

allowed control over the position of the reflected beam as well as coarse control over the

length of the delay arm.

4.3.3 Design of the optical setup

The optical setup, shown in Figure 4.20, used a Mach-Zehnder interferometer arrangement.

This was preferred over the Michelson arrangement as it allowed the pulses to pass only once

through the filter before being recombined with the reference pulses. The loudspeaker was

placed directly after the Fabry-Perot filter, allowing the second arm of the interferometer to be

much simplified, requiring only two mirrors for path length matching and to steer the beam

onto the output beamsplitter. For ease of alignment, an optical isolator (Optics For Research,

part number IO-5-TiSl) was placed before the optical setup to prevent reflections from the

Fabry-Perot returning back into the laser and thus stopping it from mode-locking. To avoid

pulse distortion associated with the isolator it could have been removed after slightly angling

the Fabry-Perot etalon mirrors so that they were not perfectly perpendicular with the incident

beam. The beams from the two interferometer arms were recombined at the second

beamsplitter with a small vertical offset. When focused (f~25mm), this offset allowed the

pulses to be recombined noncollinearly with a small crossing angle in the vertical plane on the

GaAsP photodiode which acted as the TPA detector. As the speaker scanned through the zero

delay position a cross-correlation signal free of interference fringes could be observed. A

kinematic mirror mount was placed at the output of the Fabry-Perot filter so that the filtered

spectrum could be observed using a scanning spectrometer (Rees LSA). Accurate alignment

of the two mirrors within the Fabry-Perot filter was achieved by bringing the mirrors visibly

119



Chapter 4: Development towards real-timepulse characterisation usingsonograms

close to one another using the coarse control of the micrometer. By changing the alignment of

the static mirror, the peak intensity of the modes monitored on the spectrometer was

maximised so that their FWHM narrowed. The micrometer could then be carefully adjusted

so that the FSR gradually increased. Final, small adjustments that were required to obtain the

full FSR were made using the bias control on the piezo controller box.

Figure 4.20 A schematic diagram ofthe optical system used to rapidly acquire the sonogram

4.3.4 Acquisition and synchronisation of the frequency filter and delay-line

The synchronisation between the frequency filter and the delay-line was one of the most

crucial parts of the experimental setup. The presence of even small errors in the

synchronisation would potentially make the acquired data meaningless. As acquisition speeds

were increased so too was the difficulty of synchronisation.
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Synchronisation was achieved using a combination of an analogue to digital data acquisition

card (Eagle Technology, part number PC30G) and a specially designed digital signal

generator. Our data acquisition card was able to digitise 100000 data points per second, and

each time a sample was recorded a TTL pulse was produced. These pulses were vital for

calibration purposes because they enabled the computer to have control over the movement of

the loudspeaker and the filter, whose positions could be directly related to the number of data

points that had been recorded by the computer. The control was achieved by using the TTL

sample pulses as a clock signal for a digital signal generator, the circuit diagram of which is

shown in Figure 4.21.
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Figure 4.21 The circuit diagram ofthe digital signal generator used to produce the two separate

waveforms that synchronise the spectralfilter and the delay line.

The electronic circuit provided two separate waveforms, one which controlled the speaker and

another that controlled the Fabry-Perot filter. The waveform controlling the speaker was a

triangular waveform that had a period comprised from 512 clock pulses (Figure 4.22)

meaning that a clock signal having a maximum frequency of 100kHz would produce a

triangular waveform with a frequency of 195.3Hz. This signal was then amplified using an

audio power-amplifier which was used to enable accurate control over the amount of delay

that was provided by the speaker. Although a triangular waveform was being generated, the
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rapid change in direction at the extremes of the signal was dampened by the speaker resulting

in a loss of scan linearity in these regions. This had no effect on the pulse measurement as

long as the amplitude of the speaker was large enough so that the cross-correlation was

completely measured within the linear region of travel at the centre of the speaker's

movement. The second waveform used to control the Fabry-Perot filter produced a voltage

ramp made up from 256 levels, each of which corresponded to 128 clock pulses (see Figure

4.22).

65536 clock signals (512x128)
256 steps

< - ►

Fabry-Perot
waveform
(1.52 Hz

@100kHz clock)

Speaker
waveform
(195.3 Hz

@100kHz clock)

Magnified view of signal
128 clock signals

AAAAAAAM
Figure 4.22 A representation ofthe two waveforms createdfrom the signal generatorfor movement of

the Fabry-Perot etalon and the delay line

When the clock signal had frequency of 100 kHz the ramp waveform had a frequency of

1.52Hz. This signal was fed into a piezo controller box (high-voltage amplifier), which in turn

was connected to the piezo block within the translation stage of the Fabry-Perot filter. The

filter was setup by initially scanning the piezo slowly and monitoring the spectrum of the

filtered pulses using our spectrometer. The voltage of the ramp was then adjusted (using

variable resistor R2 in Figure 4.21) so that the whole FSR was scanned over a range greater

than the pulse spectral bandwidth. By modifying the DC offset voltage on the piezo controller

the filter scan was adjusted to start at the short-wavelength edge of the pulse spectrum.
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When the clock signal was generated at 100kHz, the two control waveforms allowed the

acquisition of 256 cross-correlation signals at a frequency of 1,52Hz, each having a separate

fdter position and thus providing a sonogram consisting of a 256 by 256 array. It should be

pointed out that cross-correlation signals were acquired during both the outward and return

excursions of the speaker and subsequently it was necessary to reverse half of these data

before the formation of the sonogram.

4.3.5 The calibration and retrieval program

Figure 4.23 shows a block diagram outlining the different stages which the acquisition and

retrieval program followed.

Figure 4.23 Schematic representation outlining the processes that were carried out by the acquisition
and retrieval program
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The acquisition card was configured so that it continuously acquired data within a circular

buffer consisting of 65536 points (512 by 128 array). Once the end of the buffer was reached,

new data points were loaded into the start of the buffer. The combination of the acquisition

and synchronisation techniques allowed all 65536 data points, once initially calibrated, to be

assigned a specific frequency and delay value, and data at these positions were capable of

being continuously updated at a frequency of 1.52 Hz. It should also be noted that, as in the

previous technique, because all data acquisition was achieved using background processing

on the A-D card all the calibration and pulse retrieval procedures were able to make full use

of the computer's processing power.

Once the first sonogram was acquired, the buffer was initially read into a 512 x 128 array.

These data consisted of two sets of cross-correlations that were obtained with the speaker

moving either forward or backwards. As part of the initial calibration procedure, the start of

the scan was first deduced from the array and this was achieved by measuring the time and

frequency marginals. The time marginal (made up from 512 data points) consisted of two

main maxima that corresponded to the two cross-correlation signals from the outward and

return speaker movements. By detecting the two peaks of these cross-correlations, the start of

each scan was easily deduced by understanding that a single cross-correlation comprised of

256 data points. The 512 rows of the array were then either shifted up or down in delay to set

the start of one set of cross-correlation data at the beginning of the array. The same procedure

was carried out for the frequency marginal (128 points) with the maximum peak this time

referring to the peak wavelength of the laser and this point was centred within the array. The

array now consisted of two mirror-image sonogram traces that were combined and then

interlaced together to produce a 256 x 256 sonogram trace. Again, as in the previous

technique described in section 2.2 background subtractions was applied as well as a small

amount of Fourier filtering. The filtered sonogram trace was then interpolated into a Fourier

array so that the sampling periods in time and frequency were related by equation (4.5)

124



Chapter 4: Development towards real-timepulse characterisation using sonograms

Calibration information about the acquired sonogram trace was now required. The calibration

of the frequency axis was achieved with the use of a separate spectrometer to measure the

FSR of the Fabry-Perot fdter. Once the value of the FSR was obtained, the trace was easily

calibrated by knowing there were exactly 256 samples across this range. The time axis was

calibrated by moving the delay a known distance and, by measuring the subsequent

displacement of the cross-correlation, an accurate value of the experimental delay step could

be inferred. All calibration data were entered into the program before acquisition was started.

An appropriate sampling period for the Fourier array was selected and a 64 x 64 Fourier array

was obtained. The retrieval process used was identical to that detailed in section 4.2.5 except

for the removal of the constraint that forced the gate to have zero phase. This was because the

Fabry-Perot filter has a non-zero phase profile (Figure 4.19). The whole calibration, retrieval

and plotting of data onto the computer screen was achieved at a frequency of 1 Hz on a

Pentium II 450 MHz processor. Update rates of 1.52Hz (the acquisition rate) could be

achieved by simply using a faster computer.

4.3.6 Results

The results presented within this section have all been acquired and retrieved at an overall

frequency of 1Hz, though it should be highlighted that the sonogram was in fact acquired at a

frequency if 1,52Hz. The sonogram trace that was analysed was the 10th sonogram trace to be

acquired within a 10 second period. The results were saved to disk and plotted using Matlab

for clarity. Figure 4.24 shows a comparison between the experimentally acquired and

retrieved sonogram trace.
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Figure 4.24 Comparison between the experimentally acquired sonogram trace (a) and the retrieved

sonogram trace (b)

The comparison between the two traces show excellent agreement giving the first indication

that the retrieval process was a success. Figure 4.25 shows the retrieved pulse intensity and

phase.

Figure 4.25 The temporal intensity (crosses) andphase (circles) of the retrievedpulse

The quadratic phase profile is what was expected due the chirped pulse passing through the

optical isolator. Figure 4.26 compares the independently measured pulse spectrum and

autocorrelation with the retrieved spectrum (Figure 4.26a) and autocorrelation (Figure 4.26b).
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Figure 4.26 (a) Comparison between the experimental (solid line) and retrieved (crosses) spectra

along with the retrieved spectral phase (circles), (b) Comparison between the

experimental (solid line) and retrieved (crosses) intensity autocorrelation

Although the experimental data compare very well with those of the retrieved data, for

completeness Figure 4.27 shows the marginals of the retrieved sonogram trace compared with

the quantities given in equations (4.3) and (4.4).

780 790 800

Wavelength (nm)
810 0 0.5 1

Figure 4.27 The retrieved sonogram trace with corresponding time andfrequency marginals (solid

lines) compared with quantities described in equations (4.3) and (4.4)
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Figure 4.28 compares the experimentally measured filter against the retrieved filter. Although

a good fit is observed it should be noted that as a 64x64 array was used, the sampling period

was large compared to the size of the filter, so for a more accurate comparison a larger grid

size would be preferred. The same comments apply to the phase of the filter, which is also

displayed in Figure 4.28 and, as predicted in Figure 4.19, a definite ramp was retrieved by the

algorithm.

Wavelength (nm)

Figure 4.28 The retrievedfilterfunction (crosses) andphase (circles) compared with the

experimentally measuredfilter (solid line)

From the results outlined in the previous pages it is clear that using a Fabry-Perot filter was

successful in rapidly characterising ultrashort pulses by measuring their sonogram. However

it should be realised that by making a number of small alterations to the experimental

configuration the speed of acquisition and retrieval could be dramatically increased. Firstly,

by acquiring a 128 by 128 array instead of the 256 by 256 array the acquisition speed could be

quadrupled. This could be simply implemented by switching the position of the clock signal

originating from the first 1040 counter integialed circuit (see Figure 4.21). A Fabry-Perot

etalon has the potential to oscillate at much higher frequencies than the speaker, so if a

specifically designed filter was manufactured, the roles of the speaker and the filter could be

reversed so that the filter oscillated at the higher frequency. This again would have the

potential to acquire a sonogram at much higher frequencies, although increasing the

acquisition rate would require a faster acquisition card. The acquisition card used in this
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experiment could acquire at 100kHz which is relatively slow compared to more modern

acquisition cards that can acquire at many times this rate. The speed of the computer program

which calibrates, retrieves and visualises the sonogram trace can also be increased. Perhaps

the simplest (though not necessarily the cheapest) method is to upgrade the computer with a

faster processor. A Pentium II 450 MHz processor was used in all experiments outlined in this

chapter but at the time of writing more modern computers have the potential to run at three

times this speed. Further optimisation of the code would also help increase the overall speed

of the program, especially by using more sophisticated means for visually displaying the data.
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Figure 4.29 A typical screenshot of the computer rapidly displaying the pulse characteristics

The program used in this experiment visually displayed all the pulse characteristics as

depicted in Figure 4.29 but for certain applications only display of the sonogram trace or the

phase measurement would be required, again resulting in an increase in the update frequency.

It should be noted that for this work we programmed the visual display routine only as a

demonstration and further work could easily be done to enhance its usability. Figure 4.29 also

shows that super-gaussian fdtering was also implemented within the program, although it was

found that this type of fdtering was not generally required.
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4.4 Conclusion

Within this chapter descriptions are given for two separate rapid characterisation systems that

have demonstrated how the measurement of a sonogram is a viable technique for rapid pulse

characterisation. The sonogram technique is very robust, easy to implement and extremely

flexible. The use of two-photon absorption detectors also makes this technique very sensitive,

broadband and polarisation insensitive thus making it ideally suited for ultrashort pulse

characterisation. The sonogram approach can be implemented in the blue and mid-IR with

minimum modifications, making it an attractive alternative to FROG at these wavelengths

The use ofmarginals for error checking also gives it an advantage over the SPIDER technique

making it a real alternative for rapid pulse characterisation.
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CHAPTER 5

Dispersive propagation time-resolved optical

gating (DP-TROG)

5.1 Introduction

In stark contrast to frequency-resolved optical gating (FROG) which has various geometries

(section 2.3.1.1), the measurement of a sonogram, often referred to as time-resolved optical

gating (TROG), has until recently consisted only of a single geometry. Frequency-domain

phase measurement (FDPM) [1-3], devised by Chilla and Martinez cross-correlates a pulse

with its frequency fdtered replica to form a smoothed map of the bandpass-fdter centre

frequency against delay from which the pulse data can be extracted using an iterative retrieval

algorithm [2, 4], For the retrieval to be accurate the duration of the unfiltered pulse must be

significantly shorter [2] than the filtered pulse and the dispersion of the spectral bandpass

filter must be zero or well-characterised [4]. Chapter 4 provides a description of how this

geometry has been used to rapidly acquire and retrieve a sonogram trace to fully characterise

a pulse.

Recently, Koumans and Yariv have reported an alternative to the FDPM sonogram (or

TROG) geometry called dispersive-propagation time resolved optical gating (DP-TROG) [5].

The DP-TROG measurement yields an auto-sonogram of the pulse by recording a series of

second-order autocorrelation profiles of the pulse after it has passed though a system of

variable group-velocity dispersion. A direct mapping from dispersion -» time is used to

generate the TROG trace from the Fourier-transformed autocorrelation data. This technique

has been used to characterise pulses at 1.5|um using a dual grating disperser [6] to vary the

dispersion [7],
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C Input / output
pulse

Figure 5.1 The dual grating disperser used by Koumans to vary the dispersion ofa pulse [7]

z
<->*-

The amount of dispersion added to the pulse is varied by adjusting the distance z between the

grating and the focal point of the telescope and this can be described mathematically as:

£)(z) = -2;r/?2z (5.1)

where the dispersion parameter /?2 is given as

A = 2.2 Ia <«>nc a cos 0

A is the centre wavelength, c is the speed of light, 1/d is the grating line density and 6 is the

angle between the normal to the grating and the telescope axis. By taking a number of

autocorrelation traces around a dispersion point D0 that corresponds to where the maximum

pulse compression occurs (ie. minimum autocorrelation width), the resulting set of

autocorrelation traces is given as:

R{D,T)= §A\t,D)\\A'{t-T)\dt (5.3)

where A'(/, D) is the pulse envelope. The Fourier transform of this trace is then taken to

produce

R(D,F)~ j]^4'(/,£))|2 exp(-/'2^F/)<Z/| (5.4)
Equation (5.4) can then be expanded using the convolution theorem to give

R (D, F) = | JA (/)A' (f- F) exp (i2nJFD)df\ (5.5)
The signal given by the normal sonogram geometry (ie. FDPM-TROG) can be expressed as
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1FDPM-TROG (T,F) = \\A(f)G(f,F)exp(i2nfT)df (5.6)

where the gate function G(f, F)is small enough to be assumed as a delta function. By

making a direct comparison between equations (5.5) and (5.6) it can be seen that there is a

direct scaling between the two equations so that

T = FD (5.7)

such that

1DP-TROG (T,F) = R —>F (5-8)

Equations (5.3) through to (5.8) show how a DP-TROG trace can be constructed from a

measured set of autocorrelation traces R (£), 7") . By Fourier transforming the autocorrelation

with respect to T and interpolating at points (T/F,F) so that a Fourier array is formed

where AT and AF are related by equation (5.9), a DP-TROG trace is formed.

AT =—-— (5.9)
NAF

The DP-TROG is then processed by a retrieval algorithm to obtain the pulse information.

Although the DP-TROG technique has been shown to be successful [7], there are some

experimental issues associated with implementing the DP-TROG method that need to be

addressed before DP-TROG can be used as a viable alternative to other characterisation

techniques. The initial dispersion calibration is crucial to the whole success of the DP-TROG

technique given that it is this calibration which is used to construct the DP-TROG trace using

equation (5.7). If the measurement of dispersion is incorrect, all data originating from this

trace will also be incorrect. In the Koumans publication [7], Equation (5.1) was used to

calculate the dispersion originating from the dual grating disperser. Basing the DP-TROG

dispersion calibration entirely on a calculation, although in principle correct, is unreliable

because it is prone to experimental uncertainties in the disperser alignment and in all of the
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variables that are associated with the dispersion parameter /?2 in equation (5.2). Within this

chapter there is a description of how the marginals of the DP-TROG trace can be utilised to

automatically calibrate the dispersion axis. Also there is the first demonstration of a sub lOOfs

pulses measurement using DP-TROG and discussion of the limitations of DP-TROG when

measuring even shorter pulses.

5.2 Experimental configuration

The optical setup used to experimentally acquire a TROG trace (Figure 5.2) is made up of two

main parts, a dispersive filter and an autocorrelator.

flipper mirror "pick off' flipper mirror SF14

Figure 5.2 The optical arrangement used to acquire the experimental TROG trace

Instead of the dual grating disperser previously used to acquire a DP-TROG trace [7], a

prism-pair arrangement was used as the dispersive element. Using the retrieval algorithm

(Section 5.3) it was found that in order to successfully characterise a pulse using DP-TROG,

the dispersion introduced must cover a sufficient range to cause the autocorrelations at the

minimum and maximum GVD values to have intensities below 30% of the maximum

autocorrelation intensity. When the dispersion range is too small, Equation (5.8) illustrates
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that regions of the DP-TROG trace where (T/F) is large will lack any data. For the pulses

measured in this work, a sufficient dispersion range was achieved by using a pair of SF14

prisms with an apex separation of 275 mm. Alternative arrangements could easily be

substituted to measure pulses at other wavelengths or with durations significantly different

from those studied here. In a prism pair arrangement, suitable configurations could be

realised by choosing a different prism material or apex separation. In my configuration, by

introducing a slight vertical displacement of the returning beam through the prism pair, the

dispersed light was collected by a mirror situated above the input beam and directed into the

autocorrelator. The autocorrelator was a standard collinear Michelson design and used a

mirror attached to a loudspeaker to provide the required movement of one of the arms.

Appropriate capacitive filtering was used to obtain the intensity autocorrelation signal using a

digitising oscilloscope. Strong autocorrelation signals were measured for the full range of

dispersion, and signal averaging was used to eliminate residual noise. A two-photon detector

(GaAsP photodiode) was used to provide a sensitive, cheap and simple nonlinear element

with which to measure the autocorrelation trace.

A total of 70 autocorrelation traces were measured at different prism insertions, a process

taking around 20 minutes to complete manually. It should be noted that this acquisition

procedure could easily be automated to reduce this time dramatically. Starting initially at

minimum prism insertion, the second prism was stepped at constant intervals of 0.2 mm until

maximum insertion was reached. After each step, the autocorrelation trace was recorded

using a digitising oscilloscope (Tektronix TDS3032) capable of sampling 10000 data points

per channel. The results obtained are shown in Figure 5.3
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Delay (fs)

Figure 5.3 Pulse intensity autocorrelation traces at various prism insertions

It was important to confirm that the pulses from the laser did not change while acquiring the

set of autocorrelation traces. To ensure that this was the case, the spectrum and

autocorrelation of the pulses were measured at the beginning and the end of the data

acquisition. By verifying that both measurements remained unchanged it was reasonable to

assume that the pulses had not varied during the course of the acquisition procedure. As

discussed later, in section 5.3, an accurate measurement of the autocorrelation of the pulse

was critical to the entire calibration procedure and so, to ensure consistency, a direct

autocorrelation of the pulse was measured with the same autocorrelator used in the series of

dispersed pulse measurements. This was achieved by using a sequence of kinematic mirror

mounts to redirect the incoming beam directly into the autocorrelator.

As part of the measurement calibration procedure, the prism insertion corresponding to zero

dispersion had to be established. This was achieved in practice by finding the two prism

insertions that produced autocorrelations with FWHM durations equal to the FWHM

autocorrelation duration produced by the original pulse. Except in the case of a transform-

limited pulse, there will always be two prism insertions that have identical autocorrelation

FWHM's (although not with necessarily with identical pulse shapes, eg. in the case of
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uncompensated third-order group-velocity dispersion). For our system, it was known that

positively chirped pulses were being generated, and this information ensured that the correct

prism insertion was chosen ie. the one corresponding to the greater prism insertion. When the

sign of the chirp is unknown it should be noted that an incorrect choice of the zero-GVD

prism insertion will become evident when attempting to calibrate the DP-TROG measurement

using the trace marginals as described later in this chapter. In this case, a switching of the

zero-GVD prism insertion value to the other position is all that is required. Alternatively, a

priori knowledge of the dispersive filter can be used to determine the zero-GVD position.

Once a suitable set of experimental autocorrelation profiles was assembled, the data were

resampled in time onto a 128 element array (Figure 5.3) then Fourier-transformed to give a

frequency-domain representation of each autocorrelation (Figure 5.4).

Frequency (fs_1)

Figure 5.4 Fourier transform of the pulse intensity autocorrelation at various prism insertions

Creation of the DP-TROG trace simply requires a mapping from this dispersion-frequency

domain to a time-frequency representation. By assuming that only second-order group

velocity dispersion is added to the pulse by the prism-pair arrangement, the mapping function

given in equation (5.7) can be represented as
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-> J2<t> st <-» -2^"—y/ (5.10)
aco

Before this mapping function can be applied to the trace in Figure 5.4 it is necessary to re¬

calibrate the dispersion axis so that it replaces the prism insertion axis in terms of dispersion.

5.3 Calibration, analysis and retrieval of experimental results

One of the most attractive attributes of the DP-TROG implementation described within this

chapter is the absence of any complex dispersion calibration procedures, the only requirement

being that an accurate measurement is made of the delay axis of the autocorrelation data.

Interestingly, as long as the GVD introduced by the dispersive filter varies linearly, no

measurement of the absolute filter dispersion is required. By exploiting the properties of the

TROG trace marginals, complete calibration can be achieved if the pulse autocorrelation and

spectrum are known.

Figure 5.5 Block diagram, emphasising the simplicity ofcalibration when utilising the DP-TROG
trace marginals

To start, an estimate of the filter GVD is made using knowledge of the change in the material

thickness with prism insertion, the Sellmeier data for SF14 glass and the known zero-GVD

position. As explained in reference [8] this simple approach does not accurately predict the

exact GVD introduced in the measurement. Next, a preliminary TROG trace is generated

using Equation (5.10) and its marginals calculated. From equation (5.10) it is possible to see

that as frequencies become small and tend towards zero, larger values of dispersion are
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required. Experimentally it is not always possible to measure these values of dispersion with

the result that no experimental data are available for points close to zero frequency. Data at

zero frequency offset (f= 0) which are not accessible at all from equation (5.10) are obtained

by Fourier-transforming the pulse spectrum and squaring it in magnitude [5],

The DP-TROG trace is the spectral analogue to the SHG-FROG trace and consequently the

time marginal of the DP-1 ROG trace is equal to the pulse temporal intensity autocorrelation

and the frequency marginal is identical to the pulse spectral intensity autocorrelation. By

comparing the trace marginals with the experimental temporal and spectral autocorrelations,

the estimated GVD was linearly scaled until a precise match was found. An agreement could

only be found when the value ofGVD was set correctly. If this could not be achieved it would

suggest that either the incorrect zero dispersion position had been selected or that the

calibration of the spectrometer or the delay arm was incorrect. To check the validity of this

approach, test retrievals were carried out on traces generated with a range of dispersion

calibrations and these showed that the minimum RMS retrieval error

was obtained when the marginals were in exact agreement as described where x and y are the

data points from the trace marginal and its equivalent spectral or temporal pulse

autocorrelation. This procedure highlights one of the major advantages of our technique in

that if there is any error in the calibration it will be apparent immediately in analysing the

trace marginals. Figure 5.6 shows a comparison between the temporal and spectral

autocorrelations and the marginals of the DP-TROG trace generated from experimental data

using the procedure above.

(5.11)
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Figure 5.6 The experimental DP-TROG trace with comparison of its time andfrequency marginals

with the temporal and spectral intensity autocorrelations of
the pulses respectively

The marginals show good agreement, implying that the correct values of GVD have been

identified. It should be highlighted that there are a number ofpoints on the time marginal plot

which do not coincide with the autocorrelation of the pulse. This discrepancy is due solely to

a few missing data points around f= 0 which are not mapped to because of the limited

experimental dispersion range. The effect can be eliminated by using a smaller sampling step

in time or by applying an interpolation procedure [5].

Using an algorithm based on principal-component generalised projections (PCGP) [4, 9, 10],

the DP-TROG trace can be quickly retrieved (assuming, as is common with all spectrogram /

sonogram methods, that a given pulse is uniquely represented by its DP-TROG trace). PCGP,

described already in detail earlier in this thesis, uses a matrix approach based on the idea that

a sonogram can be generated from the outer product of the pulse complex spectral amplitude
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and the frequency filter amplitude response. In DP-TROG, the pulse and filter are identical,

and applying the outer product idea in reverse and exploiting certain properties of matrix

singular value decomposition forms the basis of the retrieval algorithm. Figure 5.7 shows a

schematic of the retrieval algorithm used for DP-TROG sonograms.

Trial solutions for pulse E and filter G

Symmetrise outer product
Q=E'G+EG'

Row-rotation

Fourier transform

Replace intensity with lab intensity

Reverse Fourier transform

i
V

Reverse row-rotation

Pseudo outer product, 0P

Principal component decomposition
E=(E0P)0P'

G=(GOP )0P
i

Normalise new pulse and filter amplitudes

Figure 5.7 Schematic representation ofthe DP-TROG retrieval algorithm. The symbol ' represents
the complex conjugate and transpose operation

An initial trial solution for the gate (G) and the pulse (E) spectral amplitude is constructed

using an arbitrary Gaussian envelope with random phase. In the DP-TROG geometry, the gate

and pulse spectral amplitudes are identical. The trial solutions are used to calculate the

TROG-sonogram complex amplitude and its intensity is replaced by the intensity of the

laboratory-measured sonogram. This resulting pseudosonogram is manipulated using the

PCGP procedure to obtain an improved estimate of the pulse and gate spectral amplitudes. As
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pointed out in reference [5], the DP-TROG trace is insensitive to the transformation E(a>) -»

E{-co) and this is analogous to the temporal ambiguity of SHG-FROG [11] which is unable to

discriminate between E(t) and E*(-t). This ambiguity means the outer product should always

be symmetrical, and consequently this fact is utilised within the algorithm so that the outer-

product is automatically symmetrised, enabling the number of iterations before convergence

to be reduced.

Figure 5.8 The retrieved DP-TROG trace with comparison of its time andfrequency marginals with
the temporal and spectral intensity autocorrelations ofthe pulses respectively

Figure 5.8 shows the retrieved DP-TROG trace after 50 iteration, corresponding to a total

retrieval time (MATLAB / Pentium II 450 computer) of ~7 seconds. Again, the marginals of

the retrieved trace are compared with the spectral and temporal pulse autocorrelations,

showing excellent agreement. It should be highlighted that unlike previous techniques [7], no

interpolation routine was carried out to fill in missing data points before retrieval. It is evident

that provided a suitable sampling period is selected, interpolation is found to be unnecessary

-0.1 0 0.1

Frequency (fs"1)
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when using the PCGP retrieval algorithm. Figure 5.9 shows comparisons between the

retrieved data and the independently measured autocorrelation (Figure 5.9a) and pulse

spectrum (Figure 5.9b)

Delay (ft)

Wavelength (nm)

Figure 5.9 A comparison between the independently measured (solid-line) and retrieved

(triangles) autocorrelation (a) and independently measured (solid-line) and retrieved

(triangles) pulse spectrum (b)

Figure 5.10 shows the retrieved temporal intensity and phase. It is believed that the

fluctuations on the temporal pulse intensity are genuinely present, particularly because the

autocorrelation, spectral and marginal data inferred from the retrieved pulse match

independent measurements well. Alternatively, the fluctuations may be an artefact associated

with missing data on the DP-TROG trace resulting from the dispersion —> time mapping
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procedure when no interpolation is used. Although the algorithm used is different from the

one used from previous work [5, 7] retrieval of theoretical data indicated no tendency of the

algorithm to introduce temporal fluctuations.

Time (fs)

Figure 5.10 The retrieved temporal intensity (solid-line) and phase (circles)

5.4 Limitations of the DP-TROG technique

The DP-TROG method is attractive because it is simple to implement experimentally and

involves a series of straightforward autocorrelation measurements to construct the final

dataset. The sensitivity of the technique is only limited by the detectivity of the

autocorrelator, and autocorrelation experiments combining two-photon autocorrelation with

lock-in amplification have implied that pulses with tens of fJ energies can be readily recorded

[12], Compared with SHG-FROG, DP-TROG has a possible advantage in that it is able

(when an external spectral measurement is available) to determine the sign of the pulse chirp.

As pointed out in Ref. [5], the TROG trace is insensitive to the transformation E(co) —» E(-co)

and this is analogous to the temporal ambiguity of SHG-FROG [11] which is unable to

discriminate between E(t) and £*(-?). Of greater concern are several practical issues which

ultimately limit the versatility and reliability of the DP-TROG method. The first of these is

the problem that regions in the TROG trace which correspond to large |t/j\ values require

autocorrelation data to be recorded at very large positive and negative filter dispersions.

1.0

-200 -150 -100 -50 0 50 100 150 200

146



Chapter 5: Dispersive propagation time-resolved optical gating

Generally there is an experimental limit to the range of dispersion that can be conveniently

introduced which is associated with the material dispersion of the optics or the geometry of

the dispersive filter. The result is that narrow regions of the final TROG trace contain no

data, but interpolation has been shown to be effective in correcting this effect in some cases

[5]. Careful re-sampling of the experimental data can also be used to minimise the amount of

missing data and using a larger grid with a smaller At value maintains precision in frequency

while reducing the dispersion range required to construct the DP-TROG trace. By using

numerical simulations, interpolation has been found to be partially successful even when large

areas of the DP-TROG trace have been corrupted by missing data. To illustrate the

performance of the retrieval algorithm, a test pulse with substantial temporal and spectral

structure was used to form a DP-TROG trace with and without trace correction. The test

pulse is a transform-limited 100 fs pulse which has been spectrally filtered by a waveplate-

like element with a sinusoidal transmission function. This test pulse is a difficult one for the

DP-TROG technique because it exhibits considerable structure in regions of the trace with

large time-frequency products and is therefore corrupted by missing data in areas where \t/f

exceeds the maximum filter dispersion applied in the DP-TROG measurement. Figure 5.11

shows the comparison between the exact TROG trace (a) with the DP-TROG trace

constructed with (b) and without (c) interpolation. The dashed region in Figure 5.11(c)

indicates the missing data points in the non-interpolated DP-TROG trace.

-0.02 -0.01 0 0.01 0.02

Frequency (1 /fs)
-0.02 -0.01 0 0.01 0,02

Frequency (1 /fs)

-0.02 -0.01 0 0.01 0.02

Frequency (1/fs)

Figure 5.11 The exact TROG sonogram calculated using Equation (5.5) (a) and DP-TROG traces

constructed with (b) and without (c) interpolation
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The constructed DP-TROG traces given in Figure 5.11 (b-c) were then processed by the

retrieval algorithm the extract the pulse information. Figure 5.12 compares the retrieved

results of the interpolated DP-TROG trace with the original pulse characteristics.
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Figure 5.12 Comparison ofthe original (solid)line and retrieved (symbols) temporal (a) and spectral

(b) pulse data with trace interpolation applied

The results in Figure 5.12 with interpolation applied shows satisfactory agreement with the

original pulse with the majority of the pulse structure being successfully retrieved. When no

interpolation was applied the agreement was found to become much worse with much of the

pulse structure not being retrieved successfully. Figure 5.13 shows the retrieved results of the

DP-TROG trace with no interpolation applied to it (Figure 5.11(c))
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Figure 5.13 Comparison ofthe original (solid)line and retrieved (symbols) temporal (a) and spectral

(b) pulse data without trace interpolation applied

From these results it was concluded that to reduce the error resulting from the missing regions

within the DP-TROG trace great care should first be taken when choosing the time and

frequency re-sampling interval. If the sampling interval is not sufficient to minimise the

effect ofmissing data on the DP-TROG trace, interpolation should then be applied to improve

the retrieval process.

The next important limitation of the DP-TROG method concerns the requirement that the

dispersive filter only introduce second-order group-velocity dispersion to the pulse. This

condition is easily met for narrow-bandwidth picosecond pulses but calls for careful selection

of the experimental filter arrangement when shorter pulses are used. By simulating a DP-

TROG measurement made using a double-pass prism-pair it is shown here that, under certain

conditions, pulses as short as 10 fs can be measured reliably using the DP-TROG method.
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Using the expressions for the second and third order group-velocity dispersion of a prism pair

given in [13], a comparison has been made of the measurement of transform-limited 10 fs

Gaussian pulses using DP-TROG at two centre wavelengths, 800 nm and 850 nm. The prism-

pair was modelled in a double-pass configuration with an apex separation of 850 mm, and the

DP-TROG dispersion was varied by changing the inserted prism glass thickness from 0-

50 mm

lOts
a SIMIiim

lOfs
a 850nm

TROG
sonogram

DP-TROG
trace

Ret i'iCv eel

temporal pulse
intensity

Retrieved

spectral pulse
intensity

-0.2 -0.1 0 0,1 0.2

Frequency (1 /fs)
-0.2 -0.1 0 0.1 0.2

Frequency (1 /fs)

-0.2 -0.1 0 0.1 0.2

Frequency (1 /fs)

mEtfE.J
•100 -50 0 50

Time (fs)

Frequency (1/6)
•0.1 0.0 0.1

Frequency (1/6)

Figure 5.14 Columns (1-2): Simulation of DP-TROG measurements ofpulses with durations of lOfs
at centre wavelengths of800 nm and 850 nm; Rows (1-4): TROG-sonogram calculated

from original pulse data; DP-TROG trace derivedfrom dispersive propagation using a

fused-silica prism (see main text); original (solid lines) and retrieved temporal pulse

intensity (squares) and phase (circles); and original (solid line) and retrieved spectral

pulse intensity (symbols).
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At 800 nm, corruption of the DP-TROG data by third-order dispersion introduced by the

prism-pair is evident in the generated DP-TROG trace which does not match the TROG

sonogram calculated for a 10 fs pulse (Figure 5.14 column 1) and the retrieved temporal pulse

profile clearly shows an asymmetry associated with third-order dispersion. Simulating the

same measurement at 850 nm (Fig. 5.14, column 2), where the residual third-order dispersion

of the prism-pair is small, shows that an accurate DP-TROG measurement can be made which

agrees well with the calculated TROG-sonogram and produces retrieved pulse data which

exactly match the actual pulses.
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Figure 5.15 Columns (1-2): Simulation ofDP-TROG measurements ofpulses with durations of 15 fs
and 100 fs at centre wavelengths of 800 nm; Rows (1-4): TROG-sonogram calculated

from original pulse data; DP-TROG trace derived from dispersive propagation using a

fused-silica prism (see main text); original (solid lines) and retrieved temporal pulse

intensity (squares) and phase (circles); and original (solid line) and retrieved spectral

pulse intensity (symbols).
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Modelling a DP-TROG measurement of 15 fs pulses at 800 nm using the same prism

configuration (Fig. 5.15, column 1) also shows good agreement between the DP-TROG trace

and the TROG-sonogram and indicates accurate pulse retrieval. Finally, a DP-TROG

measurement of a 100 fs pulse was studied at 800 nm which had been spectrally broadened by

self-phase modulation to yield a duration-bandwidth product AvAt ~ 3, (Fig. 5.15, column 2)

and results show the retrieved pulses and generated DP-TROG trace match the exact data

well.

By calculating the RMS error between the exact TROG sonogram and the trace generated by

DP-TROG based on the fused-silica prism-pair already described, the accuracy of the DP-

TROG method has been quantified for measurements involving transform-limited Gaussian

pulses with different durations and centre wavelengths.

Durations (fs)
Wavelength (nm)

790 810 830 850

10 .0212 .0149 .0068 0.0024

15 .0054 .0030 .0011 .0005

20 .0014 .0007 .0003 .0002

Table 5.1 RMS error between the exact TROG sonogram trace for transform-limited 10, 15 and 20 fs

pulses and the DP-TROG trace measured using a fused-silica prism pair ofseparation 850

mm and variable material path length of±25 mm. RMS differences ofapproximately 0.005
or less imply sufficiently close agreement to ensure accurate retrieval of the pulse data.
Values refer to a grid size of 128 x 128.

The results summarised in Table 5.1 indicate that DP-TROG is capable of accurately

measuring transform-limited pulses longer than 15 fs at typical Tiisapphire laser wavelengths.

Although the analysis of a Gaussian profile pulse has been carried out it should be noted that

the results apply equally to sech2{t) profiles and, in fact, DP-TROG may be capable of

152



Chapter 5: Dispersive propagation time-resolved optical gating

measuring sech2(t) pulses shorter than 15 fs because the FWHM duration-bandwidth product

of sech2(t) pulses is less than that of Gaussian pulses.

Based on the results of our simulations it can be concluded that DP-TROG can be usefully

applied to the measurement of femtosecond pulses with the proviso that third-order filter

dispersion is minimised and that re-sampling and interpolation are applied judiciously to the

DP-TROG trace to minimise data lost in the dispersion-to-time mapping process.

5.5 Conclusion

The DP-TROG measurement is attractive because of its simplicity. Using two-photon

absorption in readily available devices such as photodiodes and laser-diodes has made

sensitive autocorrelation of modelocked ultrashort pulses a straightforward procedure at

wavelengths from the blue to the mid-infrared [14-16], and the broad spectral response of

TPA detectors is well-suited to measuring very short optical pulses [17]. The straightforward

calibration procedure using the frequency and time marginals of the DP-TROG trace ensures

any systematic errors can be quickly identified. A further attractive feature ofDP-TROG is its

ability to make pulse measurements at any wavelength for which an autocorrelator is

available. This means that direct measurements ofmodelocked blue or mid-infrared pulses --

both difficult regimes for FROG because of restrictions associated with phasematching

bandwidth and / or second-harmonic detection — are possible using two-photon absorption

techniques. While the implementation described here relies on mechanical scanning in delay

and dispersion, a single-shot DP-TROG could be realisable using a single-shot autocorrelator

and a dispersive-filter with spatially varying dispersion. In conclusion, the DP-TROG

represents a versatile and easily implemented method of femtosecond modelocked pulse

measurement which will find application at a variety of wavelengths and pulse durations.
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CHAPTER 6

Single-shot acquisition of a sonogram trace

6.1 Introduction

The acquisition of a sonogram trace, described in Chapter 4, consists normally of two

separately scanning mechanical components - the spectral bandpass filter and the delay line.

By scanning the filter across the pulse spectrum and recording the arrival time of each

spectral component, a sonogram trace is built up [1], The arrival time is recorded by

measuring the cross-correlation of the pulse with its frequency filtered replica. The resulting

signal can be described mathematically as

00

HT) = 11filtered (0 1original 0 ~ T) dt (6-1)
—00

Provided the original pulse (Iongmat) is significantly shorter than the filtered pulse (I/utered), the

unfiltered pulse will act as a delta function. Consequently, using a detector with a quadratic

response to intensity, the filtered pulse intensity as a function of delay is recorded.

1 (r) = Ifilled (0 (6-2)

The detection of the cross-correlation signal is normally carried out using a two-photon

detector [2, 3] or a combination of a mixing crystal and a photomultiplier tube [1], Both of

these devices are point detectors and consequently the speed at which the sonogram trace can

be recorded depends solely on how fast the scanning components can be moved accurately in

synchronism and how fast the data can be collected from the point detector using a data

acquisition card. Because of this, the fastest acquisition of a sonogram to date has been at a

frequency of 1.52Hz [4] and the resulting sonogram trace is necessarily constructed from

millions of pulses.
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The measurement of a SHG-FROG trace [5-8] has proved to be much simpler to acquire at

high frequencies[9-l 1]. The reason for this lies in the ability to gate first in time and then in

frequency. This allows a multi-point detector such as a CCD camera to be used to image in a

single shot the spectrum of the mixing signal with respect to time. An optical arrangement

called GRENOUILLE [12-14] has recently been developed by the Trebino group that is

capable of acquiring an SHG-FROG trace without any moving parts. The optical arrangement

(Figure 6.1) consists of only 6 optical elements - three cylindrical lenses, a Fresnel biprism, a

SHG crystal and a CCD camera.

Cylindrical Fresnel SHG Cylindrical
lens biprism crystal lenses Camera

Figure 6.1 The GRENOUILLE optical arrangement consisting ofa few cylindrical lenses, CCD

camera, fresnel biprism and a thick SHG crystal[12-14]

The scanning delay line has been replaced by a Fresnel biprism. This simple optical

component separates the beam into two separate parts and recombines them at an angle within

the crystal, resulting in the delay of the pulse being mapped horizontally across the crystal.

This in turn can then be imaged across the horizontal axis of the camera. The spectrometer

has in fact been replaced by the SHG crystal by utilising phase mismatch within a mixing

crystal. GRENOUILLE uses the limited phasematching bandwidth of a crystal to its

advantage, making it act as a wavelength fdter so that the wavelength achieving the phase-

matching criteria varies linearly with crystal incidence angle. By focussing in the vertical

plane, a large divergence is achieved, so that when a couple of Fourier transforming lenses are

aligned with the SHG crystal being placed within the Fourier plane, a map ofwavelength can

be imaged in the vertical plane of the CCD camera, (see section 2.3.1.2 for further detail of

the GRENOUILLE optical setup)
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In this chapter a description is given of a sonogram equivalent of GRENOUILLE which

possesses crucial advantages over GRENOUILLE and allows for the first time, video rate

acquisition of a sonogram trace as well as being the first ever technique capable of taking a

single-shot sonogram measurement.

6,2 Design of the mixing crystal

The frequency-mixing crystal is the crucial component within the single-shot sonogram

optical arrangement. In GRENOUILLE a thick SHG crystal is used so that two identically

polarised beams can interact to create the second harmonic signal. By using a thick crystal the

finite phase-matching bandwidth is exploited and the angular variation of the crystal phase-

matching wavelength serves as a spectral filter. For the single-shot sonogram optical

arrangement, a Type II crystal was used so that two pulses with orthogonal polarisation states

could be used to create the mixing signal. By carefully selecting a suitable material and

crystal orientation it was possible to frequency mix a pulse with its frequency filtered replica

(having an opposite polarisation). By varying the crystal angle, the centre frequency of the

filter changed. A description is included here of how this crystal was designed.

A Type II Potassium Dihydrogen Phosphate (K.DP) crystal was used as the mixing crystal.

The Sellmeier equations used to calculate the refractive indices of the ordinary and

extraordinary axis of the KDP crystal are given in equations (6.3) and (6.4) respectively [15].

0.01008956 13.00522/12
A2 -0.012942625 A2-400n] = 2.259276 + ^ +—~2—77^ (6.3)

2 0.008637494 3.2279924-A'
n — 2.132668 h—r 1 (6.4)

A -0.012281043 A2-400

Figure 6.2 uses equations (6.3) and (6.4) to plot the refractive indices of both crystal axis at a

range of wavelengths.
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Wavelength (nm)

Figure 6.2 The variation ofrefractive index with wavelength ofthe ordinary (red line) and

extraordinary (black line) axis ofa KDP crystal

A KDP crystal is a negative uniaxial so that the refractive index of its ordinary axis has a

larger value than the extraordinary axis (n0 > ne) [16]

n0

Figure 6.3 The index ellipsoid ofa negative uniaxial crystal, showing the polarisation directions ofE-
and O-waves

The refractive index which is found when light propagates at an angle 0 away from the optical

axis (n0) (see figure 6.3) can be calculated using equation (6.5)
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1 cos 6 sin" 6
N

— =

^^ +—— (6-5)
ne no nc

For sum frequency mixing within a nonlinear crystal the phasematching criterion must be met

k„ =kn +kn (6.6)6^3 COi G>2 V 7

where k^ are the propagation constants for their specific wavelengths. In the case of

imperfect phasematching, Equation (6.6) can be modified to give the wavevector mismatch as

Ak = k^-k\-k2 (6.7)

where the propagation constant k can be expressed as

(6.8)
A,

KDP is a negative uniaxial crystal, therefore Type II phasematching is achieved according to

E +O^-E (6.9)

where the E-polarisation lies in the plane parallel to the optic axis and the O-polarisation in

the plane normal to the optic axis (see Figure 6.3). From this knowledge, Equation (6.7) can

be modified to the specific form:

_ 27rnf(sfm) 2nne(fund\) 27ino(fijnd2)
3 3 3 •
sfm fundi fundi

The efficiency, 7, of the nonlinear mixing has a dependence on Ak which is mathematically

described in equation (6.11) [ 17]

sin2 (EkL/2) . , . . .

«=-(kEEr=smc {AkL/2) (6-n)
Figure 6.4 uses Equation (6.11) to demonstrate how, if the thickness, L, of the nonlinear

crystal increases, the efficiency at higher values of Ak decreases. This is the reason why

extremely thin crystals are required to allow the successful frequency mixing of the large

bandwidths associated with ultrashort pulses.
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Ak
Figure 6.4 The efficiency ofsum frequency mixing at various values ofcrystal thickness, L

If the waves begin in perfect phase so that

AkL

2

then, they arc totally out of phase with one another when

AkL n

= 0 (6.12)

(6.13)
2 2

and the efficiency will have fallen to zero. The distance into the crystal at which this happens

is known as the coherence length (Lc)

Lc=~ (6.14)
Ak

By combining equations (6.10) and (6.11) a plot can be made of all possible mixing signals

through a range of fundamental wavelengths. Figure 6.5 shows five such graphs, each with

different crystal orientations
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Figure 6.5 The mixing efficiency ofa Type IIKDP crystal at various crystal angles

The results in Figure 6.5 show how the bandwidth of a pulse, polarised in one direction will

be fully phase matched while an identical pulse with an orthogonal polarisation will be only

phasematched for a discrete range of wavelengths. Figure 6.6 tries to conceptualise this idea

further.
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A/fundj
▲

X.fundi

AX.pulse"
Figure 6.6 Visualisation ofhow a pulse at one polarisation can be mixed with afilteredpulse that has

an orthogonalpolarisation

As the crystal angle is changed, the phasematching band moves up and down so that the

AAgjter varies. By ensuring that AApulse is large enough to cover the spectral bandwidth of the

pulse the resulting frequency mixing signal is, in essence, the cross-correlation of a pulse with

its filtered replica, where the centre frequency of the filter is dependent upon the angle of the

crystal. This means the scanning of the frequency filter is achieved by rotating the crystal

(see figure (6.7))

10mm

8mm

o-wave-

e-wave

tuning

1mm

Figure 6.7 Design ofthe Type IIKDP crystal

optic axis
*
I1 \9~70° 8mm

1mm
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The laser used during the experimental procedure had a centre wavelength of ~815nm. By

analysing Figure 6.5 it was possible to see at a crystal orientation of 70° that A/ifllter has a

centre wavelength of around 815nm. Consequently, by having the crystal cut 70° off axis, the

effective filter bandwidth will be seen when the crystal is perpendicular with the crystal. A

small change in crystal angle ( ~±5°) allows A/lfilter to scan across the whole bandwidth of a

50 fs pulse. The size of the filter is dependent upon the phase matching criterion and as a

result, the thickness of the crystal was carefully chosen so that FWHM ofA/lfllter was less than

one third of the FWHM of the measured pulse [1] - a suitable thickness was found to be 1mm.

By focussing tightly into the crystal, a bundle of rays can converge within the crystal that

covers a large range of incident angles thus angularly mapping out the variation in the filter

centre frequency. If the pulse incident on the crystal is polarised at 45° to the optic axis, 50%

of the beam will be passed down the o-axis of the crystal and 50% will be passed down the e-

axis. The resulting mixing signal will be an angularly resolved cross-correlation signal (at

At=0) between the pulse and its frequency filtered replica that has a centre frequency which

varies with angle.

Figure 6.8 Visualisation ofhow a mixing crystal can angularly map out a cross-correlation signal at
differentfilter centre frequencies
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6.3 Creating a variable delay

The crystal design described in Section 6.2 outlines how it is possible to angularly map out

the cross correlation at varying filter position when the delay is equal to zero. To enable a

sonogram to be acquired, a varying delay needs to be created between the two differing

polarisation states that are incident upon the crystal. In the GRENOUILLE optical setup, the

varying delay is achieved using a Fresnel biprism. This separates the beam into two separate

parts and recombines them at an angle within the crystal. This results in the delay of the pulse

being mapped horizontally across the crystal. For the single-shot sonogram, a Type II crystal

is used so that there is a requirement to have the incident beam polarised at 45° to the tuning

axis of the crystal. This fact meant that, instead of a Fresnel biprism, a polarising Wollaston

prism should be used.

Figure 6.9 Schematic ofwhat happens when light is passed through a Wollaston prism

Light which is passed through a Wollaston prism is split into two orthogonal polarisations

that diverge from one another with a half angle, a, given by [18].

d=-x

Polarisation
state
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a = 2(ne-«0)tani9 (6.15)

where ne and n0 are the extraordinary and ordinary refractive indices of the prism and & is the

angle of the prism wedge interface. By having the two separate polarisation states within the

prism, a path difference A is created upon transmission out of the prism which is given as[18]

A = ad (6.16)

where d is the lateral displacement from the centre of the prism. By having the incident beam

at 45° to the horizontal axis, 50% will diverge in one direction while the other 50% will

diverge in the opposite direction. The Wollaston prism used for the purposes of this

experiment was made from calcite and had a separation angle of ~5° (dimensions

10mmxl0mmx5mm). Using equation (6.16), this corresponds to having a spatial temporal

delay of~ 290 fs/mm.

6.4 The optical arrangement

The complete optical arrangement of the single-shot sonogram is outlined in Figure 6.10

Top View
(temporal imaging)

cyhnJiiv.il
lens (focal

length fi i

incoming pulse
(polarised 45* to |
the optic axis)
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(spectral imaging)

f.
4-*"4-
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f2
->4-
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Figure 6.10 Optical arrangement to enable the single-shot acquisition ofa sonogram trace
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As with GRENOUILLE, the single-shot sonogram arrangement is much easier to visualise

when it is explained in two separate planes. Starting with the horizontal plane (top view in

Figure 6.10), which images the pulse temporally, it can be seen that the first two lenses form a

telescope arrangement. This allows the incoming beam to be expanded within the horizontal

plane so that the whole aperture of the Wollaston prism is utilised thus allowing the maximum

delay of the prism to be realised. The mixing crystal is placed directly after the Wollaston so

that it sees a varying delay across the length of the crystal between the two oppositely

polarised beams (see Figure 6.9). The two lenses after the crystal are used to image the focal

point within the crystal onto the CCD array. The horizontal axis of the camera will become

the delay axis. The vertical plane (side view in Figure 6.10) is used to spectrally image the

sonogram trace. Only two lenses are of importance in this plane given that the two vertically

oriented cylindrical lenses do not affect the path of the beam. The first spherical lens causes

the beam to be tightly focussed within the crystal, the tight focussing (as described in section

6.2) causes the centre frequency of the filter to be angularly dependent. The spherical lens

after the crystal collimates the mixing signal and is then imaged directly onto the CCD array

so that the vertical axis of the CCD camera becomes the frequency axis. Table 6.1 outlines

the actual lenses used to acquire results that are described in Section 6.5

Lens type Focal length

ft (Cylindrical lens) 12mm

ft (Spherical lens) 25mm

ft (Spherical lens) 14.5mm

ft (Cylindrical lens) 25mm

Table 6.1 The focal length of lenses usedfor acquiring experimental data

The values of f3 and f4 were suitably chosen so to fully image the spectral and temporal trace

respectively across the CCD array. A BG39 bandpass filter was used to block out all of the

fundamental wavelength reaching the CCD camera. An 8-bit digital CCD array (ST

Microelectronics 5410 sensor evaluation kit) was used to capture an image onto a computer
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screen allowing the direct capture of the image to file. Figure 6.11 outlines the optical

arrangement used to acquire all results.

The output of the Ti:Sapphire laser was passed through a pair of SF10 prisms and returned

back with a slight vertical offset allowing the returning beam to be picked off. Both prisms

were orientated so that they were at Brewster's angle to ensure there would be no deviation in

the beam when more prism glass was inserted. The prism separation was ~750mm and

provided sufficient dispersion to modify the pulses from positive to negative chirp across the

full insertion range of a single prism. A half-wave plate was used to rotate the polarisation of

the input beam so that it was 45° to horizontal. The correct orientation was achieved by

rotating the half-wave plate until the two oppositely diverging beams from the Wollaston

prism had identical powers. Two kinematic mirror mounts were used to allow simple and

quick measurements of the spectrum and autocorrelation of the pulse before it entered the

single-shot sonogram apparatus.
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The alignment of the optical components within the single-shot arrangement was critical to

the overall success of the technique. Each component was placed in the beam one at a time

and carefully aligned. A critical parameter was to ensure all lenses were exactly centred on

the beam axis. This was achieved by adjusting the input beam so that if it emerged from each

lens with an identical vertical and horizontal position. The exact distance between each lens

was achieved by having knowledge of which axis should be collimated. For example, the

position of the second lens (f2) was achieved by moving the lens until the horizontal

component of the beam was collimated whereas the third lens (f3) was positioned so that the

vertical axis was collimated.

6.5 Calibration of the sonogram trace

The procedure for the calibration of the sonogram trace is normally very straightforward. To

calibrate the frequency axis, the spectrum of the filtered pulse is measured while it is being

scanned so that a direct correlation between filter position and its centre frequency is

obtained. The calibration of the time axis is normally achieved by moving the delay arm a

known set distance and measuring the temporal change seen by autocorrelation trace thus

providing a direct correlation between temporal and spatial delay. With the single-shot

sonogram however, the use of such calibration procedures are not possible given there are no

moving parts. Consequently, two separate calibration procedure were needed to successfully

and accurately obtain values for the frequency and time axis of the sonogram trace.

6.5.1 Calibration of the lime axis

For the time axis to be accurately calibrated, a known fixed delay between the two

polarisations of the incident pulse was required. This was achieved by placing a quartz

waveplate of known thickness into the beam. A waveplate has two separate values of

refractive index for each axis (ne and n0). The group velocity dispersion seen by each axis is

given by:
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C
V, (6.17)

c
V,

dnc
°

dsI

(6.18)

By positioning the waveplate so that its e and o axes lie at 45° to the polarisation of the beam,

the vertically polarised part of the beam will see a different optical path to that of the

horizontally polarised beam. By rotating the waveplate exactly 90°, the delay between the two

polarisation will be reversed. The overall delay between the e and o polarisation states is

added can be mathematically expressed as:

where dwavepiale is the thickness of the waveplate. Two separate quartz waveplates with

thicknesses, 4500pm and 7500pm were used to calibrate the time axis. Using Equation (6.19)

it was calculated that the 4500pm and 7500pm waveplates corresponded to an overall delay

(Ax) of 281fs and 469 fs respectively (A,0=824nm). For each waveplate, three separate

sonograms were recorded. Two of these traces corresponded to the extreme delays created

when the ordinary and extraordinary axis of the waveplate were horizontally or vertically

aligned with polarisation of the beam. The third sonogram trace was taken when the ordinary

and extraordinary axis was aligned was at 45° to the polarisation of the beam. This caused

both the horizontal and vertically polarised light to see the same refractive index and hence

corresponded to zero delay. Figure 6.12 outlines the results obtained.

\

(6.19)
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7500|rm waveplate

4500pm waveplate

Figure 6.12 Six sonogram traces showing various temporal delays (horizontal shifts) caused by
various orientations ofhalfwave plates

Each sonogram trace was integrated across the time axis to obtain the temporal marginal. By

measuring the peak of each marginal trace it was possible to calculate how many pixels across

the CCD array corresponded the maximum delay. Using the delay values calculated from

equation (6.19) it was then possible to infer the delay that corresponded to each camera pixel.

In the experimental data shown in Figure 6.12, results from both waveplates implied a delay

of ~1.73fs/pixel. The CCD array used had 356 pixels across it horizontal axis, corresponding

therefore to a total delay of ~620fs across its horizontal aperture.

A less accurate technique to calibrate the time axis would have been to use the value of the

delay calculated using the construction details of the Wollaston prism. By traversing the

Wollaston prism a known distance across the beam, one could measure how many pixels the

sonogram trace had been shifted across the CCD array. The calculated delay across the

aperture of the Wollaston prism was 291 fs/mm and it was found that a movement of ~2mm
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caused the sonogram trace to move across the whole width of the CCD array. This result,

although relying on assumptions about the Wollaston prism geometry, compared well with

the more accurate calibration measurements using the waveplates.

6.5.2 Calibration of the frequency axis

To calibrate the frequency axis, ideally one would want to scan the centre frequency of the

filter while measuring its output spectrum. This is not possible with the single-shot geometry

so instead it was decided to scan the centre frequency of the pulse itself. This was achieved by

slightly altering the laser cavity alignment. A number of sonogram traces were recorded with

their respective pulse spectrum.

Figure 6.13 Four sonogram traces along with their respective pulse spectra.

Wavelenptli (mu)
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The results in Figure 6.13 show four separate sonogram traces recorded for different laser

centre wavelengths. The spectrum of each pulse is shown alongside each sonogram. It can be

seen that as the centre wavelength of the laser pulses was reduced, the sonogram trace moved

up the vertical axis of the CCD array. This initially tells us that longer wavelengths

correspond to lower positions on the CCD array. Using a similar technique as in the time

calibration, the frequency marginal of the sonogram trace was used to find the pixel number

that corresponded to the peak intensity value. By repeating this with all four sonogram traces

and correlating them with their respective pulse centre wavelength a calibration of the

frequency axis was achieved.

Figure 6.14 Results obtainedfrom measuring the maximum pixelposition ofthefrequency marginal

ofeach sonogram with the pulse centre wavelength (red crosses) plotted
with a linearfittingfunction (black line)

Figure 6.14 shows the clear linear relationship between the maximum pixel position obtained

from each frequency marginal with the centre wavelength of the pulse. By making a linear fit,

the calibration of the frequency axis was obtained.
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6.5.3 Normalisation of the sonogram trace due to spatially varying intensity

profile

The temporal varying component of the single-shot sonogram (Wollaston prism) relies on

cross-correlating across the spatial profile of a pulse. To produce a linear response across the

length of the Wollaston prism a pulse profile with a top hat profile would need to be used. In

practice this is not possible experimentally and as a consequence to avoid any systematic

errors being produced in the sonogram trace, the varying intensity profile across the temporal

delay needs to be considered.

The intensity of the cross-correlation signal produced by the nonlinear signal is dependent

upon the product of the two oppositely polarised beams that emerge from the Wollaston

prism. Assuming that the most intense part of the beam profile is in the centre, a larger mixing

signal will be produced at the centre of the Wollaston than at the edges. By measuring the

beam profile at the focus (ie. the crystal position) this discrepancy can be compensated for.

The beam profile at the crystal position was measured by placing a knife edge at the focal

position. By scanning the knife edge across the beam and measuring the power passing the

slit, the integral of the beam profile was obtained. The beam profiles of both polarisations

were required. This was done by rotating the half-wave plate until all of the light passed down

either the ordinary or extraordinary axis. Figure 6.15 shows the results of one of these

measurements
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Figure 6.15 Results obtained by scanning a knife edge across a beam andmeasuring the power of

light passing it (red crosses). A 7th order polynomial fit is also plotted
with the results (black line)

To avoid a jagged pulse profile when the results were differentiated, a 7th order polynomial fit

was applied to find a smooth and accurate mathematical interpretation of the results. This

equation was then differentiated to obtain the pulse profile of each of the two diverging

beams. The product between the two pulse profiles was then obtained and normalised and the

results of which are shown in Figure 6.16

Figure 6.16 The spatial intensity profile seen within the mixing crystal
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Having already calibrated the temporal axis, the spatial distance seen across the CCD array

was calculated to ~±lmm from the centre of the beam. By looking at figure 6.16, a variation

of ±1mm corresponds to a maximum reduction of intensity ~20%. An array defining the

intensity profile across the CCD array was created and used as a dividing factor across the

temporal profile of the sonogram trace.

6.6 Results

All of the acquired results reported in this section were obtained using the optical arrangement

shown in Figure 6.11. By measuring a pulse directly from the Ti:sapphire laser, the acquired

sonogram trace was averaged over millions of pulses. It should be noted that this optical

arrangement could just as easily be used in a single-shot geometry to measure the output of

single pulse from an optical amplifier.

By varying the prism insertion, the chirp on the pulses was modified from positive to

negative. Figure 6.17 shows three separate sonogram traces acquired at three different prism

insertions. Each time a measurement was taken, a second trace was acquired with the beam

blocked. By subtracting the two traces, the majority the background noise entering the CCD

array was removed providing a much cleaner sonogram trace.
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Delay (fs)

Figure 6.17 Three sonogram traces with various amounts ofpositive and negative dispersion
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The results in Figure 6.17 show clearly that the pulse goes from being negatively chirped to

being positively chirped. This highlights a major advantage which this technique has over

GRENOUILLE, in that even before any type of retrieval algorithm is used, it is possible to

visually estimate both the sign and magnitude of the chirp that is present on the pulse by

measuring the angle of the trace. This is not possible with GRENOUILLE due to the temporal

ambiguity that is associated with SHG-FROG. By using the same procedure outlined in

Section 4.2.4, the near-transform limited pulse in Figure 6.17 (middle trace) was retrieved.

Figure 6.18 compares the acquired and retrieved sonogram traces.

Acquired sonogram trace

Wavelength (nm)

Retrieved sonogram trace

5 O

Wavelength (nm)

Figure 6.18 Comparison between the experimentally acquired and retrieved sonogram trace
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A small amount of Fourier filtering was applied to the sonogram as well Gaussian filtering to

help remove some of the background noise. Figure 6.19 show the retrieved temporal intensity

and phase.

Figure 6.19 The retrieved temporal intensity (crosses) andphase (circles)

To verify that the retrieval was successful, the retrieved data were also compared with the

experimentally measured spectrum and intensify autocorrelation

Figure 6.20 Comparison between the experimental (solid line) and retrieved (circles) (a) spectral

intensity and (b) intensity autocorrelation
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The results outlined in Figure 6.20 show that the retrieved data compare extremely well with

those measured experimentally. Since the filter function cannot be directly measured with this

sonogram technique a comparison with the trace marginals cannot be undertaken.

Consequently, the comparisons made in Figure 6.19 are vital to show that the calibration

routines have been successful.

It should be noted as the pulse increased in chirp, and the pulse spread across the whole area

of the CCD array, the retrieved autocorrelation trace started to become shorter than the

measured autocorrelation. This indicated that mixing signal was not being fully detected by

the camera at low intensities. This problem could have easily been solved by either using a

more sensitive CCD array at the mixing signal wavelength (~400nm). Care must also be taken

to ensure that the whole sonogram is projected on the CCD array, which may be achieved by

using a larger camera aperture or reducing the focal length of the final lens (f4) so that the

temporal delay was spread across a narrower region. It should also be highlighted that

although beam profile correction was carried out on results discussed in this chapter, the

results obtained when beam profile correction was not considered were not significantly

different.

6.7 Conclusion and discussion

Based upon ideas gained from the previously reported GRENOUILLE optical arrangement

[12-14] this chapter provides a description of the first ever technique that is capable of the

real-time acquisition of a sonogram trace. The new sonogram arrangement also allows for the

first time the possibility of taking a single-shot measurement. This technique possesses a

major advantage over the GRENOUILLE in that it produces a more intuitive trace. Because

the optical setup is compact it would be a simple task to configure the whole instrument

within a single unit. It could then be used as a convenient diagnostic tool to place in a beam to

determine the sign of the pulse frequency chirp. Also, by calculating the angle of the slope of

the sonogram trace, a rough estimate of this chirp can be deduced.
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There are several improvements that could be made to this technique, some of which are

discussed in Chapter 7. As already mentioned, there was the need for a sensitive camera to

ensure that all of the mixing signal was detected. Secondly, since the optical arrangement has

no moving parts, the whole trace is recorded spatially. This means the cleanliness and quality

of the optics must be excellent because any dust particles or grease on any of the optical

surfaces causes distortion in the final sonogram trace.

Results have also shown that provided the camera is sufficiently sensitive to collect all of the

mixing signal, the retrieved data are very accurate and can be used to provide a

comprehensive characterisation of ultrashort pulses. By combining the sonogram retrieval

algorithm used in Chapter 4 with this optical arrangement there is true potential of creating

the first technique that is capable of fully characterising a pulse using sonogram trace at

video-rate repetition rates. This constitutes a powerful optical femtosecond oscilloscope.
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CHAPTER 7

Conclusions and future work

7.1 Summary and conclusions

The work carried out in this research project has mainly concerned itself with the

measurement of sonograms to rapidly characterise ultrashort laser pulses. A sonogram trace is

intrinsically much more intuitive than a SHG-FROG trace and provides immediate knowledge

of some characteristics that are associated with the pulse. Many novel and exciting techniques

have been developed during the course of this project that allow the acquisition and retrieval

of a sonogram to occur in a short period of time. In this chapter the work carried out within

this thesis is reviewed and particular highlights are emphasised. Examples of how this work

can be extended in the future will also be discussed.

In Chapter 3, I developed a procedure based on white light interferometry that provided a

quick and accurate way to measure the dispersion of optical components. Both the sensitivity

and accuracy of the technique were demonstrated. This technique was immediately used to

explain why a Cr:LiSAF laser was modelocking within a femtosecond pulse regime. The

simplicity and ease with which dispersion characteristics are obtainable using this technique

has made it a valuable tool within the ultrafast-science laboratory and has been used many

times by colleagues who have been interested in finding out the dispersion of optical

components. The main goal of this work was to develop a technique that could determine the

dispersion of a frequency filter. This was an important part of Chapter 4 in which the

dispersion from the filter had to minimised. As well as a useful diagnostic tool, the procedure

could easily be utilised for a teaching laboratory experiment, enabling students to be
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introduced to key concepts such as optical phase, group delay and dispersion in a physical and

meaningful way together with ideas of birefringence and Sellmeier relations.

In Chapter 4, two separate, rapid pulse characterisation schemes were developed to provide a

fast and accurate way of acquiring and retrieving information from a sonogram trace. Both

techniques share some fundamental advantages. Firstly, the use of two-photon detection

provides a sensitive, broadband and polarisation insensitive way of detecting the trace,

making it ideally suited to ultrashort pulse characterisation. The use of two-photon detectors

is not possible with SHG-FROG in which a mixing crystal must be used, the design of which

must be carefully chosen to ensure it has a sufficient bandwidth. Secondly, exhaustive

comparisons between the trace marginals and experimental data were carried out for both

techniques to ensure all results were free from systematic errors. Such exhaustive checks are

not possible with interferometric pulse characterisation schemes such as SPIDER.

The first sonogram acquisition arrangement used a traditional frequency filter comprising a

grating, lens and mirror within a 4f arrangement. A scanning slit was placed in the Fourier

plane to select which frequencies passed through the filter. The dispersion characterisation

technique developed in Chapter 3 was used to ensure the filter was near-dispersionless across

the bandwidth of the pulse. These dispersion data obtained from the filter agreed very well

with theoretical ray-tracing calculations, thereby further demonstrating the effectiveness of

this measurement technique. The use of the FORTRAN computer language for all calibration

and retrieval calculations enabled very fast calibration and retrieval of sonogram traces. The

computational speed was so impressive that unexpectedly it was the speed of the sonogram

acquisition that became the limiting factor for increasing the update rate. With this system, a

sonogram trace could be acquired and retrieved every two seconds. The overall simplicity of

the resulting optical setup therefore makes it very attractive. The technique developed to align

the spectral filter to give a near-dispersionless response across the spectral bandwidth of the

pulse helped overcome the major difficulty that was initially thought to be the limiting factor
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associated with this optical setup. A key future application of this system could be the

implementation of phase control at the Fourier plane of the filter. This arrangement has

already been used to compensate dispersion. By combining the sonogram characterisation

arrangement described here with a pulse shaping experiment, a real-time pulse phase control

system could be developed, not only to minimise dispersion but also to tailor the phase to a

desired profile.

The second sonogram characterisation system described in chapter 4 used a scanning Fabry-

Perot filter. The use of this filter served to address the requirement for a faster scanning

frequency filter. The full capabilities of the A-D card were utilised so that a single sonogram

trace (256 by 256) was acquired at a frequency of 1.52Hz. In this system, the speed of

calibration and retrieval procedure was a limiting factor so that the acquisition and retrieval

process was reduced to a frequency of ~lHz. The overall update rate could therefore have

been increased with the use of a faster computer. Modifications to the overall setup could also

be implemented in the future to increase the overall acquisition speed. Firstly a faster data

acquisition card would be needed to enable data to be acquired at a faster rate. The acquisition

speed could have been quadrupled by using a 128 by 128 array instead of the 256 by 256 trace

used here. A specifically designed Fabry-Perot filter has the capability of scanning at much

higher frequencies than demonstrated here. Using such a filter as the faster scanning

component would enable the acquisition speed of a sonogram trace to be dramatically

increased. Finally, the use of a Fabry-Perot filter allows the overall optical setup to be

miniaturised to provide a very compact, real-time pulse characterisation arrangement that

could be placed in the optical beam to obtain pulse characteristics.

During the course of this project, a second geometiy was devised for the production of a

sonogram trace. Dispersion-propagation time-resolved optical gating (DP-TROG) provides a

way to determining the sonogram of a pulse by measuring a number of second-order

autocorrelation traces after the pulse has passed through a system of variable dispersion.
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Although this technique was novel it was not very practical because it relied on precise

knowledge of the added dispersion. In Chapter 5 the first practical demonstration of the DP-

TROG was outlined. The experimental procedure had the fundamental advantage of not

having to rely on error-prone dispersion measurements. Instead, marginals of the sonogram

trace were fully utilised to provide self-calibration and immediate identification of systematic

errors. Only the measurement of the pulse spectrum and autocorrelation were required to

provide calibration. A further attractive feature of DP-TROG was its ability to make pulse

measurements of any wavelength for which an autocorrelator is available. The straightforward

optical arrangement also allows quick and accurate measurements to be taken without the

need to acquire additional equipment. The limitations of the DP-TROG were investigated to

show that the smallest pulse duration, before third-order nonlinear effect had to be considered

was a 15fs pulse centred at 800nm. Future work to develop the DP-TROG technique further

would involve taking into consideration higher orders of dispersion so that distortion of the

DP-TROG trace would not occur and smaller pulses could be measured.

Some of the most exciting results outlined within this thesis were described in Chapter 6

where the first ever technique capable of taking a single-shot sonogram measurement of a

pulse was outlined. The use of a Wollaston prism and a carefully designed mixing nonlinear

crystal allowed a sonogram trace to be projected onto a CCD camera. In a multi-pulse

configuration this provided, for the first time, a video-rate acquisition of a sonogram trace.

Using an identical optical arrangement an amplified laser system could be used in the future

to provide single-shot sonogram measurements. The optical arrangement consisted of only 6

optical elements, making alignment extremely fast and straightforward. The lack of any

scanning components or synchronisation electronics highlights further the overall

attractiveness of this technique. An acquired sonogram trace was retrieved, the results of

which were compared with experimentally measured results. All results compared very well

with one another. Firstly, this showed the practicality of this technique and secondly it proved

that the new calibration procedures that were devised for this technique were successful. The

185



Chapter 7; Conclusions andfuture work

scope for future work for this new characterisation technique is immense. The optical

arrangement is so compact, the next logical step would be to mount the whole optical

arrangement within a single highly compact unit. This unit could simply be placed in front of

a laser system to provide an invaluable pulse diagnostic tool. Mentioned throughout this thesis

is the fact that a sonogram trace is much more intuitive than a SHG-FROG trace. With a

sonogram trace it is possible to estimate promptly the size and sign of chirp on a pulse even

before it is passed through a retrieval algorithm. This is much more difficult to do with a

SHG-FROG trace and consequently gives my real-time sonogram arrangement a fundamental

advantage over techniques such as GRENOUILLE. Once the initial calibration procedure is

carried out with the aid of a tunable laser system (required for frequency calibration), as long

as none of the optical components are moved there is no need to re-calibrate the system. This

allows laser systems that are not tunable to be used with this optical setup. Another logical

progression for this technique is to combine the retrieval algorithm that was developed within

the work described in Chapter 4 to provide a real-time pulse acquisition and retrieval system.

The use of a faster computer will allow this system to have a dramatically increased update

rate to provide a real-time femtosecond oscilloscope.
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