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Abstract 
This thesis presents a study of diagnostics of pulsed laser systems. Two 

simple and cost effective devices are constructed that measure common 

spatio-temporal distortions. The first is a spectrally-resolved knife-edge 

(SRKE) for spatially and spectrally resolving a laser beam, which enables 

spatio-temporal distortions to be measured. The second is an interferometric 

autocorrelation taken with a 2-photon diode. A lens is used to focus light 

from the entire cross section of the beam onto the diode. By scanning the 

diode through the focus, the effects of pulse-front-tilt on focused beam pulse 

durations can be measured. These techniques are compared with current 

theoretical models, and with each other, to establish their reliability and 

practicality, as well as the reliability of the commercial techniques. SRKE is 

found to be highly sensitive to spatial and angular dispersion, and also able 

to measure the frequency gradient, although not as precisely. Interferometric 

autocorrelation is only able to resolve effects on duration. It can detect the 

presence of significant spatio-temporal distortion, but several scans must be 

taken as a function of distance from the lens, through the focus. 

A commercially built GRENOUILLE was also tested on pulses com

pressed with a hollow-capillary-prism pulse compressor. Compression of 

800 nm, 50 fs pulses to less than 19 fs was achieved with an overall trans

mission efficiency of 33%. With further work, efficiency could be increased, 

and pulse duration decreased. 
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Chapter 1 

Introduction 

1.1 The Ultrafast Laser Pulse 

The term ultrafast laser has different meanings depending on where it is 

used. In this thesis ultrafast laser is used synonymously with femtosec

ond laser. In other words, a pulsed laser with a pulse duration of several 

femtoseconds. One femtosecond (fs) is 10-15 seconds. To paint an intuitive 

picture of how short this is, note that light travels just 300 nanometers each 

femtosecond, which is less than one wavelength for visible light. One fem

tosecond is as small compared to a single second as 5 minutes is to 10 billion 

years (the estimated age of the universe). Using chirped pulse amplifica

tion (CPA), high intensity ultrafast sources are now widely available. By 

operating at a low repetition rate, tabletop lasers can produce pulses with 

peak optical power of gigawatts, or on the order of the atomic field. For 

example, the peak power of these pulses can equal the total electrical power 

generated in all of Ontario. 

Ultrafast high intensity laser pulses are of interest for many scientific 

applications such as atomic and molecular dynamics experiments. This is 

due to that fact that the dynamics of atomic and molecular systems often 

unfold on the time scale of a few femtoseconds. In order to exert the control 

required for these sophisticated experiments, the electric field of the laser 
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pulse must be measured. The usual assumption is that the temporal profile 

is the same at all points spatially, or that time is not coupled to the transverse 

spatial dimensions. Working under this assumption, a number of techniques 

have recently been developed to measure the electric field amplitude and 

phase as either a function of time or frequency, though their acceptance is 

not yet universal. 

The assumption that the temporal profile of a femtosecond pulse is uni

form spatially turns out to be false in many cases. Many optical systems, if 

not aligned perfectly, will induce spatio-temporal distortions, or couplings 

between spatial and temporal profiles. In fact the ubiquitous CPA system 

used to generate the pulses in the first place is a common culprit behind 

spatio-temporal distortions. These distortions will lead to sub-optimal laser 

performance, especially when the pulses are focused. The fact that these 

spatio-temporal distortions will have little or no effect on many measure

ments outside of the focus makes them easy to overlook. 

Two common manifestations of spatio-temporal pulse distortion are 

pulse-front-tilt (PFT), and spatial dispersion (SD). Pulses exhibiting PFT 

have an intensity front that is not perpendicular to their propagation direc

tion; pulses exhibiting SD have a non-spatially-uniform spectrum. Both of 

these phenomena arise as a result of common experimental conditions and 

are difficult to measure with standard diagnostic techniques. Techniques 

that abandon the assumption of a spatially uniform temporal pulse profile 

and tackle the full problem are a subject of current research. 

1.2 Thesis t)utline 

Presented here is a summary of work completed at McMaster University be

tween September 2003 and 2005, under the supervision of Dr. Harold K. Hau

gen. This thesis is divided into four main sections. Chapter 2 provides the 
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theoretical background for ultrafast lasers, and chapter 3 provides a back

ground for experimental techniques and common pitfalls. 

Work on this thesis began with setting up the pulse compression ap

paratus, and developing software for modeling pulse propagation, and for 

experimental data acquisition and analysis. Initial lack of much success 

with compression led to developing diagnostics, especially diagnostics for 

detecting spatio-temporal distortions. Work on diagnostics included the im

plementation of two custom devices, the interferometric autocorrelator, and 

the spectrally-resolved knife-edge. Two commercial techniques were also 

studied: the Swamp Optics GRENOUILLE and the Light Conversion TFPA. 

The diagnostic studies are outlined in chapter 4. With proper diagnostics in 

place, compression of 800 nm 50 fs laser pulses to less than 19 fs was success

fully achieved. A summary can be found in chapter 5. Chapter 6 includes 

the final discussion of the results presented in this thesis, and outlook for 

work beyond this thesis. 
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Chapter 2 

Theoretical Background 

2.1 Optics tOverview 

A full theoretical description of the interaction of light and matter requires 

application of the cheory of quantum electrodynamics (QED). In most prac

tical cases howew~r it is sufficient to use approximate theories, since the 

application of QED is labour intensive. An understanding of the various 

levels of approximation available, therefore, is a good starting point for any 

investigation of optical phenomena. This way, only the theoretical elements 

necessary to describe a phenomena of interest need be applied. 

A common theoretical approximation of QED is classical electromag

netism. Light is modeled as a vector field obeying a vector wave equation 

derived from Maxwell's equations of electromagnetism. This theory can be 

augmented by results either derived from quantum mechanics or empiri

cally measured, such as a material's polarizability. 

Further approximations can be made when we demand less of our the

ory. For instance, if we pick a particular polarization of light and are only 

modeling materials that will maintain this polarization, we can use a scalar 

theory of electromagnetism. This level of theory is sufficient for most of the 

material in this thesis. 

A further theoretical simplification that is often useful is that of ray 
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or geometric optics. When the wavelength of light is small compared to 

the geometry of its surroundings, it can be considered to travel in rays, 

drastically simplifying analysis. 

A comprehensive review of optics and electromagnetism can be found in 

references [ST91], [Hec90], [Jac75] and [ME88]. Theory describing ultrafast 

laser pulses can be found in references [DR96] and [Agr89]. Material in 

this chapter is adapted largely from these sources, and presented here for 

convenience. 

2.2 Ray Optics 

Ray optics is the simplest physical theory of light. It is sufficient to assume 

light is transmitted by individual rays when we are not concerned with 

length scales on the order of the wavelength of light or smaller. Ray optics 

is an intuitive way to think about light. This is particularly true for laser 

light, which is usually highly collimated. 

The ray picture of light contains three postulates. Firstly that light travels 

in rays. Secondly, that every transparent material can be characterized by 

its index of refraction n, which defines the speed of light in that material 

v = cjn. The third postulate is that light rays will travel between two points 

on a path that minimizes the transit time. 

These three postulates are sufficient to derive simple laws of reflection 

and refraction, and can describe lenses and mirrors. This theory does not 

predict diffraction, interference or any polarization effects. It is powerful 

enough when used with matrix methods, to determine the stability of an 

oscillating optical cavity. 
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2.3 Wave Otptics 

Wave optics models light as consisting of waves. It is the next most simple 

theory of light and surprisingly rich and descriptive. Wave optics is a scalar 

approximation of the full classical electromagnetic theory and as such does 

not incorporate the polarization of light. It is therefore useful for light 

traveling in isotrcpic media where its polarization will be unimportant. 

Wave optics describes phenomena such as interference and diffraction. 

The starting point for wave optics is the wave equation 

n 2u ( ) _ _!_ (J2U (r, t) = O 
v r, t c2 at2 (2.1) 

A given solution U to this equation will have a specific wavelength, and be 

called a monochromatic wave. This wave can be broken into components. 

U (r, t) =a (r, t)cos [2nft + <P (r)] (2.2) 

also, 

w 1 kc c 
f - - - ---------

2rr f 2rr A 
(2.3) 

where r is position, a is amplitude, cp is phase, f is linear frequency, w is the 

angular frequency, r is the oscillation period, k is the wave number and A is 

the wavelength of the wave. 

There are many ways of expressing the same information contained in 

equation 2.2, for instance it can be constructed as complex with cos becoming 

exp, and the amplitude can become complex by absorbing the phase term, 

resulting in 

U (r, t) = ii (r) exp (wt) (2.4) 

and 
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a (r) = a (r) exp [Z<P (r)] (2.5) 

In this case equation 2.1 reduces to the Helmholtz equation, given by 

(2.6) 

Any amplitude function a (r) can be expanded into a series of plane waves 

or spherical waves, depending upon the situation. Equation 2.6 is a linear 

equation, so any linear combination of solutions to this equation will itself 

be a solution. This is described physically as the superposition principle. 

The result is that the field at a given point will be the simple arithmetic sum 

of the fields of all waves at that point. 

Additionally, monochromatic waves of different frequencies can be su

perimposed to produce polychromatic light. This means that polychromatic 

light can be treated with this theory through the use of Fourier decompo

sition, which separates a polychromatic wave into its monochromatic com

ponents. The addition of multiple frequencies leads to beating effects and 

leads to a technique for the generation of ultrafast laser pulses known as 

mode-locking. 

It must be noted that as the frequency of light is increased it becomes first 

impractical and then impossible to directly measure the electric field. The 

only information an experimentalist working at frequencies in the infrared 

or greater has direct access to is the intensity of a field, given by 

I =< U2 (r, t) > (2.7) 

and correspondingly 

P = L I (r, t) dA (2.8) 
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where P and I are optical power and intensity respectively, and A the area 

integrated over. The"<>"symbol is meant to indicate some experimental 

time average. 

Simple observations of intensity are insensitive to phase and integrate 

over a finite time sc :1le. This is the reason sophisticated diagnostic techniques 

are required to measure the field of very short laser pulses, as discussed in 

later sections. 

2.4 The Fourier Transform 

Its frequent appea::ance in this work makes an understanding of functions 

of reciprocal variables and the Fourier transform essential, so it is reviewed 

here. Any function f of a given variable x can be transformed into a function 

of X = x-1 using the relation 

F (X) = If (x) exp (txX) dx (2.9) 

Likewise, functions of X can be transformed back using the relation 

f (x) = 2~ IF (X) exp ( -txX) dX (2.10) 

There are many important reasons to transform a function of a variable 

into a function of its conjugate variable. If for instance, that variable is 

time and the function is the electric field, the reciprocal variable will be fre

quency and the transformed function will be the frequency spectrum. Often 

dynamics involving the function will be vastly simpler in the transformed 

domain. 

Often functions of interest will have a limited range inside which it will 

have non-zero value, and beyond which its value falls below some threshold 

of interest, or becomes smaller than experimental noise. It is useful to define 
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a measure of their width that does not depend on their analytic form. Full

width-at-half-maximum (FWHM) is defined as the width of the function 

when it has decreased to half its maximal value. Complicated signals may 

have an ambiguous FWHM. 

The most frequent use of Fourier arguments made in this thesis are in 

the context of laser pulses. This will usually mean that the direct variable x 

is time, and the reciprocal variable X is frequency. The time-space function 

is then called the temporal amplitude and the frequency space function is 

called the spectral amplitude. The measurable quantities in these domains 

are the temporal and spectral intensities, which are the temporal and spectral 

amplitudes squared. It is also possible to talk about Fourier transforms with 

respect to the spatial dimensions, which result in spatial frequencies. 

A time-bandwidth product (TBP) can be defined for suitably behaved 

functions of time. It is the product of the time space FWHM and the fre

quency space FWHM. Temporal functions with a constant phase will have 

the minimum TBP for that family of functions. This minimum TBP is given 

by 

(2.11) 

where /).w is the FWHM of the spectral intensity, T0 is the FWHM of the 

temporal intensity, and c8 is a constant. Minimum TBP' s are given in ta

ble 2.1 [DR96]. 

For transform limited Gaussian pulses, intensity FWHM bandwidth and 

duration are related by 

(2.12) 

The product on the left hand side is equal to 941 fs·nm for 800 nm light. 

It is also possible to define a TBP for a real laser pulse. In this case the 
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T emporal Spectral 
Function I ntensity To Intensity !1w CB 

Gaussin e> 

sech2 S· 

Lorentz [1 
rectang. 1if 

' (- y2) 1.177Tc e-(wTd/2 2.355/Tc 0.441 ·P -2TZ; 

~chz (is) 1.763Ts sech2 ( n~Ts) 1.122/Ts 0.315 

+ (f)zr2 1.287TL e-21wiT~ 0.693/TL 0.142 

IT/TRI ~ 1 TR sinc2 (wTR) 2.78/TR 0.443 

Table 2.1: Important statistics for common functions and their Fourier trans
forms. T parameterizes time, w parameterizes frequency. The subscripts 
G, S, Land R refer to characteristic values for Gaussian, hyperbolic secant 
squared, Lorentzian and rectangular functions, respectively. T0 and !1w are 
FWHM temporal and frequency widths respectively. 

complex envelope of the pulse will not in general have constant phase. As 

the phase of the pulse becomes more nearly constant, its TBP will decrease. 

Pulses with more complicated spectral intensities will in general have larger 

TBP' s. The limit on TBP means that there is a minimum pulse duration for a 

given spectral FWHM. When the pulse has reached this duration it is Fourier 

transform limited. The temporal amplitude of laser pulses will usually be 

modeled as a Gaussian, though other functional forms can be used. Real 

pulses will not in general have an analytic form. 

2.5 Beam Ctptics 

Plane waves and spherical waves are two extreme cases of spatial profile 

solutions to the wave equation. Near their origin, spherical waves have 

maximal localization, but also total divergence into all angles. Plane waves 

on the other hand have no divergence, but cannot be localized. Zero diver

gence and high localization cannot be simultaneously realized, but one can 

reach a compromise. 
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Light beams can be formed that localize the intensity of a light source 

to an extent, while maintaining a small, but non-zero divergence. Consider 

a surface S enclosing a fixed fraction of the total beam power. One can 

define the divergence angle tjJ of the beam as the angle that the centre of 

the beam makes with S sufficiently far from the beam source. The width 

in a given dimension of the beam at its minimal value is denoted w0 . The 

location where this minimum occurs is called the waist. In general, the 

product of the divergence of a beam and its width will be proportional to 

the beam's wavelength A. This means that in general, shorter wavelengths 

can be focused into a smaller area without changing their divergence. 

The optimal tradeoff between divergence and localization are beams 

with a Gaussian transverse spatial profile. These beams have a divergence

width-product equal to [Sel83] 

;\ 
Woet/Je =

n 
(2.13) 

where Woe is the radius at which the intensity drops by a factor of 1/e2 at 

the waist and t/Je is the divergence angle from the centre of the Gaussian 

beam to the 1/e2 radius. One can define the Rayleigh range of the beam as 

the longitudinal distance over which the radius of the beam increases by a 

factor of Y2 

2 
nwoe 

ZRe = --
;\ 

(2.14) 

The width and the radius of curvature of a Gaussian beam are given by 

[ 
2]112 

w(z) =Woe 1 + (z:e) (2.15) 

(2.16) 
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where z is the distance from the beam waist. Equations 2.15 and 2.16 are 

solutions to the paraxial Helmholtz equation. 

To understand the influence focussing optics have on Gaussian beams, 

it is necessary to extend the classical thin lens equation of geometric or ray 

optics to Gaussian beams, as is done by Self [Sel83]. The thin lens equation 

can be manipulated. to yield the magnification of a lens 

' woe [ 2 2 ]-112 
m =- = j (j- s) + ZRe 

Woe 
(2.17) 

where f is the focal length of the optic, sis the distance from the lens to the 

waist of the input beam, Woe is the 1/e intensity width of the incident beam 

and w~e is the 1/t?- intensity width of the output beam. If the Rayleigh range 

is large compared to the difference between the focal length of the lens and 

the position of the input waist (zRe » f- s), equation 2.17 reduces to 

' fi\ 
Woe=-

n:woe 
(2.18) 

Ideal lasers arE· usually modeled as producing a Gaussian spatial pro-

file, making it important to understand the behaviour of Gaussian beams. 

To model real lasErs it is necessary to consider deviations from the above 

analysis. The following is a summary of Haiyin Sun's results for real beams 

and thin lenses [Sun98]. A non-ideal laser will have a non-Gaussian spatial 

profile, which will lead to a divergence-width-product different than equa

tion 2.13. These real beams are modeled by assuming a numerical constant 

M2 modifier to their divergence-width-product 

(2.19) 

where w0 and tjJ ar·~ the real beam width and divergence respectively. Equa

tions 2.14 through 2.17 must be rewritten as 
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(2.20) 

[ 
2 2]1/2 

w(z)=wo 1+(~Rz) (2.21) 

(2.22) 

w' [ 2]-1/2 
m = w~ = f (f - s )2 + (~2) (2.23) 

(2.24) 

Real Beam 

Gaussian Beam 

Figure 2.1: Gaussian beam (waist radius wand divergence angle a) and real 
laser beam (waist radius Mw and divergence angle Ma). 

Figure 2.1 compares a real beam with its imbedded Gaussian beam. The 

divergence angle of the real beam isM times greater than the imbedded 

Gaussian beam, as is its waist radius. 
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2.6 Electro1lnagnetic Optics 

From electromagnetism comes Maxwell's equations which are used to derive 

the wave equation solved in the previous section. When the vector nature 

of this equation is retained however, the polarization of light must enter our 

model. This allows us to consider a dielectric medium for which we can 

define a polarizati:m vector. 

The vector wave equation reads 

( 1;P) a2 
V- c2 at2 E (r, t) = /lo at2p (r, t) (2.25) 

where Pis the polarization and /lo is the permeability of free space. The 

solutions to the vector equation are still either spherical or plane waves (or 

hybrids, like beams). 

Electromagnetic optics is necessary when polarization is a factor in a 

system, and cannot be separately treated. This is the case for waveguides 

and at dielectric boundaries, or in a tight focus (for example, see [DQL03]). 

In order for equation 2.25 to be useful, we must have an expression for 

Pas a function of E, and this is where our theory requires either quantum 

mechanical or empirical results. It is the introduction of the polarizability 

tensor that allows for the theoretical description of all manner of subtle 

physical phenomena. 

Pis typically expanded in powers of E, 

F - ( (l)E <2lE E <3l E ] i - co xij i + xiik i k + xiiki iEkEI + ... (2.26) 

where Eo is the petmittivity of free space, x<nl is a (n + 1) th rank tensor and 

the Einstein summation convention is used. 

For everyday light, and even for laser light in most situations, it is suffi

cient to neglect all but the linear term x<1l in equation 2.26. To understand 
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the intense optical fields generated by pulsed lasers however, one needs to 

consider more terms in the expansion. For instance, the inclusion of x(2l is 

sufficient to describe second order nonlinear phenomena (second order in 

the electric field amplitude). These phenomena couple three waves and in

clude effects such as frequency doubling and optical parametric interaction. 

The third order nonlinear term x(3), describes four wave mixing processes, 

such as self phase modulation (SPM). 

Even order nonlinear terms will be zero for media with an inversion 

symmetry, except at their boundaries. This means that in order to exploit 

or investigate second order nonlinear effects, crystals or other material with 

internal anisotropy must be used. This also means that for isotropic mate

rials that have an inversion symmetry, the lowest order nonlinearity will be 

third order. 

2.7 Pulsed Laser Solutions 

An approximate solution to the electromagnetic wave equation employs the 

separation of variables 

E (r, t) =.X~ {F (x, y)A (z, t) exp [z (~0z- w0t)] + c.c.} (2.27) 

where F is the transverse spatial profile, A is the slowly varying pulse enve

lope, w0 is the carrier frequency, z is the axis parallel to beam propagation, 

x andy are axes perpendicular to beam propagation axis and c.c. stands for 

the complex conjugate. The zeroth propagation constant ~0 is derived from 

the expansion of the propagation constant [Agr89] 

w 1 2 
~ (w) = n (w) c = ~o + ~dw- wo) + 2.~2 (w- wo) + ... (2.28) 

Similarly, 
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(2.29) 

1 ( dn d2n ) w d2n i\ 
3 d2n 

{3" = c 2dw + w dw2 ~ c dw2 = 2rrc2di\2 (2.30) 

where vg is the group velocity [Agr89]. 

This solution is based on the slowly varying envelope approximation, 

which allows the envelope function A (z, t) to be separated from the carrier 

wave at frequency w0 • This approximation is valid for !1w « w0, or for pulses 

longer than a few tens of femtoseconds. If this simplifying approximation 

is not employed, the only way to proceed theoretically is to numerically 

integrate Maxwell's equations directly. This solution also assumes a fixed 

polarization and carrier wave frequency. If the spatial profile of the beam 

is treated separately, the only piece of the solution to worry about is the 

complex envelopE function A (z, t). Substituting equation 2.27 back into 

the wave equation, it is possible to derive a nonlinear partial differential 

equation that gov,~rns the dynamics of the pulse envelope as it proceeds 

through media. It is called the nonlinear propagation equation and is given 

by 

where 

_ n2wo _ 2rrn2 
p- cAeff - i\oAeff 

(2.32) 

T = t- z/vg = t- f31z, a is the absorption coefficient, {32 is the second 

order propagation constant, {33 is the third order propagation constant, p is 

the nonlinear coefficient, n2 is the nonlinear index of refraction, Aeff is the 
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effective area of the beam and T R is the Raman response time of the medium. 

A derivation of equation 2.31 can be found in [Agr89]. 

It is important to remember that this equation is meant to be applied 

to isotropic media (optical fibers, specifically). This means that the second 

order polarizability will be zero. This equation therefore only includes third 

order nonlinearity. 

The propagation equation can be transformed into a dimensionless form 

by making the substitutions A = ~u, and T = T cT, where P0 is the initial 

power and T0 is the initial pulse width (for a Gaussian pulse, T0 = 2 -vfri2T c). 

The result is 

The characteristic lengths LL, L0 , L~, LNL are the lengths over which loss, 

group delay dispersion, cubic dispersion, and nonlinear effects take place. 

The constants C5 and CR are the self steepening and Raman delay factors. 

They are given by 

2 
LL =

a 

Tz 
G Lo=-

f3z 

1 
LNL=

Pop 

(2.34) 

(2.35) 

(2.36) 

(2.37) 
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2.8 Dispersion 

1 
Cs=-

woTc 

18 

(2.38) 

(2.39) 

Group delay dispersion (GDD) can be defined as the second derivative of 

the spectral phase <I> with respect to frequency w. It will also be equal to 

the second order term in the propagation vector~ with respect to frequency, 

multiplied by propagation distance. 

d2<1> d2~ 
GDD = <1>2 = dw2 = ~2z = dw2z (2.40) 

GDD occurs whenever the phase of a pulse or its propagation constant 

is made to vary as a function of frequency. The most familiar example of 

GDD is the propagation of a pulse through a dispersive slab. The index 

of refraction of any material will be dependent on the frequency of light 

passing through it. This also means that the velocity of different frequencies 

will be different. Upon propagation, there will be a delay between given 

frequencies or a GOD in a polychromatic light source. This is due to group 

velocity dispersion (GVD). 

The leading edge of the pulse with positive GDD will be lower frequency, 

or more red, than the tailing edge of the pulse. GDD will also lead to a 

broadening of the pulse, as the spectral components disperse in time. 

If an initially transform limited pulse is transmitted through a region 

inducing GDD, its resulting pulse duration will be given by 
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T' 0 

To 
= 

19 

(2.41) 

This pulse can be returned to its original duration by propagating the pulse 

through a region inducing the opposite sign of GDD. 

-20 -1 5 -1 0 -5 0 

\---,........::=---..,..:--...,..:--....,._. /4 
b-____:::..-;...-~-~-....,. .. /2 

1-:----'--:,..;...._----:o"---:o"--.--:o ....... ····; zl'-o 
5 10 15 20 ... 0 

8 

Figure 2.2: Initially transform limited laser pulse traveling through region 
of group delay dispersion. 

Figure 2.2 shows the evolution of an initially un-dispersed pulse through 

a region with constant GDD. The product <I>2 = (32z can be thought of as a 

measure of the induced GDD, and is called the second order phase shift. 

The effect of different values of <I>2 on different initial, un-dispersed pulse 

durations is sketched in figure 2.3. Second order phase shift <I>2 is the 

preferred experimental quantification of GDD, and is usually given in units 

of fs2
• 

Chromatic dispersion is occasionally parameterized by "chirp factor" C. 

A "chirped" pulse is described by the equation [Agr89] 

( 
1 + tC P) 

u (0, T) = exp -
2 
~ (2.42) 
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Figure 2.3: The effect of dispersion on the pulse length of an initially trans
form limited pulse. Different curves represent different values of second 
order phase shift <:~2 (fs2). 

Chirp in this sense refers to a second order temporal phase shift. Higher 

order dispersion will result in an asymmetric spectrum and temporal pulse 

shape. The characteristic length over which cubic dispersion takes place is 

given by 

y3 
L' G 

D = ~~3~ 
(2.43) 

Figure 2.4 shows the evolution of an initially transform limited pulse 

through a region with constant cubic dispersion. Higher order dispersion 

is more difficult to remove from a laser pulse. For instance, to remove 

dispersion to third order, two dispersive elements, each with a different 

ratio between their second and third order dispersion are required. 

A systematic summary of dispersion in ultrafast optical systems can be 

found in [WWDOll. An interferometric device for the accurate measurement 

of temporal dispersion in ultrafast optics is discussed in [KOK+os]. 
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Figure 2.4: The effect of cubic dispersion on an initially transform limited 
pulse. 

2.9 Nonlinear Interactions 

2.9.1 Frequency Doubling 

A particularly useful second order nonlinear process is frequency doubling. 

The strength of this process is proportional to the second order polarizability 

of a material, and it will generate light at twice the frequency of incident 

light. This process is essentially mixing three waves; two photons from the 

incident light are used to create one induced photon with twice the energy. 

These waves must all combine in phase, or they will cancel each other 

through destructive interference. The intensity of the frequency doubled 

light is proportional to the degree to which the incident and induced waves 

can be phase matched, and is given by [TreOO] 
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(2.44) 

where Pis the polarization, Lis the thickness of the nonlinear material and Ilk 

is the difference in wavenumber between the incident light and the induced 

polarization. Equation 2.44 assumes a collimated input beam. For collinear 

generation, equation 2.44 can be maximized by ensuring n (w) = n (2w ). This 

can usually be accomplished by selecting the correct angle of incidence on 

the nonlinear crystal. 

The above disc-.1ssion describes phase matching for a single frequency. It 

is not possible to perfectly phase match more than one frequency at a time. 

A continuum of frequencies can be approximately phase matched however. 

Since ultrafast laser pulses have an appreciable bandwidth, it is important 

to consider the bandwidth of crystals used to frequency double them. The 

phase matching bandwidth is given by [TreOO] 

DA _ 0.44Ao/L 
FWHM - In' (Ao) - !n' (Ao/2) I 

(2.45) 

where n' = ~~ 

Equation 2.45 implies that as an ultrashort pulse becomes shorter, since 

its bandwidth increases, the thickness of any nonlinear crystal used to fre

quency double it must decrease. Crystals with less phase matching band

width than pulse5 they are being used to frequency double will act as a 

frequency filter. If the crystal is being used in autocorrelation, this will lead 

to an incorrect trace. The incorrect trace will often be shorter than a trace 

taken with a sufficiently thin crystal. This type of problem will become 

apparent if the crystal is being used in FROG, as the frequency marginal (the 

sum of a frog trace with respect to delay, see section 3.7 for more on FROG) 

will not match the expected second harmonic spectrum. How fast problems 

arise will depend on details of the pulse being studied, but will be especially 
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problematic for complex pulses [TreOO]. 

Equation 2.44 states that the intensity of the generated light is propor

tional to the length of the crystal squared. Since a crystal that is too thick 

will not properly frequency double the full bandwidth of an ultrafast pulse, 

and since a crystal that is too thin will result in very small induced signal, it 

is important to select a nonlinear crystal with a thickness appropriate to the 

application. 

2.9.2 Self Phase Modulation 

One of the standard ways to broaden the frequency spectrum of a laser pulse 

external to the laser cavity is through self phase modulation (SPM). This is 

a third order, four photon effect. The origin of this effect is the nonlinear 

index of refraction of the optical medium. 

Ignoring all terms in equation 2.33 except the first nonlinear term, we are 

left with [Agr89] 

with the solution 

where 

and 

2 z 
cf>Ndz, T) = lu (0, T) I -L 

NL 

z 
cf>max = -L 

NL 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

Equation 2.48 is an intensity dependent phase shift. This results in a 
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frequency shift across the pulse given by 

acpNL a ( 2) z 6w(-r) = -- = -- lu(O,-r)l -a-r a-r LNL 
(2.50) 

When the temporal profile is assumed to be Gaussian in shape, this results 

in a frequency shift across the pulse Dw given by 

(2.51) 

Figure 2.5: The frequency shift of a normalized Gaussian pulse undergoing 
SPM. Note that near the centre of this plot (where most of the pulse energy 
is located), the frequency shift is approximately linear. Note T = T /T G· 

This SPM lead:; to the creation of smaller frequencies (more red) at the 

leading edge of th::? pulse, and larger frequencies (more blue) at the trailing 

edge of the pulse. In addition, the frequency dispersion is almost linear 

in the center of the pulse, where most of the energy is concentrated (see 

figure 2.5). The sp::?ctral broadening factor for an initially transform limited 

Gaussian pulse is given by [Agr89] 
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DWmax _ O 86,+. 
!1w - · 'f'max 

25 

(2.52) 

Figures 2.6 and 2.7 show the effects a pulse undergoing SPM. Notice that the 

presence of GDD affects the development of the pulse spectra. In the case 

of positive temporal dispersion the spectral width of the pulse can even be 

reduced [OH93]. 
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Figure 2.6: Transform limited laser pulse undergoing SPM. 

A specific case of nonlinear phase shift worthy of further consideration 

is that of a beam traversing a window into a chamber, or through some 

other optical glass in an experiment. As an estimate of the magnitude of the 

nonlinear effect of a window placed near the focus of an intense ultrafast 

beam, one can consider the B integral 

B =- n2IdL ~ -nzlL 2nf 2n 
A A 

(2.53) 

which is just an integral over the length of interaction between the nonlinear 

index of refraction of the window and the intensity of the laser, where nz 
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Figure 2. 7: Negative GDD laser pulse undergoing SPM. 

is the nonlinear refractive index, L is the thickness of the window, and I is 

the peak intensity of the beam. Good beam quality is maintained as long as 

B < 1. I is given by the equation 

I= 2E 
rr%To 

(2.54) 

where E is the pul:;e energy, w0 is the spot size and T0 is the pulse duration. 

As an example, consider the situation described in chapter 5. For fused 

silica glass, n2 = 3 x 10-20 m2/W [Agr89]. The typical output energy of the 

Spitfire is 500 f.l]. A BK7 glass window is placed about 20 em from the focus 

of an f = 75 em lens. The beam has an initial width W; of about 3 mm, leading 

to a spot size w at the window approximated by w = w;(1 - z/ f) = 0.08 em. 

This leads to an intensity of 1012 W/cm2• When these numbers are entered 

into equation 2.53, the result is B = 1.24, which is high enough to induce 

nonlinear effects. A typical experimental pulse energy in chapter 5 of 150 f1 W 

leads to B values closer to 0.4, however. 
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2.9.3 Multi Photon Ionization and Self Focussing 

When focussing high intensity laser pulses into a hollow fiber capillary 

containing pressurized noble gas, important effects to consider are self

focussing, multi-photon ionization (MPI), and the onset of higher order 

nonlinearities. All of these effects will reduce the temporal quality of the 

resultant beam, making it more difficult to compress. 

Perry et al. define the "threshold" for MPI theoretically as the point 

at which ionization probability rises above 10-4 [PLC88]. This is in good 

agreement with their experimental results. They determine the threshold 

for argon is~ 4 x 1013 W/cm2 and~ 2 x 1013 W/cm2 for krypton [PLC88]. 

It is because of these high thresholds that these gasses are often chosen 

for providing the nonlinear interaction in post cavity compression schemes, 

despite their modest nonlinear indices [Ole99]. The MPI threshold for these 

gasses will be higher for ultrafast pulses than for the 100 ps pulses used 

by Perry et al., since neutral atoms have less time to respond and will 

experience higher laser intensities before ionizing [ZPM+96]. MPI is clearly 

undesirable, as it will modify the state of the gas, creating a plasma. 

Self focussing is an interesting spatia-temporal phenomena arising from 

the nonlinear refractive index. Since light near the centre of the pulse is more 

intense than at the edges, it will respond to a different refractive index, which 

will have the effect of focussing the pulse. Since both the natural diffraction 

of the pulse and the self focussing parameter are inversely proportional 

to the beam diameter, the threshold for self-focussing is given in terms of 

laser beam power, not intensity. This threshold power py is given by a 

complicated expression, derived numerically [LMNW94] 

- ZR _ [ ~3.38 + 5.2 w -1 )
2 

- 1.84 j[( y'Pr- 0.852 t -0.0219] 
g--- (2.55) 

2L0 2py 
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where ZR is the Rayleigh range, Lv is the characteristic dispersive length 

define in section 2.8, p = PIPeR, and PeR is the critical power (which is the 

threshold power for self-focussing in a non-dispersive medium) given by 

rri\2 
PeR = 0.0479-0 

nonz 

Powers above py will lead to self focussing. 

(2.56) 

Take for example the capillary used in section 5.2. The second order 

propagation constant {32 is- 12 X Pa fs2/m where Pais pressure in bar [PF64]. 

For 50 fs FWHM pulses, and 1 bar of pressure, this leads to a characteristic 

dispersive length of about 75 m. The Rayleigh range for a 75 em lens with 

a 3 mm radius input beam is 16 em, which makes g = 0.001. The threshold 

power is approxinately equal to the critical power. The index of refrac

tion for argon is approximately 1.0 and the nonlinear index of refraction is 

1 x 10-23 m2/W [L:..P85, NSS96], which makes the threshold power Py for 

self focussing about 1010 W. Processes of higher order in intensity, such as 

continuum generation, will also cause problems, but their onset will be at 

higher intensities than MPI or self-focussing. [CRSR86]. 

2.9.4 Other N1()nlinearities 

Self steepening ari:;es for very short pulses propagating through nonlinear 

media. Pulses undergoing self steepening have an intensity dependent 

group velocity, which results in a shift of the peak of the pulse with respect 

to its wings. This effect is depicted in figure 2.8. This effect will also lead to 

an asymmetrical spectrum [Agr89]. 

The last effect considered is that resulting from the Raman delay term. 

When the response time of the nonlinear medium is large compared with 

the pulse duration, the resulting spectral broadening will become slightly 

asymmetrical as a result of the Raman delay term [Agr89]. This effect is 
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Figure 2.8: The effects of self steepening on an initially transform limited 
pulse. 
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Figure 2.9: The effect of Raman delay on the spectrum of an initially trans
form limited pulse. 
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depicted in figure 2.9. 

2.10 Spatio-Temporal Distortions 
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Figure 2.10: Spatial chirp on an imaging spectrometer. Left: pulse without 
spatial chirp. Right: pulse with spatial chirp. Nonuniform spectra as a 
function of positicn is called "shear". 

The frequency spectrum of a pulsed laser beam can be made to vary as a 

function of a transverse coordinate. In other words, the left side of the pulse 

might for instance be more blue than the right side of the pulse. This effect is 

sometimes called "spatial chirp", though this term is somewhat ambiguous. 

Spatial chirp can be visualized in the following way. If a beam with 

a Gaussian wavelength distribution and beam profile is measured with 

an imaging spectr::>meter so that its spectrum is resolved in the transverse 

direction, the resu1ting image will be a two dimensional Gaussian function. 

If spatial chirp is present in this same beam, the image will pick up a shift in 

one axis as a function of the other. This shift is called shear and an example 

is depicted in figt.'_re 2.10. As Gu et al. point out [GAT04], there is more 

than one way to measure this result. One can define the point of maximum 

spectral intensity for each transverse position w0(x), or define the point of 

maximum spectra:l intensity for each wavelength x0(w). Gu et al. suggests 

that spatial dispersion then be defined as [GAT04] 
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<: = dxo (2.5?) 
dw 

and frequency gradient be defined as 

and develops their relationship 

dwo 
v=-

dx 

<: v = --------:-
<;2 + (1'1x/ 1'1w)2 

which it should be noted is not a simple reciprocal. 

(2.58) 

(2.59) 

Spatial dispersion can arise due to angular dispersion introduced delib-

erately, or due to misalignment of prisms or gratings. In fact, very small 

misalignments of gratings in typical compressor setups will cause significant 

quantities of angular dispersion [OKH+04, OKK+QS]. Spatial dispersion will 

also be introduced by transmitting a beam through glass at an angle other 

than normal to the surface. Spatial dispersion will lead to a reduction of the 

effective spectrum at each point in the beam, and is usually undesirable. 

prism 

angular chirp 
and pulse
front tilt 

more blue more red 

Figure 2.11: An undispersed pulse gains angular dispersion and pulse-front 
tilt when it passes through a prism. 

Angular dispersion occurs whenever the laser beam passes through a 
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region where different transverse sections of the beam have different optical 

path lengths. In practice, this is usually realized in wedged optics, with 

the prism as the ideal example. When a polychromatic laser beam passes 

through a prism (or wedged optic) in general different frequencies refract 

at different angles (see figure 2.11). For a prism in particular, the relation 

is [BRS+93] 

dE> adn 
dA = b dA 

(2.60) 

~ will be a geome1:rical factor on the order of one (see section 3.2 for more 

details), and e is the prism output angle. 

Like "spatial chirp", there is some ambiguity around the definition of an

gular dispersion. Angular dispersion is the change in angle of the beam with 

respect to waveler gth. One can speak of the angle between the propagation 

directions, or the angle between the phase fronts, which will be different for 

a beam with a Gaussian spatial profile. Varju et al. [VKOK02] suggest that 

the angle between the phase fronts of the beam is the more relevant quantity. 

They derive an equation relating the angles 

d (d + a2s) + z~ 
L1E>' = LiE>---.,..--~ 

(d + a 2s)2 + z~ 
(2.61) 

where L1E>' is the spread of phase front angles, and L1E> is the spread of 

propagation direcdon angles, d is the distance between the beam waist and 

the angularly disp~rsive optic, sis the distance from the angularly dispersive 

optic and the point of measurement, ZR is the Rayleigh length, a = ~~ and 

e is the incident angle on the dispersive optic. It is the angle between the 

phase fronts that Varju et al. [VKOK02] claim will lead to pulse front tilt in 

the laser pulse. 

Different frequencies will experience different optical path lengths as 

they traverse the prism, leading to different delays. Since these different 
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frequencies are also propagating at different angles, a delay of the peak 

intensity front with respect to the phase front as a function of transverse 

position will be induced. The phase front will stay perpendicular to the 

propagation direction, but the peak intensity front will be tilted by an angle 

y, given by [BRS+93] 

de 
tan(y) =-A

dA 
(2.62) 

Equations 2.60 and 2.62 are derived in [BRS+93] and references therein. The 

pulse front tilt is often quoted in units of fs/mm. These units can be achieved 

by dividing the tilt angle by the speed of light: PFTAv = y I c. 

Pulse front tilt can also be generated by a combination of spatial disper

sion and temporal dispersion. Akturk et al. [AGZT04] point out that there 

is a second term that contributes to the pulse-front tilt that is equal to the 

product of the frequency gradient and the group delay dispersion. 

PFT TD+SD = <I>zv (2.63) 

then the total pulse front tilt is given by [AGZT04] 

PFTtot = PFTTD+SD + PFTAD (2.64) 

Angular dispersion and pulse front tilt will lead to temporal broadening 

if a pulse is focused. Pretzler et al. [PKWOO] define a /;, factor linking angular 

dispersion to pulse broadening in a focus 

T' 
r- _Q<,.- -

To 
(2.65) 

They predict that the spatial electric field will also be broadened, with a 

profile proportional to 
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(2.66) 

These effects combine to cause the effective intensity of the focal volume to 

be reduced by a factor of ~2 • Derivations of equations 2.65 and 2.66 can be 

found in reference [PKWOO]. 

If a pulse is a~sumed to have a Gaussian spatial profile and temporal 

profile with FWHM widths of wand T0 respectively, and a pulse front tilt 

of PFT, an estima1:e of the focal temporal broadening can be calculated by 

integrating with respect to the transverse position x. 

I oo{ [-(x-x0)
2
]}{ [-(t-PFT(x-x0))

2 ]}d ( -t2 
) exp 2 exp 2 x ex: exp 'T'? 

2 
'T'? 

oo w w 1 0 + w PF 1 -

(2.67) 

This models the efl=ect of a beam focused to a spot size smaller than a detector 

used to measure it and leads to a broadened temporal Gaussian width given 

by 

~ _ Tb _ l + (P~w )2 

-To- (2.68) 

which can be shown to be equivalent to equation 2.65 for Fourier transform 

limited pulses with Gaussian spatial and temporal profiles. It is also required 

that equation 2.62 hold, as it will for pulses without significant spatial and 

temporal dispersion. 

For a numerica1 example, consider the effect a residual angular dispersion 

of just 2 prad/nm. This amount of angular dispersion is difficult to measure, 

and easily overlooked. Angular dispersion will have the largest effect on 

pulse duration in a focus. Assume a pulse with a duration of 50 fs, beam 

width of 2 mm at 800 nm. An angular dispersion of 2 prad/nm corresponds 

to a tilt angle of 1.6 mrad for a pulse centred at 800 nm. This in tum 
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corresponds to a pulse front tilt of 5.3 fs/mm. In the focus of an f =50 mm 

focussing mirror, the duration of this nominally 50 fs pulse becomes 60.6 fs, 

a 20% increase in duration. Since the spatial axis that contains the tilt will 

also broaden by the same factor, the overall reduction in intensity in the 

focus is 30%, a significant fraction. 

A final spatio-temporal effect can increase the pulse duration of a laser 

pulse. With sufficient spatial dispersion, the effective bandwidth at a point 

will be reduced. Assuming that the time-bandwidth-product of the pulse 

remains constant, this results in a broadening of the pulse duration, given 

by Akturk et al. [AGZT04] as 

( 
2(; )2 

T = T0 1 + 2ln2 wTo (2.69) 

This is however a small effect. For example, 1 meter away, after a 3 mm 

wide 50 fs long pulse traverses a SFlO prism, the pulse will broaden to 51 fs. 

Spatial dispersion, angular dispersion and pulse front tilt are in general 

difficult to measure directly. Transverse separation of frequency components 

far less than the radius of the beam and tilt angles of mrads can adverse 

effects on pulsed experiments. These effects lead to problems with focused 

pulses and coupling into nonlinear devices like optical parametric amplifiers 

(OPA) [SSK98]. In order to achieve their specified OPA performance, Light 

Conversion Ltd. for example quotes their OPA's have a tolerance to PFT 

of less than 10% of the pump pulse duration. For a 50 fs duration, 1 mm 

diameter beam, this translates to a PFT of just 5 fs/mm. This is a small 

amount of PFT; it would be very difficult to detect with standard diagnostic 

techniques. Diagnosis, control or reduction of these effects are important in 

many high precision laser applications, so several diagnostic methods have 

been developed to measure spatio temporal distortions. 
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Chapter 3 

Experimental Background 

3.1 Generating Ultrafast Laser Pulses 

The fundamentals of laser operation can be found in numerous sources and 

will not be covered in detail here. The reader is directed to books such as 

Milonni and Eberly [ME88] for a rigorous treatment. 

/~ 
t--

Spitfire 
t-- Evolution 

X 
sub-50 fs 

(pump) 

.J ' 
output ' I' 

seed 
Millennia 

f= 
Tsunami 

~ I;' 

'' 
(pump) sub-35 fs 

Figure 3.1: The mdllator amplifier laser setup. The Tsunami oscillator is 
pumped by the MHlenia, producing an ultrafast seed pulse. This seed pulse 
is amplified in the Spitfire, which is pumped by the Evolution X. 

The laser system used throughout this thesis is a Tsunami/Spitfire com

bination from Spectra-Physics (see figure 3.1). Laser light in the Tsunami 

is generated from ,~xcited Ti3+ ions which are dopants in a sapphire crystal. 
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The Tsunami is pumped collinearly with continuous-wave ( cw) 532 nm light 

produced in a Millennia Vs. The Millennia Vs is a TEM00 laser, with Nd3+ 

ions in Nd:YV04 which is in tum pumped by laser diodes. The Millennia 

Vs produces 1063 nm light, which is frequency doubled in a temperature 

tuned LBO crystal to 532 nm. 

Repetition Typical Pulse 
Laser Rate Average Power Duration Wavelength 

Millennia V s cw 4.25W cw 532nm 
Tsunami 75MHz 300mW <35 fs 800nm 

Evolution X 1kHz 5.8W 150 ns 527nm 
Spitfire 1kHz 600mW <50 fs 800nm 

Table 3.1: Laser system properties. 

Mode locking causes the longitudinal modes of the laser cavity to come 

into phase, creating a short pulse. Active mode locking causes the phases 

of the longitudinal modes to lock to an external signal, and passive mode 

locking causes the modes to lock in phase with respect to each other through 

some passive means. An example of active mode locking is acousto-optic 

modulation, which creates a time dependent loss in the cavity, creating 

pulses. Examples of passive mode locking are saturable absorption, which 

acts to steepen the leading edge of a pulse, and gain saturation, which ends 

to steepen the trailing edge of the pulse [DR96, ME88]. Kerr lens mode 

locking is another type of passive mode locking. 

Kerr lens mode locking relies on self focussing in a Kerr nonlinear 

medium. An aperture placed in the cavity can selectively transmit self fo

cused modes, leading to an intensity dependent loss in the laser cavity. This 

configuration will prefer high power, and thus pulsed operation. Because 

the Kerr nonlinearities are almost instantaneous, one can imagine the Kerr 

lens material acting as an ultrafast saturable absorber to produce ultrafast 

pulses [BSCK92]. 
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The Tsunami pulses are created through Kerr lens mode locking, where 

the Kerr nonlinear medium is the Ti:Sapphire crystal itself. The intensity de

pendent loss is created by having a higher overlap between the pump mode 

and the cavity modes in the crystal when the cavity modes are self focused 

than when they are not. The Tsunami uses an acousto-optic modulator to 

initiate Kerr lens mode locking. 

The Ti:Sapphire crystal of the Tsunami has a gain bandwidth of approxi

mately 690-1080 run, meaning the crystal can be tuned within this range. In 

operation the spectrum of the Tsunami pulses are determined by the mirror 

set used. The Tsunami used in this thesis usually has an output bandwidth 

of 35 nm, centred on 800 nm, and is tunable over a small range around 

800nm. 

The output of the Tsunami is then sent into the Spitfire regenerative 

amplifier, where it undergoes chirped pulse amplification [MSB+88] (see 

figure 3.2). It passes through a grating based stretcher, then into a cavity 

with a Ti:Sapphire crystal pumped with an Evolution-X laser (527 nm, 150 ns 

pump beam), whEre it is amplified. It is then dumped from the cavity by 

Pockels cells controlled by a synchronization delay generator (SDG) box. Af

terward, it is re-co:npressed with a grating based compressor. An ultrafast, 

high peak intensity pulse is the result. 
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j 
+-- compressor 

Figure 3.2: Schematic of chirped pulse amplification. A low intensity ul
trafast pulse is stretched in time through dispersion, amplified and then 
recompressed to generate a high power ultrafast pulse. 

3.2 Inducing Angular, Spatial and Group-Delay 

Dispersion 

Dispersive prisms and gratings are useful in a number of applications. Since 

they will have the same effect on a laser pulse, only prisms will be consid

ered explicitly, but similar formulae apply for gratings. Gratings will in 

general be capable of providing larger amounts of angular dispersion, but 

they are also lossier. Combinations of prisms can be used to introduce arbi

trary amounts of spatial and angular dispersion, as well as group velocity 

dispersion [FMG84]. 

A single prism will introduce negative group delay dispersion (GDD) to 

a laser beam, as a result of it passing through the prism material. It will also 

introduce angular dispersion, as different frequencies of light are refracted 

through different angles. The general form for the angular dispersion intro

duced by a single prism is 
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( 
2 )-1/2 ae -· sin(J) + cos(J) sin( 8) n2 

- sin ( 8) (an) 
a A ..J1 _ n2 sin2(J) a A 

J tf. • -1 (sin 8 ) -· 't'- sm --
n 

(3.1) 

where e, 8 and q> are the output, input and apex angle of the prism respec

tively, and n is the ratio of the index of refraction of the prism with the index 

of refraction of air. This equation is derived assuming plane waves, or in the 

ray optics picture, and agrees with Kostenbauder's result [Kos90]. Gaus

sian beams will behave differently, but as their Rayleigh range increases, 

they will approach this solution (see [VKOK02] or [AKOT03a] for more de

tails). When the angle of incidence equals the angle of output (angle of 

minimum deviation), and the apex angle of the prism is cut for Brewster 

angle incidence (minimum reflection losses), equation 3.1 reduces to [DR96] 

(3.2) 

An interesting and useful feature of a pair of prisms is that they can be 

aligned in such a way as to cancel each other's angular dispersion, and be 

used to generate negative GDD (see figure 3.3) without angular dispersion. 

A simple way to think of this is that geometrically, higher frequency light 

travels a shorter ciistance than lower frequency light. Fork [FMG84] derives 

equations for the GDD of this prism geometry, simplified by Diels [DR96] 

GDD = a2<I> = -41 A~ (dn)z 
aw2 2nc2 dA 

(3.3) 

where <I> is the spectral phase and A0 is the central wavelength of the laser 

pulse. 

This configuration still leaves spatial dispersion. To subject a pulse to 
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Figure 3.3: Clockwise from top left: The geometry of a laser intersecting a 
prism can be defined by the parameters 3, cp and e for the incident angle, 
apex angle and output angle respectively. A single prism will induce angular 
dispersion. The angular dispersion from a single prism can be compensated 
by a second prism with identical but opposite geometry. Four identical 
prisms compensate spatial dispersion. 

negative GDD without spatial dispersion, a retro-reflecting mirror is placed 

at the output of the above configuration, causing the beam to retrace its path. 

Two more prisms can be used to achieve the same effect. This doubles the 

total GDD of the system, and results in a beam without spatial dispersion. 

When passing through a prism, an ultrafast pulse will also undergo a small 

amount of material GDD. This is usually minimized by propagating the 

beam through the prism at its tip. The GDD induced by material dispersion 

in a prism is given by 

it~ d2n 
GDD = 2rrc2 L dit z (3.4) 

where Lis the length of prism material traversed by the pulse. For very 

short pulses, the third order dispersion induced by the prism must also be 

considered. It is given by [DR96] 
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_ d3<J> _ 12LA~ {(dn)2 
[ dn _3 l (dn d2n)} 

TOO- dw3 - (2rr)2c3 dA l-Ao dA (n - 2n) + Ao dA d;\2 (3.5) 

If the intensity of a laser pulse is great enough, the nonlinear effects discussed 

in section 2.9.2 will also need to be considered. 
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3.3 Transmission and Reflection Optics 

When dealing with broadband femtosecond laser pulses, new factors emerge 

that were not problems with longer laser pulses. To ensure that the pulses 

delivered to an experiment are as short and intense as needed it is important 

to understand how each optical component in an apparatus will affect the 

pulse. 

If a particular experiment demands close to the maximum power output 

from the available laser system, it is important to have highly reflective mir

rors. In addition, since ultrafast lasers necessarily have large bandwidths, 

mirrors with high reflectivity over a broad bandwidth are needed. A com

mon way to construct a mirror that satisfies the broadband and high reflec

tivity requirements simultaneously is to build it out of a stack of dielectric 

layers, each highly reflective to a particular frequency range. 

The problem with this solution is that in general mirrors will induce a 

spectral phase shift that will lead to GDD, and other temporal distortions, 

even if they are 100% reflective. This is because of a non-constant spectral 

phase response. In other words, different frequencies will travel different 

distances, leading to a temporal dispersion induced in the laser pulse, which 

will reduce its peak power. An example of the effect of non-ideal mirrors 

can be seen in figure 3.4. 

In order to produce mirrors that maintain the spectral phase of fem

tosecond pulses, the many layers must be phase matched in a very precise 

way, flattening the phase response, and substantially increasing their cost. 

If reflectivity is not of primary concern, it is also sufficient to use metallic 

mirrors, which have a very small skin depth. 

The dispersive effect of mirrors can also be exploited by creating mirrors 

that have a very specific phase response and induce a very specific temporal 

chirp in the pulse (see figure 3.5 for a schematic). This is a way for example of 
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Figure 3.4: Interferometric autocorrelation of (a) amplified laser output 
pulses, and (b) pulses reflected off four non-ideal dielectric mirrors. 

applying an effective negative GDD to a laser pulse that has undergone SPM, 

and recompressin.5 the pulse. It is a good method because of its extremely 

high power throughput. 

fl 3\L 
f2 > 
f3 A 
f4 -E 

Figure 3.5: Schematic of chirped mirror. In this figure, f4 must travel a 
greater distance than ft inducing a delay between these frequencies. This 
manifests as temporal chromatic dispersion in an ultrafast pulse. 

The effects of lenses on ultrafast pulses must also be considered. Often, 

ultrafast lasers ar~~ used in applications that attempt to generate maximal 

optical intensity. T'his requires both excellent temporal focussing and excel

lent spatial focussing. When it is desirable to approach the diffraction limit 

for a given wavelength, some new phenomena must be understood. 
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There are many limits on the ability of a lens to focus light. The most 

fundamental of these is the diffraction limit. The diffraction limit on spot 

size for a circular lens is 

Af 
woc-

d 
(3.6) 

where w is the radius of the focused spot, A is the wavelength of the light, f 
is the focal length of the lens and d is the lens diameter. 

Other geometrical limits on spot sizes come from lens aberrations. These 

can be analyzed using the ray or geometric theory of optics (see section 2.2). 

There are many other ways that an image can be distorted. In order to control 

distortion, it is divided into several categories or aberration types (see for 

example [JW57] for a treatment of lens aberrations). 

A perfect lens would have a parabolic surface, but these are difficult in 

practice to produce, so spherical lenses are used instead. This introduces 

spherical aberration. One can also think of spherical aberration as due to 

the breakdown of the paraxial approximation sin (8) ~ 8. The effect of 

spherical aberration is to cause collinear incident rays of light to have a focal 

length that varies with transverse displacement from the center of the lens. 

This will lead to a focus for large diameter beams that is "smeared out". 

Spherical aberration can be corrected using multiple or compound lenses. 

A spherical singlet lens will also delay the pulse front with respect to the 

phase front of the pulse differently across the width of the lens (see figure 3.6). 

The following three equations are developed in Diels' text [DR96] following 

and adding to the work of Bor [Bor89]. They are first approximations to the 

effects of lens distortions, derived under the ray picture of light. 

The increase in the duration of the pulse is given by 

l'lT = w? ( an) __ ....:..~-....,... Ao-
2cf(n -1) di\ 

(3.7) 
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Figure 3.6: Top: distortion in peak intensity and phase fronts cause by 
a spherical singlet lens. fj.T is the induced delay between the centre and 
outside of the pul~.e given by equation 3.7, and due to spherical abberation. 
Bottom: distortion in focal point caused by chromatic aberration. jj.f is the 
degree to which tre focal length is "smeared out", given by equation 3.8. 

where wi is the radius of the beam incident on the lens, f is the focal length 

of the lens, n is the index of refraction of the lens. 

The extent to which the index of refraction of the lens changes with 

wavelength will determine the extent to which the focal length of the lens is 

"smeared out" jj.f, given by 

jj.f = _ fA2 
0.441 an 

c(n -1) T0 dA 

The width of the beam at the waist will also increase by a factor of 

~ __ 0.441rr wf (A dn) 
Wo - 2To cf(n -1) dA 

where To is the FvVHM duration of the pulse. 

(3.8) 

(3.9) 

As an example of these effects, consider a 3 mm radius beam, with a 
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wavelength of 800 nm and a pulse duration of 50 fs, focused by a 75 em 

focal length BK7 singlet lens (n = 1.5106, dn/dA = -2.0 x 10-2 fLm-1), as is 

used in section 5.3 to couple laser light into a hollow capillary. The temporal 

broadening caused by the singlet lens will be 0.6 fs, the smearing of the 

waist location will be 560 flm (as compared to a Rayleigh range of 16 em), 

and the beam width at the waist will increase by a factor of 0.02. These are 

negligible distortions. 

It is worth the effort to estimate the magnitude of these effects however, as 

they are not always negligible. The distortions become large for larger input 

beams, smaller focal spots and shorter wavelengths. Consider for instance 

Diels' example of an excimer laser, producing a 4 mm radius beam, at a 

wavelength of 248 nm and a pulse duration of 50 fs, focused by a 3 em focal 

lengthfusedsilicasingletlens(n = 1.5121,dn/dA = -72x1o-z flm-1) [DR96]. 

Under these conditions the pulse duration will broaden by 300 fs, the focal 

length be smeared by 80 flm (as compared to a Rayleigh range of 4.4 fLm), 

and the waist width will increase by a factor of 9. These are definitely not 

negligible effects. 

Planchon et al. demonstrate these distortion effects experimentally in a 

singlet beam expander [PFH+04]. They calculate the propagation time dif

ference between different parts of a singlet lens. Their measurement of the 

total effect using second order intensity autocorrelation confirms their the

oretical model and demonstrates an elongation of pulse length. Fuchs et al. 

have combined ray-tracing and wave-optical techniques to accurately model 

the propagation of ultrafast pulses through optical systems [FZT05]. They 

have demonstrated numerically the behaviour of ultrafast pulses in a tight 

focus. 

Of course normal material dispersion will also act to broaden the pulse, 

as the above aberrations continue to affect the focal volume. Achromatic 

doublet lenses can correct to a degree problems with chromatic dispersion 
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leading to smearing out of the focus and radially varying group delay. 

Higher order dispersion effects will remain, which is a problem especially 

for very short pulses. Curved mirrors can be used, and will get around most 

problems. These however are difficult to align and are costly. Jasapara et al. 

have shown however that dispersion pre-compensation of pulses focused 

through lenses can reduce the effect of distortion UR99]. Angular disper

sion will also lead to a reduction in the intensity of a focused pulse and 

broadening of its temporal profile; see sections 2.10 and 4.2. 
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3.4 Numerical Modeling 

The dimensionless propagation equation (equation 2.33) can be used to 

simulate the propagation of a laser pulse through a medium with some 

dispersion and some third order nonlinearity. The following discussion 

is adapted from Agrawal's text [Agr89]. Symbols used in this section are 

defined in section 2.7. 

This propagation equation is valid as long as the slowly varying envelope 

approximation holds (Dw « w0). Depending upon the implementation and 

carrier frequency, this can mean 20-50 fs. When this approximation is no 

longer sufficient, to get very accurate solutions Maxwell's equations must 

be integrated directly. 

The propagation equation is a nonlinear partial differential equation, and 

cannot be solved analytically in general. It must be integrated numerically. 

Numerical solutions are mainly of two types: finite difference methods, and 

pseudo spectral methods. The method used in this work is the split step 

Fourier method, which falls into the second category. It is faster than finite 

difference methods for the same accuracy by up to a factor of 100 [Agr89]. 

To develop the split step Fourier method, the first step is to write the 

propagation equation in the following way 

au ( ~ ~) -= D+N az (3.10) 

where D and N are dispersive and nonlinear differential operators given by 

(3.11) 

and 

N~ _ z [I 12 c a (lul2u) c a1u12] 
-- U +l S + R--

LNL aT aT 
(3.12) 
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The formal solution to equation 3.10 is then given by 

u(z,-c) = exp[{D+N)z]u(O,-c) (3.13) 

which cannot of course be evaluated analytically. It is possible to get around 

the noncommutivity of D and N by dividing the z into tiny steps. In each of 

these steps, the nvo operators will approximately commute, 

u (z + !lz, -c)= exp {.Dllz) exp {.Nllz) u (z, -c) (3.14) 

The dispersivE· piece is easily solved in the Fourier domain, where all 

derivatives in the dispersive operator can be replaced with zw. (jT ~ uD, 

where w = wT c is the reduced frequency). 

In the end the procedure for numerically integrating equation 3.10 is this: 

1. Fourier transform the signal U(-r) into the frequency domain U(w). 

2. Apply the Fourier transformed dispersive operator D (just a phase 

factor). 

3. Inverse Fourier transform U(w) back into U(-c). 

4. Apply the nonlinear operator N (also a phase factor, but slightly more 

complicated). 

This takes the signal from z to z + !lz. In order to propagate through a 

nonlinear and dispersive region of distanced, simply divided into N = d/ !lz 

steps and apply the above procedure N times. The error in this method 

increases as (!lz)2
, so by choosing small !lz one can achieve negligible error. 

A computer program was written in Microsoft Visual C++ to simulate the 

propagation of pulsed laser solutions, using the split step Fourier technique, 

as described above. Figures 2.2, 2.4 and 2.6 through 2.9 were generated using 

this program. 
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3.5 Beam Profiling 

The spatial profile of a laser beam F (x, y) can be determined directly with 

a camera, or computed from data taken by scanning a spatial filter across 

the beam. The advantage of a direct beam profile measurement using a 

CCD camera is that the results are instantaneous, and presented in two di

mensions. Unfortunately, a direct measurement with a camera alone cannot 

spectrally resolve the beam profile, and perhaps more importantly will only 

work for beams of a small range of sizes. This is because a large beam will 

overfill the CCD, and a small beam will be poorly resolved (perhaps filling 

only a few pixels). This problem can be rectified somewhat by placing lens 

combinations before the CCD in order to shrink or expand the beam, but 

the measurement in this case is no longer direct. To get a profile in a focus 

especially, it is necessary to use other techniques. 

If some kind of spatial filter is scanned across the beam, and transmitted 

light recorded on a photodiode, the result is a plot of intensity versus posi

tion. This plot will be the convolution of the beam profile with the spatial 

filter profile. 

I(x) = F*r =I: F(x')r(x-x')dx' (3.15) 

where I (x) is the retrieved signal, F (x) is the beam profile integrated in the 

y-axis, and r (x) is the response function of the spatial filter. The beam profile 

can then be obtained using deconvolution by the relation 

F(x) = IFT(FT(I(x))) 
FT (r (x)) 

(3.16) 

where FT is the Fourier transform, and 1FT is the inverse Fourier transform. 

If the spatial filter is the straight edge of a blade, the spatial filter function 

becomes a step function, and equation 3.16 becomes simply 
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F (x) oc dl (x) 
dx 
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(3.17) 

or the beam profile is given by the derivative of the raw signal. This is a 

very simple technique, and is applicable to beams of any size (though for 

very small beam widths, one must consider diffraction effects). It is slower 

than direct measurement with a CCD, but more versatile, and it also allows 

the simultaneous measurement of a spectrum, by collecting the light with 

a spectrometer instead of a photodiode. An example knife-edge scan is 

depicted in figure 3.7 

0 2000 4000 6000 8000 10000 12000 

Transverse Position ( J.lll) 

Figure 3.7: A knife-edge scan of the amplified laser beam. An erf function 
fit results in a 1/t? radius of 2.7 mm. The "notch" that can be observed near 
7000 pm is due to a reflection from a neutral density filter. It has a small 
effect on the retrieved beam radius. 
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3.6 Autocorrelation 

Since it is usually the case that ultrafast laser pulses are the shortest easily 

manipulated events an experimenter has access to, measuring their temporal 

profile is difficult. A good first step in the diagnosis of short laser pulses 

is the autocorrelation [Arm67]. Conceptually, the autocorrelation works by 

splitting the pulse into two copies. It uses the first copy as a gate which is 

scanned across the second copy, using a variable time delay. The resulting 

signal is an autocorrelation of the pulse. There are two types of simple 

autocorrelation commonly used: the second order intensity autocorrelation 

and the second order interferometric autocorrelation. 

3.6.1 Interferometric Autocorrelation 

photo 
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Figure 3.8: Schematic of an interferometric autocorrelator. 

The second order interferometric autocorrelation uses the setup depicted 

in figure 3.8. Two collinear copies of the beam are overlapped with a variable 
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time delay in a nonlinear crystal. The second harmonic light generated in the 

nonlinear crystal js recorded as a function of delay. The signal is described 

analytically by [DR96] 

(3.18) 

where E1 and E2 are the electric fields of the two copies of the pulse, and T 

is the temporal delay. 

If the pulse is assumed to have only linear temporal dispersion, equa

tion 3.18 can be expanded to read [DR96] 

A (T) = 1 + 2 exp [- (T/Tc)2
] + 4 exp [- C~+3 (T/Tc)2

] cos[¥ (T/Tc)2
] cos (wT) 

+2 exp [- (1 + C2)(T/Tc)2
] cos (2wT) (3.19) 

where Tc is the Gaussian width of the autocorrelation pulse, Cis a dimen

sionless parameterization of the temporal dispersion or "chirp" and w is 

the carrier frequency of the pulse. Since this equation is sensitive to the 

temporal dispersion in the pulse, the interferometric autocorrelation can be 

used to diagnose and minimize temporal dispersion in the pulse (see fig

ure 3.9). Full phase information is still not available though, and the pulse 

amplitude still carmot be unambiguously determined. See figure 3.10 for an 

experimental example of an interferometric AC. 

3.6.2 Intensity Autocorrelation 

The second order intensity autocorrelation works by overlapping two copies 

of the pulse into a nonlinear crystal, with a non-zero angle between them 

(see figure 3.11). vVhere they overlap, the pulse is frequency doubled. Since 

momentum must be conserved, a third beam is created between the first 
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Figure 3.9: Theoretical autocorrelation traces of equal duration with second 
order temporal phase shifts given by (from left to right, top to bottom) C=O, 
C=2, C=4 and C=8. 

two. The third beam is the signal beam which is recorded. 

The intensity autocorrelation is given mathematically by 

A(T) = 1: l(t)I(t-T)dt (3.20) 

where I is the intensity of the pulse. The intensity autocorrelation is insensi

tive to temporal dispersion (and any other phase distortion). See figure 3.12 

for an example of experimental intensity AC. 

Different pulses, each with the same duration, but different amounts 

of temporal dispersion, will each have the same intensity autocorrelation. 
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Figure 3.10: Experimental interferometric autocorrelation trace of amplified 
laser output. Duration is measured to be ~so fs. 

(1) 

(1) 

Figure 3.11: Two copies of a pulse are focused into a nonlinear crystal. Each 
beam will generate a collinear second harmonic beam. When overlapped 
in space and time. the two initial beams produce a third second harmonic 
beam, which is measured. Angles are exaggerated for clarity. 

A pulse with a Gaussian temporal profile will have a Gaussian intensity 

autocorrelation trace. 
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Figure 3.12: An example of experimental intensity autocorrelation for am
plified laser output (~so fs). 

3.6.3 Convolution 

Autocorrelations of all types are a kind of self-convolution integral of the 

electric field amplitude, or its intensity. The convolution operator f ® g is 

defined as 

(j ® g)(x') = J j(x)g(x- x')dx (3.21) 

When f and g are the same function, this is called the autoconvolution 

function. When the autoconvolution is performed on the intensity, the 

result is the intensity autocorrelation function. 

Autocorrelations at best return the autocorrelation function of the in

tensity of the electric field, not the field itself. The typical procedure used 

to extract the intensity FWHM from the autocorrelation FWHM is to de

convolve the autocorrelation using a deconvolution factor. So for instance, 
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the FWHM of the autoconvolution integral of the Gaussian function is a 

factor of V2 times larger than the FWHM of the Gaussian intensity distri

bution [DR96, TreOO]. 

Function Deconvolution factor 
Rectangular 1.000 

Gaussian 1.414 
Sech2 1.543 

Lorentzian 1.654 

Table 3.2: Deconvolution factors for four pulse shapes. Divide the intensity 
autocorrelation F\VHM by the above numbers to get an estimate on the 
FWHM of the temporal intensity distribution. 

To make an educated guess as the intensity FWHM duration of a pulse, 

the retrieved autocorrelation function is divided by the deconvolution fac

tor of the function that is assumed to be the best fit to the experimental 

intensity distribution. Table 3.2 summarizes convolution factors for four 

pulse shapes. It ~hould be noted that depending on the best fit function 

selected, the estimated pulse duration will differ significantly. Work com

paring FROG with autocorrelation presented in [TreOO] suggests that for real 

pulses, the deconvolution factor is often close to 1.4, and rarely exceeds 1.5. 

For this reason, a Gaussian function is assumed in all autocorrelation de

convolutions in this thesis. The slowly varying component (the first three 

terms of equation 3.19) of the interferometric autocorrelation is equivalent 

to the intensity autocorrelation, and it is this piece that is used to estimate 

the autocorrelation FWHM in interferometric autocorrelation traces. 

3.6.4 Single-Shot Autocorrelation 

An intensity autocorrelator can be made to operate in single shot mode 

by replacing the photodiode with a CCD camera. In this mode, temporal 
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Figure 3.13: Two copies of a pulse are superimposed in a nonlinear crystal. 
Second harmonic light is generated non-collinearly and collinearly. Non
collinear signal is proportional to autocorrelation. 

delay is translated into transverse displacement by superimposing the two 

non-collinear copies of the beam in a nonlinear crystal (see figure 3.13). 

The relationship between the spatial shift measured on the CCD and the 

delay of the pulse is given by [SGRB87, BGSS91] 

~T = 2 sin (x/2) ~x 
c 

(3.22) 

where ~Tis time delay, ~xis transverse shift and xis the angle between the 

beams external to the nonlinear crystal. 

The intensity of the signal will vary in the x-axis (which is coplanar 

with the two copies of the pulse) and it will be proportional to the intensity 

autocorrelation. Typically the angle x between the beams is not measured 

to determine the conversion between transverse shift and time delay, as 

this would prove a difficult measurement. For greater accuracy, a known 

delay is introduced in one arm of the autocorrelator, and the spatial shift is 

noted. A calibration constant can then be computed. The full-width-at-half-
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maximum (FWHM:) of the autocorrelation trace can be determined using 

the calibration constant. Once this value is known, the pulse FWHM can be 

determined using the standard deconvolution factors (i.e. divide by 1.414 if 

the pulse is assumed to have a Gaussian temporal profile). 

3.6.5 Field Inversion Autocorrelation 

Small pulse-front tilt Large Pulse-front tilt 

~ 0 (j) 
u SH 

--== ft~ angk• Lft~angle 
lateral dlsplacem3nt lateral displacement 

SH SH 

Figure 3.14: CCD readout of tilted pulse-front autocorrelator for pulses with 
slight tilt and large tilt. Tilt is measured as a shear of the SH image. 

Simple autocorrelators do not measure pulse front tilt in laser pulses, un

less great care is taken, as is discussed in section 4.2. It is possible to design 

an autocorrelator that is directly sensitive to pulse front tilt though. If the 

symmetry between the two arms of the autocorrelator is broken, in principle, 

spatia-temporal dJ.stortions can be detected. Pretzler et al. [PKWOO] devel

oped a fringe-resolved (interferometric) autocorrelator that could detect PFT. 

By inverting one arm of the autocorrelator, and imaging the interference of 
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the two beams on a CCD, the contrast function as a function of position 

could be resolved, which allowed a coarse measurement of the pulse front 

tilt. Sacks et al. [SMD01] suggest another device based on non-collinear sin

gle shot autocorrelation. This device measures PFT as a shear in the second 

harmonic signal, as measured on a CCD camera (see figure 3.14). Unlike 

the device developed by Pretzler et al [PKWOO], this device can simultane

ously measure both PFT and pulse duration. Raghuramaiah et al. [RSNG03] 

subsequently developed a formula for extracting the precise amount of PFT 

from the shear making this measurement quantitative. 

Nonlinear 
Crystal 

Retro-reflector 

Retr<Heflec1o< ~ Input 

. . . . u::;: 
• Mirror 

Second •••• 
Harmonic • • •• « 

.............. U- ~- -~m 

. . . . ------·-. -----
-------------Signal • • • 

-----------
Retro-reflector 

Figure 3.15: Schematic of tilted pulse-front autocorrelator. 

The field inversion autocorrelator developed by Sacks et al. [SMD01] 

works by inverting the field of the pulse in the axis parallel to the optical 

table in one arm of the autocorrelator. This is accomplished by having the 

beam reflect from one additional mirror in one arm of the autocorrelator. 

The two copies are then brought together at a vertical angle in the nonlinear 

crystal (see figure 3.15). The output of the nonlinear crystal is imaged on a 

CCD camera. The delay axis of this device will be in the vertical axis of the 

camera, and the horizontal axis will represent transverse displacement. See 

figure 3.14. 
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The duration of the pulse is measured the same way as for a normal 

single shot autocorrelator, except that the delay axis is vertical instead of 

horizontal. The pulse-front tilt angle y can be computed from the CCD tilt 

angle a using the ~~quation derived in [RSNG03] 

y = tan-' [ { 1 - (~)(~~)}tan( a) sin{X/2)] (3.23) 

where x is the angle between the beams as they enter the nonlinear crystal 

and n is the refractive index of the nonlinear crystal. This design therefore 

allows simultaneous measurements of pulse duration and pulse front tilt, 

but it is still insensitive to the temporal phase of the pulse, and to the 

particular shape c.f its temporal envelope. To resolve these features, other 

techniques are necessary. 

3.6.6 Autocorrelation Alignment 

Autocorrelators (AC) are difficult to align properly, as they often have many 

sensitive degrees of freedom that can be adjusted. A misalignment of one 

of these degrees of freedom will lead to systematic errors. 

There are a few steps that can be taken to ensure proper alignment of an 

A C. Firstly, to ensure that the AC is balanced, the power of the output can be 

measured with fin;t one then the other arm of the AC blocked. The power in 

these two cases should be approximately equal, assuming the beam splitter 

is splitting the pulses equally. In addition, blocking the input of the AC 

should cause the output signal to go to zero. If these conditions are not 

satisfied, there may be stray light interfering with the AC. Alternatively, 

one or the other of the beam copies might have been clipped by either the 

autocorrelator arms or the beam splitter. 

Further checks include ensuring that the AC has a peak signal to back

ground ratio of 8:1 or 3:1 for interferometric or intensity AC respectively. 
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All autocorrelations should also be symmetric. If they are not, it is possible 

that the mirrors are not in perfect alignment, or that the photodiode has 

been saturated. To rectify this problem the power of the input beam should 

be reduced and the alignment of the mirrors should be checked by moving 

the translation stage back and forth manually. If the mirrors are in proper 

alignment, the beams on the output should not change position [DR96]. 
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3.7 FROG and GRENOUILLE 

If the photodiode or CCD of a standard second order intensity autocorrelator 

is replaced with a spectrometer, data can be collected in two independent 

variables instead of one: wavelength and delay instead of just delay. The 

two dimensional plot generated in this way is called a spectrogram. It turns 

out that the additional information is sufficient in principle to reconstruct 

the electric field of the pulse, both amplitude and phase. This technique was 

invented by Rick Trebino [TDF+97] and is called second harmonic frequency 

resolved optical gating (SH-FROG), and the spectrogram is referred to as a 

FROG trace. 

Sophisticated algorithms are responsible for reading the FROG trace and 

iteratively converging on the correct electric field. In general, this is carried 

out in a series of steps: 

1. Start with the electric field as a function of time E (t) (this will be a 

guess at the very beginning of the algorithm). 

2. Generate the signal as a function of time and delay Esig (t, T). 

3. Fourier transform it to be a function of delay and frequency Esig (w, T). 

4. Modify the function to be in better agreement with the observed signal, 

E;ig (w, T). 

5. Inverse Fourier transform the signal; it is now a function of time and 

delay, E;ig (t, T). 

6. Generate an electric field as a function of time E (t). 

This process i~, repeated until the function of delay and frequency is a 

sufficient match for the observed spectrogram [TreOO]. 

There are many techniques for achieving the fourth step, but the basic 

algorithm maintains the phase of the signal, and changes the amplitude to 

correspond to the retrieved FROG signal hRoG (w, T) [TreOO], 
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, Esig(w,T) ,-----
Esig (w, T) = IE . ( ) I ">/lrROG (w, T) 

szg W,T 
(3.24) 

The sixth step is carried out by simply integrating the delay parameter. By 

this means a complete characterization of the electric field in amplitude and 

phase is reconstructed, with a known uncertainty, in principle. 

There are other geometries for FROG, such as polarization gating (PG) 

third harmonic (TH) and self diffraction (SD) [TDF+97]. The advantage of 

SH-FROG over other geometries is that it is more sensitive and easier to 

assemble. Disadvantages include a less intuitive trace, and one remaining 

ambiguity in pulse characterization. ASH-FROG cannot by itself lift time 

reversal ambiguity. This is not a large problem for most applications. The 

ambiguity can be lifted by placing a piece of glass before the input to the 

FROG. In this case, an internally reflected copy of the pulse will lag the 

main pulse and the ambiguity will disappear. A systematic study of the 

noise sensitivity of FROG can be found in [FDTL95]. 

It is possible to go further. One can achieve full characterization of the 

electric field, and simultaneously measure the frequency gradient and pulse

front tilt of a laser pulse with a device known by the acronym GRENOUILLE 

(GRating-Eliminated No-nonsense Observation of Ultrafast Incident Laser 

Light E-fields). This technique was introduced by O'Shea et al. [OKGTOl] 

in 2001. 

The design of the GRENOUILLE is such that its output traces are nearly 

identical to SH-FROG with most of the advantages and disadvantages of that 

technique, except that the apparatus is considerably simplified as shown in 

figure 3.16, which is adapted from Trebino's text [TreOO]. 

When using SH-FROG, two copies of a beam must be precisely over

lapped into a tiny volume within a nonlinear crystal. This volume must be 

small in the transverse axis to ensure that the produced second harmonic 
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Figure 3.16: Schematic of FROG and GRENOUILLE setups. Much of the 
FROG apparatus is simplified in GRENOUILLE. 

light is an accurate representation of the entire beam (so that the second 

harmonic light is created from a spatially homogenous source), and the 

volume must be small longitudinally to allow for the broad bandwidth of 

femtosecond pulses (see section 2.9.1). In order for second harmonic light to 

be generated in the crystal, the crystal must also be positioned at the correct 

angle and the two copies of the pulse must be overlapping in time. 

Not only do the pulses need to overlap in space for a given time delay, but 

this position in space must remain constant as the time delay is varied. Since 

this time delay is usually generated by translating mirrors through space, 

those mirrors and the axis of translation must be precisely aligned. There 
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is also no real feedback until the second harmonic signal is generated. The 

GRENOUILLE removes the variable delay line, thin nonlinear crystal and 

spectrometer from the SH-FROG, vastly reducing the number of sensitive 

degrees of freedom of the apparatus. It replaces them with a Fresnel biprism 

and a thick nonlinear crystal. The Fresnel biprism causes the beam to overlap 

with itself, just as the delay line did in aSH-FROG. 

Each side of the beam can be thought of as a copy of the beam as it 

leaves the Fresnel biprism. Since these two copies have an angle between 

them, they will come to overlap at some distance, where a thick nonlinear 

crystal is positioned. In addition, the fact that each copy of the beam has a 

transverse size means that the angle between the two copies will lead to a 

temporal delay between the overlap of the copies on one side of the crystal 

with respect to the other. This works much like the single shot autocorrelator 

in section 3.6.4. 

A thick nonlinear crystal is placed in the overlap region. Since the thick 

nonlinear crystal will generate different frequencies of second harmonic 

light (within the bandwidth allowed) in different directions, it will act as a 

spectrometer. If the crystal is oriented so that the angle between the different 

generated frequencies is orthogonal to the angle between the two copies of 

the beam, the result is that the delays can be resolved in one axis and the 

spectrum can be resolved in the other axis. Using some cylindrical lenses, 

the generated light can be projected onto a CCD camera, and the result is 

an image identical to what would have been generated using a classical 

scanning SH-FROG. This data is generated using GRENOUILLE in a single

shot. Another advantage of the GRENOUILLE is its sensitivity to frequency 

gradient [AGZT04] and pulse-front tilt [AKOT03a]. 

Since the GRENOUILLE does not mix two exact copies of a beam, but 

rather mixes the right half with the left, it is not symmetric with respect to 

inversion. This means that if there is a time delay in the peak of the pulse 
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Figure 3.17: Schematic of the effect of frequency gradient as it appears in 
the signal trace using GRENOUILLE. PFT is related to the signal shift flx by 
equation 3.25. 

that varies with respect to the transverse position (which is the case for pulse 

front tilt), there wJl be a time delay between the two copies of the pulse that 

are overlapped in the nonlinear crystal. This is measured as a shift of the 

entire image in the delay axis of the CCD; refer to figure 3.17. The quantity 

of shift is related to the PFT by 

PFT = flx 
cL 

(3.25) 

where Lis the distance between the biprism and the nonlinear crystal. 

Furthermore, [f the pulse is spatially dispersed (so that the left is more 

blue than the right side of the pulse, for instance), the resulting CCD image 

will contain shear (the central delay will vary as a function of wavelength). 

The shear occurs because different transverse sections of the pulse are trans

formed into different delays by the Fresnel biprism, and the thick nonlinear 

crystal resolves the frequency components of each delay. So if the peak of 

the spectrum of the pulse varies with transverse position (as it does with 
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Figure 3.18: Schematic of the effect of frequency gradient as it appears in 
the signal trace using GRENOUILLE. The degree of frequency gradient is 
determined by the degree of shear in the trace (how much the central delay 
varies as a function of wavelength). 

spatial dispersion), the position of the peak intensity on the CCD camera 

for each wavelength component will vary as a linear function of the delay; 

refer to figure 3.18. 

The pulse-front tilt and spatial dispersion can thus be extracted from 

the retrieved trace. These effects can then be corrected for, and a standard 

SH-FROG pulse retrieval algorithm can be applied to the trace, resulting in 

the electric field amplitude and phase. 

GRENOUILLE is versatile, but has its limitations. As O'Shea et al. de

scribe in [OAKT04], a given device has only a limited range of frequencies, 

bandwidths and pulse durations with which it can be used. The GREN

OUILLE used in this work was a Swamp Optics model8-20, designed for 

use with amplifier or oscillator pulses, at 800 nm with durations from 20 fs -

200fs. AnexampleofGRENOUILLEoutputdatacanbefoundinfigure3.19. 

Gabolde et al. also demonstrate FROG can be combined with digi

tal holography to recover the full electric field E(x, y, t) amplitude and 
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Figure 3.19: Example GRENOUILLE output from Femtosoft Quick-FROG. 
(a) Measured GRENOUILLE trace. (b) Software retrieved temporal inten
sity and phase. (c) Software retrieved spectral intensity and phase. Pulse 
duration is calculated to be 44 fs FWHM, with a bandwidth of 29 nm FWHM. 

phase [GT04] . This goes even further than the GRENOUILLE in terms 

of pulse characterization. The field is recovered with a resolution of 50 11m 

x 50 11m x 4 nm (spatial x spatial x spectral) . This technique unfortu

nately must average over a train of pulses although Gabolde et al. suggest 

a single shot version is possible, with the cost of lower spatial resolution. 

Wasilewski et al. also demonstrate that very weak pulses can be effectively 
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characterized with FROG by rotating a thick nonlinear crystal and measur

ing the FROG trace with a photodiode [WWR04]. Since this method maps 

the delay and wavelength axes onto time, it must average over a long train 

of pulses, and cannot work as a single-shot technique. 
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3.8 Spectrclll Interferometry and SPIDER 

Though some of the methods discussed above are able to measure the am

plitude, phase, and even some spatio-temporal distortions of a laser pulse, 

they are all nonlinear. It is desirable to have access to a technique which 

responds in a linear fashion to an input signal. This is because such a 

technique will be much more sensitive. Unfortunately it is not possible to 

extract information about an unknown pulse from a linear method [LCJ95]. 

If the interference of two different pulses is measured however, the resulting 

signal will depend on the phase difference between these two pulses. This 

suggests a measurement technique known as Spectral Interferometry (SI). 

In SI, a known pulse is superimposed with an unknown pulse, and the re

sulting interference pattern contains enough information to reconstruct the 

amplitude and phase of the unknown pulse. The only requirement placed 

on the known pube is that it contain all the frequency components contained 

in the unknown pulse. The following is a summary of Lepetit, Cheriaux and 

Joffre's discussion of SI, which can be found in [LCJ95]. 

SI can occur in the both the time and frequency domains, by scanning 

either the frequency or delay interval. In order to perform SI in the time 

domain, interference oscillations are very rapid, and a great deal of data 

must be recorded to resolve them. These limitations can be overcome, and 

temporal interferometry is promising for infrared pulses [LCJ95]. 

A simpler solution is frequency domain Sl. The pulses are overlapped 

in a spectrometer, and a CCD captures the whole signal at once. Hence it 

is possible to use this technique in single-shot mode, analyzing each pulse 

separately. The signal in the frequency domain is given by 

5 (w) = lEo (w)l2 +IE (w)l2 + 2Re [ E~ (w) E (w)] (3.26) 

where 5 (w) is the power spectrum as a function of angular frequency, and E 
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and E0 are the fields due to the reference and unknown pulses respectively, 

and Re means the real part. 

The cross term in equation 3.26 is proportional to the cosine of the phase 

difference between the two functions, so if the phase of the reference is 

known, the phase of the unknown pulse can in principle be extracted. There 

are technical challenges with this extraction, as signal to noise becomes small 

at the extremum of the cosine, and there is an ambiguity of in the retrieved 

phase between e and 2rr- e. 
One solution is to multiplex the signal, by using a circularly polarized 

reference pulse and a circularly polarized unknown pulse, and two spec

trometers. This provides signals that vary as sine and cosine function; this 

technique is named Dual Quadrature SI (DQSI). 

A simpler solution experimentally is Fourier transform SI (FTSI). In this 

technique the reference pulse is precedes the unknown pulse in time by a 

known delay T. The reference pulse behaves like a pump and the unknown 

pulse like a probe. The pump causes an excitation that is felt by the probe, 

and spectral interference results. The time integrated interference term is 

then given by 

5 (w) = E~ (w) E (w) exp (zwT) + c.c. (3.27) 

The inverse Fourier transform of this signal will have two terms, one corre

sponding to each complex conjugate in equation 3.27. 

For a sufficiently large choice ofT, the terms do not overlap. Since the -T 

pulse in the time domain is non causal, it can be filtered out with a Heaviside 

step function H (t). A Fourier transform of the filtered signal will correspond 

to the amplitude and phase of the product E~ (w) E (w). 

Hence the unknown pulse amplitude and phase is given by 
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F [H (t) F-1 S (w)] exp ( -lUJT) 

E (w) = E~ (w) (3.28) 

The SI setup and data recovery is sketched in figure 3.20. 
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Figure 3.20: Schematic diagram of spectral interferometry. Known and 
unknown pulses are overlapped, and their spectral interference pattern is 
inverse Fourier transformed. The result is filtered (zero and negative delay 
peaks removed), and Fourier transformed, resulting in their phase differ
ence. 

SI is ideal for characterizing very weak pulses, when combined with 

the FROG techniques described above (see section 3.7) to characterize the 

reference pulse. 1his combination is called temporal analysis by dispersing 

a pair of light E fiElds (TADPOLE). It can be used to measure a train of pulses 

with an average energy as weak as 42 x 10-21 J [FBS+96]. 

If no reference pulse is available, one can still make use of Spectral 
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Interferometry (SI) to fully characterize the amplitude and phase of a pulse, 

the cost being that the method becomes nonlinear in intensity. The technique 

is called spectral phase interferometry for direct electric-field reconstruction 

(SPIDER). The technique is similar to standard Fourier transform SI (FTSI), 

except that two copies of the same pulse are injected into a spectrometer. 

Since SI is sensitive only to phase differences, the two copies of the unknown 

pulse are frequency shifted by different (and known) amounts. This is 

the nonlinear part. After some analysis of the resulting spectrum, the full 

amplitude and phase of the unknown pulse can be reconstructed. Iaconis 

and Walmsley go though this in detail in [IW98] and [IW99]; their arguments 

are summarized here. 

The interference of two frequency shifted copies of the pulse S (w) is 

given by 

S (w) = 2IE (w) E (w + 0)1 cos [<I> (w + 0)- <t> (w) + wT] (3.29) 

where E is the field of the unknown pulse, w is the angular frequency, and 0 

and T are the relative frequency and temporal shifts between the two copies 

of the pulse, and <t> is the spectral phase of the pulse. This interference term 

contains enough information to recover the phase of the unknown pulse (to 

within a constant term). Its amplitude is recovered by taking the square root 

of the power spectrum. If the duration of the pulse to be measured is T0, 

then a relative spectral shift of 2n/T0 is sufficient to reconstruct the phase 

completely. 

A frequency shift between the two copies of the unknown pulse is gener

ated by superimposing the two copies, separated in time by T, with another, 

highly temporally dispersed pulse (usually another copy of the unknown 

pulse itself), inside a nonlinear medium (see figure 3.21). The third pulse 

must be sufficiently dispersed so that for the duration of each of the two 

copies of the unknown pulse, it is essentially monochromatic. Since the 
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Figure 3.21: Schematic diagram of spectral phase interferometry for direct 
electric field reconstruction (SPIDER). A beam splitter creates two copies of 
the unknown pulse. One copy is stretched in a dispersive material or grating 
based stretcher. The other copy is split again, and a delay Tis introduced 
between its copies. These three pulses are overlapped in a nonlinear crystal, 
and the second harmonic signal is observed with a spectrometer. Data 
analysis is similar to standard FTSI. 

first two copies of the pulse are separated in time, and the third pulse has a 

spectrum that is a function of time, each of the first two copies experiences 

a different frequency shift inside the nonlinear medium. The amount of dis

persion in the third pulse and the delay between the first two pulses must 

simply be large en::mgh to ensure a sufficient frequency shift between them. 

The spectral phase is extracted from the interference term in a method 

similar to FTSI. The data is inverse Fourier transformed, the positive T peak 

is kept and the rest of the signal is discarded. This signal is then Fourier 

transformed, and the linear phase term UJT is subtracted. The phase of the 

unknown pulse can then be extracted from the remaining signal, the phase 
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difference, with a resolution equal to 0 the spectral shear. 

The accuracy of all SI methods is affected by the calibration of the spec

trometer used. Careful calibration can eliminate systematic error due to the 

spectrometer and yield high accuracy [Dor99]. 

It is also possible to extend the SPIDER technique to measure spatia

temporal distortions. By using a two dimensional array CCD detector in

stead of a one dimensional array, the spectral phase can be resolved as a 

function of one spatial dimension [DKW02]. This reveals the full complex 

coupling between frequency and position, and can be used to measure pulse 

front tilt and spatial dispersion, as well as higher order couplings. 
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It is difficult to mEasure the angular dispersion of a beam directly, especially 

for small values ,Jf angular dispersion in large beams [PKWOO, SMDOl]. 

Consider extending the knife-edge and photodiode beam profiler detailed 

in section 3.5. If a spectrometer is used in place of a photodiode, it should be 

possible to condu;:t several knife-edge experiments in parallel, one for each 

wavelength bin. By collecting these spectrally-resolved knife-edge (SRKE) 

measurements for a number of different longitudinal positions in the beam, 

it is possible obtain a direct measurement of the angular dispersion present 

in the beam. 

A number of mstruments, such as the GRENOUILLE (see section 3.7) 

and TFPA (see section 3.6.5) measure pulse-front tilt, which is caused by 

angular dispersiorl. A direct measurement of angular dispersion is a useful 

independent measurement though, since measuring pulse front tilt is not 

equivalent to measuring angular dispersion. This is because it is possible 

to create pulse front tilt in the absence of angular dispersion [AGZT04] 
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(see section 3.2). The method described in this section leads to a direct 

reconstruction of the angular and spatial dispersion of a beam. 

translation stage 

silicon wafer 

spectrometer 
--+ 

z 

. t t' ~ 1n egra 1ng sphere 

Figure 4.1: The apparatus for direct measurement of angular dispersion. 

In order to collect SRKE data, the apparatus sketched in figure 4.1 was 

constructed. The device works in a similar fashion to a regular knife-edge 

beam profiler in which a sharp blade is scanned in the transverse direction 

across the beam (see section 3.5). The difference is that a spectrometer and an 

integrating sphere are used instead of a photodiode. The spectrometer must 

have a linear CCD array or some other means to allow the whole spectrum 

to be imaged simultaneously. This is essential, as a scanning spectrometer 

would impose a cost in time that would make this measurement impractical. 

The spectrometer used in this study was an Ocean Optics USB2000. Laser 

light with angular dispersion has by definition a spectrum that varies with 

transverse position. In order to ensure that a representative sample of the 

entire laser spectrum is coupled into the spectrometer, an integrating sphere 

is employed. Light is coupled into an input aperture of the sphere, where it 

must bounce off the highly diffusive inner walls of the sphere, before being 

collected at the output, where it will be approximately spatially uniform. 

The "knife" used in the scanning is the cleaved edge of a Si wafer, which 
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was very smooth and straight. Si is a good absorber of 800 nm light, and can 

be made very thin. It was used at a 45° angle to the laser axis to accentuate 

the sharpness of the cleaved edge. It was hoped that this would minimize 

unwanted diffraction effects. The knife was mounted on a Oriel DC encoder 

mike actuator, which can take controlled steps as small as 1 pm. 

The data that is used to reconstruct the angular dispersion consists of 

scans at multiple positions along the axis of propagation. The stage with the 

knife-edge is translated along the axis of propagation manually, but could 

in principle be automated. For each position along the axis of propagation, 

the knife is scanned using a computer controlled translation stage. It takes 

small steps, typiccllly 10 pm at a time. This step size was chosen deliberately 

to be quite small, to facilitate noise and error analysis. The spectrometer 

collects a beam spectrum for each of these steps. The result is a very large 

amount of data: spectral intensity resolved as a function of transverse and 

longitudinal position. This information can be reduced in such a way as to 

yield the spatial and angular dispersion f3 of the beam. 

In order to rEduce the data, it is first assembled into a large array 

I* (z, x*, i\.), where I* is the raw spectral intensity, z is the longitudinal po

sition, x* is the raw transverse position and i\. is wavelength. This data must 

be filtered before it can be processed. To eliminate alignment error in the x 

coordinate, the integral 

A(x*,z) = J I*(z,x*,i\.)di\. 

is computed. The centroids x0(z) of A 

x0(z) = ErfFitx- [A(x*,z)] 

(4.1) 

(4.2) 

are then computed. Er fFitx- represents centroid results from an error func

tion fitting routinE:~ (this implicitly assumes a Gaussian beam profile). These 
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fits are exactly the same as fits required when computing the beam prop

erties in standard knife-edge profiling 3.5. Algorithms for calculating error 

function, Gaussian and linear fits can be found in numerical methods text

books (see for example, reference [PTVF02]). The resulting centroids are 

subtracted from the raw positions yielding the corrected transverse position 

x (z, A) = x* (z, A)- x~ (z). 

Two important related quantities are now computed, the transverse cen

troids x0 (z, A) and the spectral centroids A0 (z, x). The transverse centroids 

are calculated first: 

Xo(z,A) = ErfFitx[I(z,x,A)] (4.3) 

The results of the error fitting on the intensity data are centroids x0, widths 

and amplitudes, for each value of z and A. To reduce the effects of noise 

on frequency gradient calculations, new intensity data is constructed. The 

transverse centroids, widths and amplitudes are used to construct a Gaus

sian function for each z and A. This results in a new intensity function 

Ig(z, x, A). Spectral centroids are then calculated from this new data: 

Ao (z,x) = GausFi(\ [Ig (z,x,A)] (4.4) 

where GausFit;. represents centroid results from a Gaussian fitting routine 

with respect to wavelength (which assumes a Gaussian shaped spectrum). 

The Gaussian fitting routine was much more stable when used to extract 

spectral centroids from Ig(z, x, A) than directly from I(z, x, A), and resulted in 

more consistent frequency gradient data. 

An example of raw transverse centroid data obtained from a beam having 

traversed a BK7 prism can be found in figure 4.2. Here is depicted the results 

of Gaussian fits for three particular wavelength bins. The light was collected 

between 782-784 nm, between 800-802 nm and between 816-818 nm. The 
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centre of these wavelength bins is plotted against longitudinal position. 

There is noise in this data, the source of which is most likely random. This 

is supported by the fact that the noise is greater for the wavelength bins in 

the wings of the ~;pectrum where intensity is low than for the bins in the 

centre where intensity is high. The slopes of these lines correspond to the 

angle each wavelength bin makes with respect to the average direction of 

the entire beam. 
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Figure 4.2: Centroid positions versus longitudinal position for laser beam 
after traversing a 60° BK7 prism (induced PFT = 29 fs/mm). Squares: 800 nm, 
circles: 782 nm, triangles: 818 nm. At 42 em the spatial dispersion induced 
by the prism cancels the spatial dispersion initially present in the beam, 
leading to nearly zero spatial dispersion. 

The remaining analysis is straightforward. The spatial dispersion (, and 

frequency gradient v can then be computed as 

·- ( ) dXo -A
2 

dxo -A
2
L. [ ( 1 )] 

(, Z = - = -- = - ln;. Xo Z1 1l 
dUJ 2nc JA 2nc 

(4.5) 
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aw0 -2nc aAo -2nc . 
v (z) = ax = Al ax = AlLmx [;\0 (z,x)] (4.6) 

where Linil and Linx are the slopes of linear fits with respect to;\ and x. 

Spatial dispersion and frequency gradient are thus evaluated for each 

value of z sampled. Spatial dispersion is given by [AGZT04] 

<: (z) = [3z + <: (0) (4.7) 

which implies that angular dispersion f3 is simply calculated by taking the 

slope of<: (z). To calculate [3, another linear regression is performed 

f3 = Linz [l; (z)] (4.8) 

It is also possible to calculate the angle of propagation of each wavelength 

8 (;\) = Linz [xo (z, A)] (4.9) 

This presents a second way to calculate angular dispersion 

f3 = Linil [8 (A)] (4.10) 

Equations 4.8 and 4.10 should yield equivalent values for f3 analytically. 

With actual discretely sampled data however, the statistics of these two 

methods will be different. This is because the resolution in each parameter 

(z, x and ;\) is different. 

The device described above records enough data to measure spatial dis

persion and frequency gradient, and also angular dispersion in two different 

ways. Since it records both frequency gradient and spatial dispersion, it can 

be used to verify the relationship between them given by equation 2.59, 

developed by Gu et al. [GAT04]. Equation 2.59 can be rewritten as 
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(4.11) 

where 

d!lo -112 

a=-=-v ax 2nc 
(4.12) 

(4.13) 

and 

ncwT0 
K = ;12 = ~;\ 

w 
(4.14) 

for Fourier transf.:>rm limited Gaussian pulses. Here a and b represent di

mensionless versions of frequency gradient and spatial dispersion, respec

tively. A K parameter can be calculated for each longitudinal point using 

equation 4.11, and compared with the value of K that would be expected 

based on the measured values of bandwidth and beam width, using equa

tion 4.14. 

Direct measurements were made for three configurations of prisms. For 

maximum angular dispersion, a single equilateral SF10 prism, near the an

gle of minimum deviation was used resulting in an angular dispersion of 

-93 prad/nm. Less angular dispersion was achieved using a single equilat

eral BK7 prism with an angular dispersion of -29 prad/nm. A small amount 

of angular dispersion was generated using a combination of two prisms, 

aligned to mostly cancel each other's angular dispersion, the remainder of 

which was -6 pra d/nm. The Spitfire output was used for a minimal value 

of angular dispen:ion of -0.8 prad/nm. Results are found in figures 4.3, 4.4 

and summarized in table 4.1. The theoretical values found in table 4.1 were 

calculated using the mathematics of section 3.2, and measurements of the 
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Figure 4.3: Spatial dispersion versus distance from (a) no prism (z has 
arbitrary origin), (b) 2 opposed SFlO prisms, (c) a single BK7 prism and (d) a 
single SFlO prism. The value of spatial dispersion at z = 0 was not controlled 
between a-d (the distance between the amplifier and the prism(s) was not 
fixed). Note also the difference in the vertical scale between the plots. 

prism orientations. 

The first thing to note is the consistency between the results in figures 4.3 

and 4.4. These two figures are plots of the same data, reduced in different 

ways. The first uses ~i (z) as an intermediate step, the second uses 8(;\). The 

fact that they are consistent is a check on the algorithm used to extract the 

results from the raw data. The data in both plots seems to be well modeled 

by a straight line, another fact supporting the algorithm. It can be seen that 

as the amount of angular dispersion is reduced, noise becomes apparent, 

as one would expect (see for instance the "No Prisms" case, where noise is 
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Figure 4.4: Propagation angle versus wavelength for (a) no prism, (b) 2 
opposed SFlO prisms, (c) a single BK7 prism and (d) a single SFlO prism. 
Note the difference in the vertical scale between the plots. 

large compared to the slope). Note that in figures 4.3, 4.4 and 4.5 the SFlO 

prism case has the opposite slope to the other cases. This is simply due to the 

prism having the ·::>pposite orientation to the BK7 prism in this case. In the 

case of no prism, and two opposite prisms, the residual angular dispersion 

happened to be the same sign as the BK7 prism case. 

The difference iJetween the two figures can be understood as a difference 

in the method of data reduction. The data in figure 4.3 leaves the linear 

regression in longitudinal position last, and the data in figure 4.4 leaves the 

regression in wavelength last. There are a much larger number of wave

length bins than longitudinal position bins. The result is that the uncertainty 
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Angle of n dn/dA dE>/dA dE>jdA 
Prism incidence lo-s calculated measured 

Material (rad) nm-1 11radj nm 11radjnm 
output beam nja nja n/a nja 0.8± 0.1 
2SF10 comb. 1.05, 1.11 1.7113 -5.0 7±4 5.56 ± 0.06 
Single BK7 0.89 1.5106 -2.0 30±2 28.87 ± 0.08 
Single SFlO 1.08 1.7113 -5.0 90±4 93.2 ± 0.4 

Table 4.1: Calculated and measured angular dispersion values for 
three equilateral prism configurations. Approximate laser characteristics: 
A = 800 nm, ~A ~ 25 nm. The beam radius was ~3 mm. 

on the angular dispersion linear fit is significantly less when calculated with 

equation 4.10. Note that the fit uncertainty is significantly less in figure 4.4 

than it is in figure 4.3. It is also worth noting that the fit uncertainty reported 

using the 8(A) technique is always less than or equal to 0.4 11radjnm, and 

tends toward lower values for smaller values of angular dispersion. 

Hypothetically, as the intensity of light reaching the spectrometer is in

creased, the signal to noise ratio should also increase, improving the statistics 

of the data, and resulting in a more precise measurement of angular disper

sion. In the current study, the position of the integrating sphere and the 

spectrometer were simply adjusted to maximize the intensity of light reach

ing the spectrometer. A systematic study of the relationship between light 

intensity and uncertainty would be useful. 

The maximum angular dispersion uncertainty of 0.4 11rad/nm compares 

favorably with the uncertainty of the device developed by Varju and cowork

ers [VKK002]. Their spectrally-resolved interferometric device measures 

angular dispersion with an uncertainty of 0.2 11rad/nm (in the range of 

0.2-40 11radjnm). This device has the advantage of measuring the angular 

dispersion at a point, rather than over some finite range, as the SRKE does, 

and also that it works in real time. While the SRKE must scan in two dimen

sions, which has required between 30 minutes and 4 hours (depending on 
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the precision required), it has the advantage over the interferometric device 

of being very simple to set up and operate. The SRKE diagnostic also gives 

access to the spatial dispersion and frequency gradient of the beam, as a 

function of propagation, which may be important for some applications. 

Long collection times limit SRKE' s effectiveness as a routine diagnostic, 

as it must be assumed that the laser is producing stable output over this 

timescale. It also limits the usefulness of this technique for "tweaking" 

optical components. For a diagnostic to be successful, its feedback cycle 

must be short. A comprehensive error analysis of this technique could 

identify the optimal amount of data required for robust measurements, and 

significantly reduce the amount of time this diagnostic takes to run. If 

for instance only 50 lateral points and 4 longitudinal points are needed, 

motion in the lateral and longitudinal dimensions is controlled by faster 

computerized translation stages, and light is more efficiently coupled into 

the spectrometer, :;;imilar results to those presented here may be achieved in 

as little as 5 minutes. Also, faster performance may be possible if uncertainty 

limits are relaxed. 

Since several fitting algorithms are used, and only relative differences in 

data are used to g•~nerate the final reports, the device should have very little 

systematic error. This point is further supported by the good agreement 

between theoretically predicted dispersion values and measured ones. The 

only systematic errors that the algorithm is sensitive to are systematic rela

tive errors in increments in the spatial coordinates, and in the spectrometer. 

The spectrometer has been calibrated with known wavelengths, and should 

be accurate to less than 1 nm. The systematic relative error in the longitudi

nal step sizes should also be small. These are limited by an experimenter's 

ability to manually translate the stage along a rail to marked points on a 

ruler. Errors in these steps are likely very small compared with their size. 

Also, errors in increment cannot compound, because all steps on the ruler 
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have already been marked. Systematic error in the transverse steps should 

also be small, as the accuracy of the Oriel actuator is much less than the step 

sizes used. The actuator can reproduce steps to within about 1 rm accuracy. 

Also, as in the case of longitudinal motion, the actuator is set to step to a 

position, and not to step for a given distance, reducing the propagation of 

systematic error. 
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Figure 4.5: Frequency Gradient versus distance from (a) no prism, (b) 2 
opposed SFlO prisms, (c) a single BK7 prism and (d) a single SFlO prism. 
The value of spatial dispersion at z = 0 was not controlled between a-d (the 
distance between the amplifier and the prism(s) was not fixed). Note also 
the difference in the vertical scale between the plots. 

The response function of the spectrometer as a function of wavelength 

is unknown, but should not impact measurements of angular dispersion. 
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The calculation of B(i\.) is independent of spectral response of the spectrom

eter, as its calculation only compares data of equivalent wavelengths. This 

means that angular dispersion calculations are also independent of spectral 

response. 

The SRKE also measures spatial dispersion and frequency gradient; see 

figures 4.3 and 4.5. The frequency gradient measurement will depend on 

the quality of the grating in the spectrometer. The frequency gradient is 

calculated based on Gaussian fits of the spectrum at various transverse 

points in the beam. The spectral centroids returned by the Gaussian fits can 

in principle be in error if there is a non-constant spectral response, although 

this is not expected to pose a large problem here. 

2.51 (a) 

2.ol 

• n ! . . . 
1.0 j 

I 
0 .5~~-----,--~-,-------,--

-10 0 10 20 30 40 50 60 70 80 

2.0 

1.51 
·-• 0 • • • ~ • 

, 'I 
0 .5~~ ~ 

0 1 0 20 30 40 50 60 

. . . 
" 

70 80 90 

2.l (b) 

2.0~ 

1.5 

I 
1.0L 

0.5 -
20 30 40 50 60 70 80 90 

2.5j (d) 

2.0; 

1.5 
. 
~ .. t. . .. 

1.0 

0.5'~-~- ~ '-~--------. 
0 20 40 60 80 100 

Longitudinal Position z (em) 

Figure 4.6: Self consistency factor K factor versus longitudinal position for (a) 
no prism, (b) 2 opposed SFlO prisms, (c) a single BK7 prism and (d) a single 
SFlO prism. Shaded squares: K = w/ !1A, open triangles: K = ybja- b2. 
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Nonetheless, there is a discrepancy between measured and expected 

values of the K factor in equation 4.14. The lateral width and spectral 

bandwidth of the beam at each value of z were measured, and their ratio 

(K = wj!1A) was plotted in figure 4.6, with the value of K measured from 

frequency gradient and spatial dispersion (K = ybja- b2). The K value 

corresponding to a 3.5 mm (FWHM) wide beam, with a bandwidth of 25 nm 

is 1.4 X lOs. In principle, each point in each plot in figure 4.6 should be close 

to 1.4 x lOs. 

Deviations from this number in the case of the ratio of width and band

width (K = wj 11A- solid squares) are likely symptoms of random error in 

fitting procedures. This is possibly due to a low signal reaching the spec

trometer. Deviations inK = yb j a - b2 -empty triangles- can be explained by 

realizing that the beams used were not perfectly Gaussian, either spatially 

or temporally. In addition, the spectral resolution available using the Ocean 

Optics USB2000 spectrometer used in this study ( ~ 1/3 nm) may have been 

insufficient. It is also difficult to access central wavelength as a function of 

transverse position, as the intensity of the signal also varies as a function 

of transverse position. An attempt to compensate for this by adjusting rel

ative weightings for different wavelengths was attempted. Despite some 

deviations, the agreement between the expected and measured K factors is 

reasonably close, and always within a factor of two. The relationship be

tween frequency gradient and spatial dispersion is hence consistent with 

equation 2.59. 

With automation, proper alignment and a more thorough understanding 

of systematic and random sources of uncertainty, the SRKE technique could 

be made reasonably compact, accurate and fast. The main advantage of the 

SRKE is that it is simple, and its measure of angular dispersion is robust 

to systematic error. It is thus an ideal independent check on other more 

sophisticated measures of spatial dispersion and angular dispersion (such 
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as the GRENOUILLE ). 

The SRKE defined in this section is a fairly sensitive technique. The 

measurement takt:n used pulses of roughly 5 pJ, at a repetition rate of 1 kHz. 

This corresponds to an average power of about 5 m W. There seems to be 

a direct trade-off between the speed of acquisition, the uncertainty of the 

measurement, and its sensitivity. In principle, the technique could work 

with even less input power, though the uncertainty of the results depends 

on the input power. Even less power could be used if the integration time 

on the spectrometer was increased, though this would slow the diagnostic. 

The sensitivity could also be improved by removing the integrating 

sphere, or replacing it with a more efficient version. The removal of the 

sphere could lead to systematic error, which would have to be investigated. 

Preliminary investigations do show a systematic shift in the measurements 

without an integnting sphere (presumably because of the non-spectrally

uniform coupling into the spectrometer), but it is possible this challenge 

could be overcom,~. 
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4.2 Pulse Front Tilt Effects On Autocorrelation 

Focused ultrafast laser pulses are useful as they provide the greatest pos

sible electric field intensities and very precise delivery of optical power. 

Unfortunately, the physics of focused laser pulses is complicated. Clearly, 

the shape and thus the intensity of the focus will depend on the spatial 

profile of the input pulse. These effects are in general quite complex, as 

the paraxial approximation must be abandoned for high numerical aperture 

lenses. Other effects will also lead to distortions in the focus. The material 

properties of lenses (see section 3.3), and the temporal shape [HOB94] and 

polarization [DQL03] of the initial pulse will all influence the spatial and 

temporal profiles of the pulse in the vicinity of the focus. 

Tilted 
Pulse 

Lens 

AA A A 
Focused, 

Broadened 
Pulse 

Figure 4.7: A somewhat oversimplified but intuitive depiction of a tilted 
pulse moving through a focus. Note that the sign of PFT changes after the 
focus. 

This section will deal with the effect spatio-temporal distortions have on 

the pulse duration near the vicinity of the focus. The focus is an interesting 

place to study the effects of pulse-front-tilt (PFT) due to angular disper

sion [PKWOO] as it is in the focus that the effects of PFT on pulse duration 

can be most easily observed. Outside of the focus, PFT will induce a delay 

effect, but this delay will be distributed across the pulse. 

In the absence of focussing optics, the pulse duration at a specific trans-
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Figure 4.8: Setu:? for the 2-photon diode interferometric autocorrelator. 

verse position will increase due to the negative GDD caused by the spatial 

dispersion caused by the prism (see section 3.2, equation 3.3 for more de

tails), but this GDD can be compensated at a given point. Spatial dispersion 

will also reduce the local bandwidth as the beam propagates, but this will 

happen slowly for large beams (see section 2.10, equation 2.69 for details on 

this effect). 

As the beam h; focused, the delay between the transverse edges of the 

pulse remains the same but the edges are brought closer together. Each local 

transverse positio::1 will gradually be affected by the global delay across the 

beam. When the focus is reached, the full delay will be experienced by each 

local transverse position. The ratio¢, of the duration of the pulse in the focus 

T~ and the initial duration of the pulse T0 was developed in section 2.10 

(4.15) 

where PFT is pulse front tilt. Thus if autocorrelation is performed on an 

entire beam, and at several points through a focus, the effect of P~ can be 
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measured. 

In order to verify this relationship, the apparatus sketched in figure 4.8 

was assembled. A standard interferometric autocorrelator was modified 

by placing a Sx microscope objective at the output. A Thorlabs GaP or 

Hamamatsu GaAsP photodiode was placed near the focus of a Sx Newport 

microscope objective. Initially the GaAsP diode was used with the SF10 

prism. The GaP diode was then used with a single BK7 prism, with no 

prisms, and with two opposed BK7 prisms. The GaP diode became available 

after the initial work with the SF10 prism and GaAsP diode. It was used 

thereafter as it was more conveniently packaged. The GaAsP photodiode 

was specified to vary in sensitivity by ~ 17% over the SHG bandwidth of 

~12 nm, the GaP photodiode was specified to vary by less than 10% over 

the same range. 

The bandgap of both these photodiodes is sufficiently large so that a sin

gle 800 nm photon lacks the energy to excite an electron into the conduction 

band, and generate a current signal. Two photons can provide sufficient 

energy however, so both photodiodes respond proportionally to the square 

of the laser intensity. A photodiode with a quadratic intensity response was 

chosen over a nonlinear crystal to be certain that phase matching over the 

bandwidth of the laser pulse would not be a problem (see section 2.9.1). 

The power transmitted to the autocorrelator setup was varied using a 

half-wave-plate and two thin-film polarizers. The photodiode was mounted 

on a computerized translation stage, which allowed it to be translated lon

gitudinally through the focus of the microscope objective. As the detec

tor was moved through the focus, the spot size at the detector changed, 

and the power transmitted through the wave-plate-polarizer combination 

was adjusted to provide sufficient signal without saturating the detector. 

Angular dispersion was introduced into the output of the Spitfire laser 

system through dispersing prisms (see figure 4.9). Interferometric auto-
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Figure 4.9: Angular dispersion is generated with one or two prisms. Two 
prisms are shown here, though the geometry for one is the same. In the case 
of two identical pdsms (<pl = <p2), sl * E>2leads to angular dispersion. 

correlation traces were then collected, similar to those performed by Juod

kazis et al. [JOK+04]. The compressor within the amplifier was adjusted to 

optimize for minimum pulse duration at the autocorrelator, correcting linear 

GDD caused by the prism. Traces were collected as a function of position 

with respect to the focus for four different prism configurations. 

In situations where a large amount of angular dispersion was introduced, 

the effects were obvious: a large amount of "chirp", and a broadening of the 

temporal profile occurred as can be seen in figure 4.10. The intrinsic pulse 

duration here is ,~60 fs, which would be observed in an autocorrelation 

without a focus. It is increased to -175 fs in the focus, because of the 

presence of 58 fs/mm PFT. 

Pulse durations were extracted from the interferometric traces by aver

aging the autocorrelation signal over one oscillation, to extract the DC term 

in the interferometric autocorrelation (see equation 3.19 in section3.6.1). The 

FWHM of the DC term is calculated by fitting to a Gaussian function. This 

process is sketched in figure 4.11. A deconvolution factor of V2 - 1.4 was 

then applied to extract the pulse intensity duration FWHM. This deconvo

lution factor corresponds to the assumption that the pulse has a Gaussian 
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Figure 4.10: Autocorrelation traces of pulses without focusing or angular 
dispersion (a), with angular dispersion but without focusing (b) and with 
angular dispersion and focusing (c). A microscope objective is used to focus 
the autocorrelation output beam onto a 2-photon photodiode. The beam 
in the lower two cases contains ~210 fs/mm PFT, generated by traversing a 
single SF10 prism, near its angle of minimum deviation. Note the different 
scales on the horizonal axes. The small increase in duration in the second 
case is likely due to a combination of uncompensated material dispersion in 
the prism, and spatial dispersion GDD induced by the prism. 
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Figure 4.11: Example of procedure used to extract pulse durations from 
interferometric autocorrelations. Raw data is averaged over one optical 
cycle to extract slowly varying intensity autocorrelation signal. A Gaussian 
fit is then performed on the smoothed data. The data in this case was taken 
with BK7 prism, in the focus of the Sx microscope objective. 

temporal profile. 

Figure 4.12 de::>icts a number of AC traces centred at the focus of the Sx 

objective (J = 2.54 em) for the case of angular dispersion generated with 

the BK7 prism. It can be seen that as the focus is approached, the pulse 

duration increase:;;, in a way that appears the same as the effect produced 

by pure temporal dispersion (i.e. indistinguishable from the effect sketched 

in figure 3.9). Away from the focus, the dispersion effect is diminished, and 

the pulse duration approaches its nominal value. 

The experimental results for four different prism configuration are sum

marized in figure 4.13. Pulse duration as measured using the procedure 

outlined in figure 4.11 is plotted against position in p.m from the focus of the 

microscope objective. These plots behave qualitatively the way one would 

expect based on the analysis of Pretzler et al. [PKWOO]. The duration is 

maximized at the focus, and diminishes for the larger spot sizes away from 

the focus. Quantitatively, the increased pulse duration effect in the focus is 

reasonably well modeled by equation 4.15. The maximum pulse duration 

increase is considered, and~ = Tb/To is calculated for each configuration. 
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Delay (fs) 

Figure 4.12: Example of 2-photon autocorrelation traces. Taken with a BK7 
prism at several distances from the focal point of the microscope objective. 

Measured 
Prism Base Max PFT Predicted Measured 
Setup Duration Duration (fs/mm) ~ ~ 
none 51 58 5 1.1 1.1 
2BK7 66 82 22 1.5 1.2 
1 BK7 64 175 58 3.6 2.7 
1 SFlO 87* 760 210** 8.9 8.7 

Table 4.2: Measured and predicted ~ for various configurations of prisms. 
* Intrinsic duration is measured with standard autocorrelation without fo
cussing, not with GRENOUILLE. ** PFT is calculated, not measured with 
GRENOUILLE. 
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Figure 4.13: Results of 2-photon diode interferometric autocorrelator exper
iment. Pulse duration as a function of distance from focus for (a) 210 fs/mm, 
(b) 58 fs/mm, (c) 22 fs/mm and (d) 5 fs/mm. Solid line indicates measure
ment of the pulse duration using GRENOUILLE in all cases except in the 
case of the SF10 prism, where standard autocorrelation (without a focus 
at the autocorrelator output) was used. PFT was measured with GREN
OUILLE, except in the case of SF10, where it was calculated. The "dip" 
below baseline duration is ~5 -10 fs in b-d. 

This is compared to the effect that would be predicted from equation 4.15, 

using values of PFT measured with a GRENOUILLE, or calculated from 

theory. The input beam was measured to have an intensity 1/e2 radius w0 

of 3.0 mm. When focused with the 5x objective, this corresponds to a spot 

size of ~2.1 pm and a Rayleigh range of ~17 pm. In reality many factors 

can cause the spot size to be larger than the nominal value of ~2.1 pm, such 

as a beam M2 * l, or lens aberrations. A spot size of 5-6 pm [CBH+05a] 
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is often achieved in practice, when using the Sx microscope objective. The 

increased pulse duration effects are summarized in table 4.2. 

In order to be more quantitative about the results of this experiment, a 

theoretical model must be developed. In order to make progress in this di

rection, the model developed by Kostenbauder [Kos90] was employed. This 

model uses ray-pulse matrices similar to the standard ABCD ray matrices to 

trace rays through an optical system. It goes beyond the standard treatment 

by considering the time delay and frequency of rays, as well as their position 

and direction. A ray is traced through the system using the matrix equation 

X 
dXout dX011t dXout dXout 

X dX;n aein Jt;n JJ;n 

e aeout Jeout aeout Jeout e dX;n aein Jt;n Jf;n (4.16) 
dtout dtout Jtout dtout t dX;n Je;n Jt;n df;n t 

f dfout Jfout dfout Jfout f out dX;n Je;n Jt;n JJ;n in 

where x, 8, t and fare the position, direction, delay and frequency shift of 

a ray with respect to a reference ray. 

Several elements in the matrix of equation 4.16 simplify to either zero or 

one for time invariant linear systems, leading to a simpler matrix equation 

X 

e 
t 

J out 

A B 0 E 

C D 0 F 

G H 1 I 

0 0 0 1 

X 

e 
t 

J in 

(4.17) 

Using equation 4.17 rays can be traced through an arbitrary linear, time

invariant optical system. As with standard ABCD matrices, the formalism 

can be extended to Gaussian beams. In the case of the Kostenbauder matri

ces, a generalized Gaussian function is constructed 
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[ 
T l U (x, t) = exp - ~rr ( ~i~ ) Q/n1 

( X~n ) 
0 tm tm 

(4.18) 

where Q is the matrix analogue of q in the standard ABCD approach. An 

output Q is determined from an input Q from the relation 

[( 
A 0 ) ( B E I Ao )] [( C 0 ) ( D F I Ao )]-

1 

Qout = G 1 Qin + H I/ Ao . 0 0 Qin + 0 1 (4.19) 

The above formalism covers laser pulses with Gaussian spatial and tem

poral profiles, and is valid within the paraxial approximation. It includes 

the effects of dispersion, and of first order spatia-temporal distortions, in

cluding pulse front tilt. It was used to model the effect of an optical system 

consisting of a prism followed by a lens (with free space after each). PFT is 

generated in the prism. When no PFT is desired, the prism is removed from 

the optical matrix. The theory assumes the lens is ideal, acting only to focus 

the pulse (no lens dispersion or distortions). 

The duration ever which the amplitude of the pulse has fallen by 1/e as a 

function of distan:e from the lens (located at z=O) is denoted T(z) for pulses 

without PFT, and T'(z) for pulses with PFT. These durations are meant to be 

interpreted as local. This is the duration that a very small detector, placed so 

it can only observ~~ a small transverse slice of the beam, will measure. 

Similarly w(z) and w'(z) represent 1/e amplitude widths. The focus of 

the beam occurs at z = f. Unless otherwise noted, a material dispersion 

(dn/dA) of 20 (mmt1 is assumed for the prism. This value corresponds to 

the material dispersion of BK7 glass. The separation between the prism and 

the lens d is equal to zero unless otherwise noted. The beam is assumed to 

traverse the prism at the angle of minimum deviation (input angle = output 

angle), and the prism is assumed to be Brewster cut (minimal reflection 
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losses). These simplify the analysis considerably. The beam is assumed to 

propagate near the tip of the prism, so that the effect of material dispersion 

on the duration of the pulse is negligible. The waist of the beam is assumed 

to be at the prism input (or lens input, if prism is absent). 

180 

20 

23 24 25 26 27 
Longitudinal Position (mm) 

Figure 4.14: The theoretical local pulse duration as a function of distance 
from a f = 25 mm lens. The solid line refers to a pulse with 53.3 fs/mm PFT, 
the dotted line refers to a pulse without PFT. 

Figure 4.14 depicts the effect of pulse front tilt due to angular disper

sion induced by a BK7 prism on the duration of a focused laser pulse. 

The pulse duration increase in the focus is equal to the effect predicted by 

equation 4.15. Figure 4.15 depicts the spatial width (radius at which the am

plitude decreases by a factor of 1/e) of the pulse in the transverse axis of the 

pulse containing the PFT. The width in the other axis will remain unaffected. 

The magnitude of the pulse duration increase here is the same as predicted 

by [PKWOO]. Both the width and the duration are increased by the same 

factor f,. This point is further underscored by figure 4.16. Figure 4.16 mea

sures the effect on pulse duration and beam width, by computing the ratio 

of pulse duration (T'(z)/T(z)) and beam width (w'(z)/w(z)) for a tilted pulse 
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Figure 4.15: The theoretical beam width as a function of distance from a 
f = 25 mm lens. The solid line refers to a pulse with 53.3 fs/mm PFT, the 
dotted line refers to a pulse without PFT. 

with the duration and width of an identical pulse without PFT. At the focus, 

the two effects are equal. While the beam width in the focus was not con

firmed in this work experimentally, it is encouraging that the Kostenbauder 

model agrees with the behaviour predicted by Pretzler et al. [PKWOO]. 

Figure 4.17 de:::>icts the magnitude of the normalized pulse duration in

crease effect (T'(z)- T(z))/(T'(f)- T(g)) and the magnitude of the normalized 

focussing effect (w'(z) - w(z))/(w'(f)- w(f)) in order to get a sense of the 

longitudinal range of the duration increase effect. It seems that the pulse 

duration diminishes to 1/ -{'2 of its maximum value over approximately the 

same length as the width increases by -{'2 of its minimal value. This indi

cates that the duration increase is dependent upon the beam being focused. 

Indeed, it is found that the behaviour depicted in figure 4.17 is independent 

of focal length, provided there is a focus. The results of the Kostenbauder 

matrix formalism indicate that the range over which the pulse duration is 

increased in the focus is consistent with the range over which the beam 

width is decreased. The theoretically generated longitudinal range of pulse 
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Figure 4.16: The tendency for pulse durations and beam widths to increase 
in the focus when 53.3 fs/mm PFT is present. The theoretical model results 
T'(z)/T(z) (solid line) and w'(z)/w(z) (dotted line) as a function of distance 
from a f = 25 mm lens. Notice that the magnitude of these effects is equiva
lent in the focus, verifying the work of Pretzler et al. [PKWOO] 
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Figure 4.17: The degree to which the local pulse duration of a tilted pulse 
increases in the focus is consistent with the degree to which beam radius 
decreases. The theoretical model results (w'(z)- w(z))/(w'(f)- w(j)) (solid 
line) and (T'(z) - T(z))/(T'(j) - T(j)) (dotted line) as a function of distance 
from a f = 25 mm lens. Note that these effects have a very similar range. 
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Figure 4.18: The range over which the beam is focused changes in the pres
ence of PFT. The theoretical model results for a pulse with PFT = 53.3 fs/nm 
(w'(f)fw'(z), solid line) and an untilted pulse (w(f)fw(z), dotted line) as a 
function of distance from a f = 25 mm lens. 

duration increase was found to be 70 flm. This is significantly larger than 

the calculated Rayleigh range of the un-tilted beam, which was ~20 11m, as 

depicted in figure 4.18. 

It is difficult to precisely measure the range of the effects depicted in 

figure 4.13, but they appear somewhat larger than predicted by theory. The 

range over which the pulse duration is increased in the focus was found 

experimentally to be ~100- 200 11m (~200 11m for the case in which the SF10 

prism was used, ·~ 100 flm for the case in which the BK7 prism was used), 

which is slightly larger than the Rayleigh range of 100 11m expected from 

a realistic spot size of ~5 11m [CBH05b], and also larger than the 70 11m 

predicted by theory. The theoretical value assumes a perfectly Gaussian 

shaped spatial profile however, and no optical aberrations. This is not the 

case experimenta:Jy, but it is difficult to incorporate these effects into the 

Kostenbauder formalism. 

The above is roughly consistent with the work of Pretzler et al. [PKWOO], 

whose longitudinal range of pulse duration increase was on the order of 
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100 11m. A spot size calculated based on their reported 2 em Gaussian beam 

diameter, and 30 em focusing optic result in a calculated spot size of ~4flm, 

corresponding to a Rayleigh range (for the untilted pulse) of ~60 11m. 

Spatial dispersion will also tend to increase the pulse duration. The GDD 

due to spatial dispersion will result in an increase in the pulse duration given 

by Osvay et al. [OKH+04] as 

T= To 1 + [8ln2 LP ..!._ (dn )2

] 
n c2 T2 dA 

0 

(4.20) 

where Lis the distance traveled from the prism tip. This equation can also 

be found by inserting equation 3.3 into equation 2.41. This type of pulse 

duration increase will occur independent of any focusing, and will affect all 

parts of the beam equally. 
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Figure 4.19: The theoretical pulse duration for several values of prism ma
terial dispersion(~~ = solid: 10, dot: 30, dash: 50, dot-dash: 60 mm-1

) as a 
function of distance from a f = 25 mm lens. The initial pulse duration is 42 fs 
in all cases. As the material dispersion of the prism is increased, a greater 
amount of spatial dispersion is generated over the length span of this figure, 
resulting in pulses broadened by GDD induced by spatial dispersion. 

Figure 4.19 depicts the effect that spatial dispersion has on the duration 
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Figure 4.20: The theoretical pulse duration for several values of prism-lens 
separation (d =solid: 0, dot: 300, dash: 400, dot-dash: 500 mm) as a function 
of distance from a f = 25 mm lens. The PFT induced by the prism is 
53.3 fs/mm, and the initial pulse duration is 42 fs. 
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Figure 4.21: The theoretical pulse duration for several values of material dis
persion in a slab placed before the prism-lens system (<1>2 =solid: 0, dot: 100, 
dash: 200, dot-dash: 300 fs2) as a function of distance from a f = 25 mm lens. 
The PFT induced by the prism is 53.3 fs/mm, and the initial pulse duration 
is 42 fs. 

of the pulse. Note that the duration does not return to the initial value of 

42 fs. This effect is always present, and its magnitude will depend upon the 
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Figure 4.22: The theoretical model of 53.3 fs/mm pulse front tilt in the focus 
of a f = 25 mm lens. 

amount of GDD picked up as a result of the spatial dispersion induced by 

the prism. 

Another interesting and related effect is observed if there is enough spa

tial dispersion before the lens to induce a noticeable pulse duration increase. 

(The model used here generates this spatial dispersion by separating the lens 

and the prism). This effect is depicted in figure 4.20. In this case, at long 

distances, the spatial dispersion still causes the pulse duration to be in

creased above the initial value, but there is an now also an intermediate 

regime where the pulse duration 11 dips" temporarily to its initial value. If 

a dispersive slab is placed before the prism lens system, and the separation 

between the prism and the lens is returned to zero, the II dip" in pulse du

ration can be caused to move before the focus, as in figure 4.21. To the best 

of our knowledge, this is the first time such effects have been observed or 

discussed. 

A possible explanation of the effects is as follows. The prism induces 

pulse front tilt and angular dispersion in the beam. Angular dispersion in 

tum generates spatial dispersion as the beam propagates through space. In 



M.Sc. THESIS BY BEN DoYLE, McMAsTER PHYSICS & AsTRONOMY 110 

the absence of the initial slab introducing material dispersion, the spatial 

dispersion causes an increase in the pulse duration due to GDD. The sign of 

this GDD is negative. The pulse front tilt has no local effect on the duration 

of the pulse, in the absence of a focus. When the pulse reaches the lens, 

its phase front is modified. As it is focused by the lens, the pulse front 

tilt is increased, and as it reaches the focus the sign of the PFT is reversed. 

This effect is sketched in figure 4.22 where PFT is given by the elements of 

Q-1 as (Q~Jt)12 I (Q~Jt)22 [AGZT04] (see also figure 4.7). Immediately after 

the focus the magnitude of PFT is large, but the sign is opposite to what it 

was originally, but the sign of the GDD due to spatial dispersion remains 

the same. If it is assumed that the increase in local pulse duration due to 

PFT near the focus is due to a kind of GDD, immediately after the focus, 

the sign of the GDD will change, as the sign of the PFT changes. As the 

magnitude of the PFT diminishes, it reaches a point where its GDD is equal 

to the magnitude of the spatial dispersion GDD. At this point the dispersion 

caused by each effect is equal and opposite, so they cancel, and the duration 

of the pulse returns to it initial value (42 fs in the above examples). In the case 

of an initial dispersive slab, the sign of the GDD is initially positive, leading 

to a cancelation of GDD before the focus. As the PFT induced pulse duration 

increase diminishes, the pulse achieves a duration dominated by the spatial 

dispersion effect. If these effects can be demonstrated experimentally, they 

will show that the increase of pulse duration in the focus due to PFT is 

equivalent to GDD. 

In the context of these effects some further observations can be made 

about figure 4.13. In all but the SFlO prism case, the duration drops below 

the base value, as determined with the GRENOUILLE. In the SFlO prism 

case, the pulse duration does not drop below its base level, as determined 

with interferomeb·ic autocorrelation without a focus. It is possible that the 

dip effect is due to the spatial dispersion effects mentioned above. This 
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is not certain however, as it is difficult to determine the noise level in the 

measured durations. In addition, since two different techniques are used 

here to determine pulse durations, a systematic measurement difference 

cannot be ruled out. 

A small difference between the z position of maximum intensity (the 

focus) and the z position of maximum pulse duration was observed (see fig

ure 4.13), but is not necessarily significant. Pretzler et al. [PKWOO] however 

predicted that for imperfect lenses the maximum pulse duration increase 

could be shifted from the focus. This is supported by the Kostenbauder 

model constructed above, where position of the maximum pulse duration 

increase can be shifted in some extreme cases. 

The noise in the data could be due to the uncertainty inherent in the 

assigning of pulse durations to interferometric autocorrelations. Also, it is 

possible that the necessity of adjusting the power as the detector is moved 

through the focus has contributed to this error. A systematic intensity 

effect (such as an imperfect quadratic response in the photodiode) would 

explain the fact that near the focus in all but the SF10 prism case the pulse 

duration around the focus appears to be reduced below its base level before 

approaching it again further from the focus. It would be interesting to isolate 

this effect in future studies. 

In the cases where a single SF10 prism was used and where a single 

BK7 prism was used the pulse duration increase results are unambiguous, 

though the magnitude of the effects are somewhat uncertain (see figure 4.13). 

In the case where two opposed BK7 prisms were used, and where no prisms 

were used, the results are difficult to interpret. There does seem to be a 

pulse duration increase in these cases, but even a small uncertainty would 

be enough to dominate this effect. If the data is assumed to represent actual 

effects, and not to be dominated by uncertainty, it also appears that the "dip 

like" effect discussed above is present and large compared to the magnitude 
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of the duration increase at the focus. 

In effect, the autocorrelator as presented here gives a good semi-quant

itative indicator of the presence of large pulse front tilt. In order to be con

fident that a pulse duration increase has resulted, a minimum of -20 fs/mm 

PFT is required (corresponding to the two BK7 prisms case). This threshold 

will be influenced by any systematic offset between durations as measured 

on the GRENOUILLE and the autocorrelator. Values of pulse front tilt larger 

than -20 fs/mm can be measured with an accuracy on the order of 20%, by 

measuring~' and solving for PFT in equation 4.15. If the effect causing the 

pulse duration to dip below the base value near the focus could be isolated, 

the accuracy could likely be improved. 

Other than Pretzler et al. [PKWOO], little work has been published on 

the effects of focussing a pulse with PFT. Horvath et al. [HOB94] model 

the effect of PFT on pulse duration in the focus. Their formula agrees with 

Pretzler et al. [PKWOO] and Osvay et al. [OKH+04]. Unfortunately, they 

perform calculations only for very large values of PFT, and their calculations 

of pulse duration ln.crease seem based on the aperture of the lens rather than 

on the actual effect of PFT [HOB94]. Osvay et al. [OKH+04] recognize the 

two important effects contributing to pulse duration increase: PFT (in a 

focus) and spatial dispersion. Their formulae are the same, but they do not 

provide sufficient experimental detail to compare their experimental data 

with the current s·:udy. 

There is also a comment on [OKH+04] page 215 that underscores the 

need for more consistent terminology when talking about spatio-temporal 

distortions, and their effects. Osvay et al. [OKH+04] seem to imply that 

Pretzler et al. [PKWOO] have misinterpreted the cause of pulse duration 

increase due to PFT. They claim that the duration increase effect "is to be 

calculated from the bandwidth" [OKH+04]. Immediately preceding their 

comment, they give an expression for the pulse duration increase in a focus 
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due to PFT that mirrors the result of Pretzler et al. [PKWOO], which they 

call "stretch". For this reason it can be assumed that they mean the pulse 

duration increase effect due to their "chirping effect", or to the standard 

GDD induced by a prism, "is to be calculated from the bandwidth", and not 

the effect of PFT. What Osvay et al. [OKH+04] seem to be objecting to is the 

terminology of Pretzler et al. [PKWOO], not their result. The terminology 

presented by Pretzler et al. and the method used to derive their result 

suggest an effect similar to the Osvay et al. [OKH+04] "chirping effect", 

though the result is for PFT induced pulse duration increase. 

While it does not appear as quantitative as the spectrally resolved knife 

edge (SRKE), GRENOUILLE or TFPA techniques, the technique of observing 

the pulse duration increase in a 2-photon autocorrelator is a useful first check 

of focused pulse behaviour. Our limited understanding of the behaviour of 

femtosecond pulses in the vicinity of a focus means that this technique is not 

yet ideally suited to measuring purely spatia-temporal effects. What it does 

measure is the combined effect of many aberrations on the pulse duration in 

the focus, which is often just the information desired. This makes it a good 

compliment to the other more quantitative techniques for measuring pulse 

duration and spatio-temporal distortions out of the focus. 

Focally resolved interferometric autocorrelation does not appear to be a 

very sensitive technique and it is difficult to resolve the degree of pulse dura

tion increase for small values of PFT, but it is a straightforward modification 

on a standard autocorrelator, requiring only an additional photodiode and 

a lens. The interferometric autocorrelator also has the advantage of looking 

for an actual effect in the focus: distortions having little effect on the autocor

relation traces are unlikely to have an effect on any actual experiment in the 

focus. Since this technique deals with focused pulses, its sensitivity to pulse 

energy is very good, despite relying on a 2-photon process. This study used 

pulses with energies on the order of 10 nJ in the focus, with larger values 
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away from the focus. The smaller the spot size generated by the focusing 

lens, the more sensitive the technique will be to pulse energy. To extract a 

PFT number from the increased pulse duration result, the input spot size w 

must be known. 

The behaviour of femtosecond laser pulses as they are focused is a frontier 

in our understanding of ultrafast optics. The models discussed here are not 

yet complete. Non-Gaussian beams, tight foci, and higher order effects 

are not considerE·d. A more general, electromagnetic approach (perhaps 

building on the work of Fuchs et al. [FZTOS]) is likely needed to deal with 

these issues in the necessary detail. 

More work would also likely improve the performance of this technique. 

More effort spent aligning the device and characterizing the response of the 

photodiode may reduce the uncertainty of the measurement. Placing the an

gularly dispersive element after the interferometer instead of before would 

also allow the distance between the prism and lens to be varied more easily. 

This would allow tests of the effects demonstrated in figures 4.19 and 4.20. 

Additionally, cross correlation could be performed, with one beam contain

ing PFT and one without. 

A very interesting extension of this device would be FROG in the focus 

of very tightly focused pulses. This would likely provide a more detailed 

view of what is happening to the electric field envelope as it passes through 

the focus. It would also be interesting to observe the width of the pulse 

directly by conducting ablation experiments at different distances from a 

tightly focused, tilted pulse. 
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4.3 Tilted Front Pulse Autocorrelator 

Autocorrelation techniques designed to measure pulse front tilt (PFT) in

clude the "interferometric field autocorrelation" designed by Pretzler and 

coworkers [PKWOO], and the modified Shack-Hartman sensor collinear au

tocorrelator designed by Grunwald et al. [GNG+03]. Perhaps most promis

ing is the technique developed by Sacks et al. [SMD01] and Raghurama

iah et al. [RSNG03], of tilted pulse-front single-shot autocorrelation (TPF

SSAC). This device is outlined in section 3.6.5. 

The discussion in this section is based on measurements taken with a 

commercially built device from Light Conversion, Lithuania, called the tilted 

front pulse autocorrelator (TFPA). The device can be customized for different 

wavelengths and pulse durations, but the model used here is specified in 

the range of 750-1000 nm with a resolution of 200 fs/mm (as measured on a 

camera, or image plane). The limit on the allowed wavelengths is defined 

by the nonlinear crystal used, and the limit on the resolution is due to the 

geometry of the device. A pulse energy of 5 11J was sufficient to generate 

a second harmonic signal that could be analyzed with the aid of a digital 

camera, 50 11J was sufficient to generate a signal clearly visible to the eye. 

When using any single shot autocorrelator, a profile that is proportional 

to the autocorrelation function is retrieved. In order to extract the true 

autocorrelation function, a calibration constant must be applied to the delay

axis. Once the autocorrelation function has been determined, to get an idea 

of the underlying pulse duration, a deconvolution factor must be applied. 

This is the ratio between the FWHM duration of a pulse of some known 

functional form, and the FWHM delay of its autocorrelation function. To 

summarize, the pulse temporal intensity FWHM To is given by 

To= CKDo (4.21) 
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where 60 is the FWHM of the observed spatial function, K is the deconvolu

tion factor, C is the calibration constant given by 

C = bt = 2 sin (x/2) 
bx c 

(4.22) 

where xis the angle between the beams external to the crystal. The calibra-

tion constant is determined by measuring the change in the position of the 

spatial profile as the delay between the pulses is varied. The deconvolution 

factor for the two most commonly assumed functions are 1/ Y2 ~ 0.707 for 

Gaussian and 0.645 for sech2 pulses. It should be noted that in their original 

paper, Salin et al. [SGRB87] misquoted these constants, though they were 

corrected in Brun et al. [BGSS91]. These constants are also misquoted in 

the user manual for the TFPA, so care should be taken when applying a 

deconvolution factor that the correct one is chosen . 

.Q 
Q 
> 
0 
Q) 
0 

Position (arb.) 

Position (arb.) 

Figure 4.23: An example of raw data captured on a CCD at the output of the 
TFPA. Top: PFT = 3 fs/mm. Bottom: PTF = 90 fs/mm. 
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The TFPA device was tested against the GRENOUILLE using various 

combinations of prisms to induce PFT. After passing through the prisms, 

the light was directed into the TFPA through two steering mirrors, and the 

output from the device was recorded with a CCD camera. Pulse front tilt, 

when present in the beam, was immediately apparent in the retrieved CCD 

image as a tilt in the pulse signal. Raw data corresponding to direct laser 

amplifier output and to the same beam beam having traversed a 60° BK7 

prism are displayed in figure 4.23. Simply by watching the output of the 

CCD camera, the dispersion compensation section of the amplifier can be 

optimized to minimize pulse durations. In addition, the tilting of the pulse 

image gives a quick qualitative feedback which facilitates minimizing PFT 

in the beam. 

More quantitative measurements have proved quite challenging on this 

device, in our initial attempts. It became rapidly clear that extracting precise 

numerical values for pulse duration and PFT from the CCD trace was very 

sensitive to the calibration constant of the device. The calibration constant 

is in tum sensitive to the alignment of the device, and a rigorous alignment 

procedure has not been established yet. An attempt was made to follow 

the alignment procedure in the TFPA documentation, but this did not result 

in consistent measurements. The instructions are somewhat terse however, 

and it is likely that with sufficient experience, this procedure would become 

more clear. 

One problem which was discovered was the necessity of providing a 

finite distance between the output of the TFPA nonlinear crystal and the 

position of the CCD camera. In an attempt to overcome possible problems 

with divergence of the generated second-harmonic light at the output of the 

device, a lens was inserted between the camera and the nonlinear crystal 

to image the generated non-collinear light onto the camera 1-to-1 (output 

optics are not discussed in the documentation). 
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The TFPA has a total of 6 degrees of freedom that must be properly 

aligned, as well as any imaging optics that are used at the output. It has 

4 degrees of freedom from the input mirrors, one for the nonlinear crystal 

orientation angle, and one for the delay between the pulse copies. This is 

in addition to the overlap angle made between the two copies of the beam 

in the nonlinear crystal, which will determine the spatial resolution of the 

device. 

In an attempt to systematize the process of aligning and calibrating the 

TFPA, the following alignment and calibration procedure was developed: 

1. Align with first input mirror through input aperture. 

2. Align with second mirror to superimpose two copies of the beam on 

nonlinear crystal,:observe the beam spots with an IR light viewer). 

3. Align with horizontal mirror adjustments on both input mirrors to 

cause collinear and non-collinear spots to form a straight, vertical line on 

theCCD. 

4. Balance the intensity of the collinear spots by adjusting the angle of 

the nonlinear crystal. 

5. Vary second input mirror vertical adjustment until the non-collinear 

output intensity i~• maximized. 

6. Insert a 1:1 imaging lens between the nonlinear crystal and the CCD 

camera. 

7. Calibrate the device by scanning the delay, and measuring the shift on 

the camera. Calculate the calibration constant with a linear regression. 

8. Insert a narrow slit near the imaging lens to reject the collinear light 

(this will reduce the background on the camera). 

9. Record image on camera, and reduce the data. 

The duration and pulse front tilt of the laser pulse were extracted from 

the CCD image using a custom-made C++ program. The program worked 

by taking vertical slices of the CCD image, and fitting Gaussian functions 
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to each. This resulted in vertical width and maximum intensity position as 

a function of horizontal position. The slope of maximum intensity in the 

vertical position as a function of horizontal position was used to calculate 

PFT using equation 3.23. Pulse duration was computed based on the average 

Gaussian spatial width. Accurate values for both of these quantities depend 

on an accurately determined calibration constant. 

TFPA GRENOUILLE TFPA GRENOUILLE 
Duration Duration PFT PFT 

Configuration (fs) (fs) (fs/mm) (fs/mm) 
no prisms 62 53 2.0 3.3 

1 BK7prism 46 57 90 91 
2 BK7prisms 59 46 10.5 17 

Table 4.3: Pulse front tilt (PFT) and pulse duration measured on TFPA and 
GRENOUILLE for different prism configurations. 

Calibration constants were calculated by shifting the delay between the 

two pulse copies and observing the vertical shift of the CCD image. Cali

bration constants that led to measurements consistent with other measure

ment techniques were difficult to achieve. It is possible this is due to an 

imperfect alignment procedure, or to systematic errors in determining the 

vertical centre position of the CCD image, especially for highly tilted pulses. 

When alignment and calibration resulted in measurements that were con

sistent with measuremnts taken using the GRENOUILLE, they agreed to 

within~ 5%. Systematic changes of the CCD image shape as delay is ad

justed also can not be ruled out. Table 4.3 summarizes several measurements 

taken with the TFPA and the GRENOUILLE, for different prism configura

tions. The error quoted on the TFPA measurement is the uncertainty in the 

determination of a slope in a linear regression in the case of the PFT value, 

and the standard deviation of duration measurements in the case of the pulse 

duration value, each combined with the uncertainty in the calibration con-
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stant. In both cases the dominant source of uncertainty was the calibration 

constant. It is difficult to say what the ideal precision of this technique will 

be, as a final alignment/calibration procedure has not yet been established. 

Even if the TFPA is precisely aligned and accurately calibrated, its mea

surements of the pulse duration can not be considered accurate, as this 

method is derived from autocorrelation. The choice of deconvolution fac

tor is arbitrary, and without access to techniques that are sensitive to the 

intensity distribution (such as SPIDER or FROG), impossible to verify. Its 

measurement of PFT should in principle be fairly robust, however. 
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4.4 GRENOUILLE 

The design of the GRENOUILLE pulse measurement apparatus was de

scribed in section 3.7. Because each GRENOUILLE uses a particular ge

ometry, and a particular nonlinear crystal, it will be usable only within a 

certain range of frequencies, and within a certain range of pulse durations. 

Thinner crystals have less dispersion, but provide lower spectral resolution. 

The opposite is true for thicker crystals. This means a compromise must 

be made, which limits the range of pulse durations for which the device 

will work [OAKT04]. As a pulse gets shorter in duration, its bandwidth 

also increases, and vice-versa. Since the GRENOUILLE trace is imaged on 

a CCD camera, the camera selection will further limit the range of allowed 

bandwidths and durations. If a pulse has too large a duration or bandwidth, 

it will be truncated by the edge of the camera in its two axes, respectively. 

If it has too small a duration or bandwidth, the camera will not be able to 

resolve the features of the trace with sufficient accuracy. The orientation of 

the nonlinear crystal can be adjusted, allowing for a range of central wave

lengths to be used on the same device. The device used in this work was 

a Swamp Optics GRENOUILLE 8-20. It is specified to work in the pulse 

duration range of 18-180 fs, with a maximum bandwidth of 100 nm. It can 

support central wavelengths between 700-1100 nm. Pulse energies of about 

1 f.lJ at repetition rates of 1 kHz are typically used in order to use the full 

dynamic range of the CCD camera, but lower pulse energies can be used. 

An image formed from a pulse of 100 nJ, (the specified sensitivity of the 

GRENOUILLE) would likely be quite faint, but still visible. 

Several problems were encountered initially when attempting to use the 

GRENOUILLE to make measurement of femtosecond laser pulses. These 

problems were compounded by lack of access to other techniques that could 

measure pulses with the detail of the GRENOUILLE. This made it difficult 
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to verify functioning of the GRENOUILLE. This was part of the motivation 

behind the other diagnostic techniques in this section. 

It turned out there were problems with the GRENOUILLE hardware, 

the commercial software, and some of the theory underlying the device (the 

definition of "spatial chirp"). Since the GRENOUILLE is a closed box, with 

only one adjustm1::!nt for the input wavelength, it is difficult to determine if 

the device hardware is working properly. It was determined that mechanical 

problems (loose and misaligned internal components) meant that the device 

which was first acquired needed to be returned for servicing. 

Closed-box, or "no-tweak" diagnostics can be useful, for when they 

are properly set up, they tend to remain that way. They do not normally 

need regular realignment, as devices that require alignment usually do. 

This significantly reduces the amount of time a device takes to set-up and 

use. It also provides a measurement that is to a degree independent of the 

experimenter, if the device is assembled, aligned and calibrated elsewhere. 

Problems with closed-box solutions arise when something goes wrong, at 

which point it is often difficult to diagnose (or even become aware of) errors 

in the measurements the device provides. 

Two commerdal software packages were purchased for the real-time 

analysis of GRENDUILLE output: Mesa-Photonics Video-FROG and Fem

tosoft Quick-FROG. Though not always in precise agreement, once the hard

ware issues were :resolved, these two programs were roughly consistent in 

the retrieval of electric field amplitude and phase. Several figures through

out this thesis present the output of the GRENOUILLE electric field recon

struction algorithm. Figure 3.19 in section 3.7 depicts the output from the 

~so fs amplifier system, and figure 4.24 depicts the output from the ~ 120 fs 

amplifier system, for example. The reconstructed data from a pulse with 

temporal dispersion is depicted in figure 4.25. Where problems occur is in 

the characterization of spatio-temporal distortions. 
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Figure 4.24: An example of GRENOUILLE output 120 fs amplifier. (a) 
Measured GRENOUILLE trace. (b) Software retrieved GRENOUILLE trace. 
(c) Software retrieved temporal intensity and phase. (d ) Software retrieved 
spectral intensity and phase. The pulse duration is calculated to be 120 fs, 
bandwidth 10 nm FWHM. 

The PFT values claimed by each of these programs initially were in dis

agreement by several orders of magnitude, though it was possible to qual

itatively estimate PFT by observing a delay shift in the measured GREN

OUILLE trace. Through conversations with Dr's Trebino and Akturk [Tre05, 

Akt05], it was realized that in the case of Quick-FROG, a 10:1 imaging optic 

internal to the GRENOUILLE had not been accounted for in the software. By 
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Figure 4.25: An example of a GRENOUILLE trace exhibiting temporal dis
persion. (a) Measured GRENOUILLE trace. (b) Software retrieved temporal 
intensity and phase. (c) Software retrieved spectral intensity and phase. A 
pulse was increased from 50 fs to 210 fs in glass. Note the large quadratic 
phase shift. 
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Figure 4.26: An example of a PFT measurement on the GRENOUILLE. 1'-..x 
= 1.2 mm on the CCD camera corresponding to 91 fs/mm (counting for a 
biprism-camera distance of 460 mm, and a 10:1 imaging factor). The beam 
in this case acquired PFT by traversing a BK7 prism. 

adjusting the calibration constant corresponding to biprism-nonlinear crys

tal distance L, measurements with the GRENOUILLE using Quick-FROG 

were made consist both with theory and with other measurements tech

niques. The PFT results using Video-FROG are however still not consistent 

with Quick-FROG, theory, or measurement, even within a constant factor. 

An example of a GRENOUILLE trace exhibiting PFT can be found in fig

ure 4.26. In addition to using the commercial software, a custom program 

was written in C++ to measure the quantity of PFT present in a pulse, based 

on its GRENOUILLE trace. This program simply takes a wavelength inte

gral of the trace, and returns the trace offset from centre 1'-..x. The equation 

PFT = 1'-..x 
cL 

(4.23) 
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where Lis the separation between the Fresnel biprism and the nonlinear crys

tal is used to extract pulse front tilt from the shift on the camera [AKOT03a]. 

The C++ program does not work in real-time, so it was simply used to verify 

the results of Quick-FROG, which it does to within a few percent. 

The last measurement available using the GRENOUILLE is frequency 

gradient. A brief review of units may be helpful here. Since we are dealing 

with ultrafast laEer pulses, fs are the appropriate time scale. Unfocused 

800 nm beams from table-top Ti:Sapphire CPA lasers will usually have radii 

that are conveniently measured in mm, so that will be the length scale, to be 

denoted x. Pulse front tilt can be defined in two ways. One is to define PFT 

as the angle the p~ak intensity front makes with respect to the phase front of 

the pulse y, which is typically measured in mrad. The other is to define PFT 

as the delay of the intensity front as a function of a transverse coordinate 

PFT; this is usually given in fs/mm. These two quantities are related by 

equation PFT = y/c (c = 3 x 10-4 fs/mm). Spatial dispersion is the rate of 

change of the transverse position of maximal spectral intensity for a given 

frequency component with respect to frequency (ax0 jaw), given in units 

of fs·mm. A related quantity used in section 4.1, ax0 /aA, is dimensionless. 

Analogously, frequency gradient is the rate of change of the frequency of 

maximum spectral intensity for a given transverse position with respect 

to lateral position (aw0 jax), given in units of (fs·mmt1. A related quantity 

used in section 4.] I a Ao I ax, is also dimensionless. As noted above, frequency 

gradient and spatial dispersion are not simple reciprocals. 

This means that frequency gradient is not simply related to angular 

dispersion, and is thus not as intuitive. Due to confusion about spatio

temporal distortions before the definition of frequency gradient [GAT04, 

AGZT04], Quick-FROG and Video-FROG both gave the wrong units for 

the GRENOUILLE measurement of frequency gradient. The units should 

be (fs·mmt1. If these units are assumed for the numerical value given 
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by Video-FROG, the measurement is consistent with SRKE (see table 4.4). 

Quick-FROG has disabled this measurement. 

An examples of pulses exhibiting frequency gradient can be found in 

figure 4.27. A program could be written to further verify the frequency gra

dient measurement. This program would evaluate the shift in the delay of 

the maximum GRENOUILLE trace as a function of wavelength, as outlined 

in [ AKOT03b]. 

Due to the confusion around the measurement of spatial chirp, it is 

recommended that direct methods like that outlined in section 4.1 be used. 

In addition, Dr. Trebino supported the position that a SRKE type experiment 

was the most accurate way to measure spatial dispersion [Tre05]. Frequency 

gradient measurement with our GRENOUILLE were only explored in a 

preliminary sense. More work needs to be done to concretely establish the 

sensitivity and reliability of this measurement. 

SRKE SRKE SRKE GRENOUILLE 
Prism (, v l;,/[(,2 + (!1x/ !1w)2] v 
Setup fs·mm (fs·mmt1 (fs·mmt1 (fs·mmt1 

No Prisms -1.2 -9.4 x 10-4 -6.9 x 10-4 -2.8 X 10-4 

2SF10 2.0 8.2 x 10-4 1.1 x w-3 1.2 x 10-3 

1 BK7 3.0 1.3 x w-3 1.7 x w-3 -1.7 x w-3 

1 SF10 -14 -4.9 x 10-3 -7.1 x w-3 N/A 

Table 4.4: Comparison of measurements of v on the GRENOUILLE and the 
SRKE. Uncertainty in the relative longitudinal positions of these measure
ments complicates the direct comparison of their respective measurements 
of v. This complication is not expected to have greater than a~ 10% effect. 
The sign of (, and v depend on the experimental geometry, which was not 
the same in each case. A value of 42 fs·mm was used for !1x/ !1w. The PFT 
in the SF10 prism case brought the GRENOUILLE trace off-screen, so the v 
reading was unreliable. 

Problems with measurements taken using the GRENOUILLE are mostly 

related to data reduction and software. The GRENOUILLE device itself is 
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Figure 4.27: An example of a GRENOUILLE trace exhibiting frequency 
gradient. The trace was taken 65 em from a BK7 prism. Frequency gradient 
manifests as a "shear" in the trace, and is calculated to be 6xlo-4 (fs·mmt1 . 

very quick and easy to set up and use. Provided the user is familiar with 

the concepts underlining the device and the phenomena it measures, the 

interpretation of its results are very straightforward. The GRENOUILLE 

trace itself is a powerful qualitative diagnostic, allowing optimization of 

pulse duration, and minimization of spatia-temporal distortions. It works 

in real time which is an advantage when optimizing optical systems. 

Problems with the software will no doubt be resolved as time passes. 

GRENOUILLE is still a new technique, especially with respect to its sensi

tivity to spatia-temporal distortions. Both Video-FROG and Quick-FROG 

have an occasional tendency to converge on a amplitude and phase solution 

that is quite wrong (off by a factor of or 5 in pulse duration or bandwidth 

for example), as compared to the measured GRENOUILLE trace they are 

reducing. Errors in bandwidth can be checked easily with a spectrometer, 

but errors in duration require other methods, discussed in chapter 3. This 

problem can usually be corrected by restarting the algorithm or by briefly 

blocking the laser. For this reason it is important to have a general idea 

of the beam characteristics expected, perhaps as measured using another 

technique. When the software converges on the correct solution, it seems 

to yield sensible results, and both software packages are usually in close 
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agreement. Unfortunately, the only way to get a precise idea of the accuracy 

of the measurement is to know what the pulse amplitude and phase actually 

are, information to which an experimenter does not have access. A good 

check would be to compare the GRENOUILLE results with another method 

sensitive to the pulse amplitude and phase, such as SPIDER. 
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4.5 Diagnostics Conclusion and Discussion 

Comparison of different diagnostic techniques are limited to a degree by 

many factors, most of which can be brought under control with effort. 

Firstly, the phenomenon being measured (the laser pulse) in principle can 

get quite complicated, especially in a focus (see for example the work of 

Fuchs et al. [FZTOS]). In addition, there are other factors that can conspire 

to make diagnostics difficult. Different techniques use different methods to 

construct an average over a series of pulses in the train, and are thus affected 

by any non-uniformity between pulses in different ways. Laser properties 

can fluctuate pulse-to-pulse and over the course of hours or over days as 

conditions vary and the laser systems are adjusted. In addition, since the 

temporal and spectral behaviour of ultrafast pulses are sensitive to the op

tics in their path, care must be taken to ensure near path equivalence if 

multiple simultaneous beams are to be compared. Difficulty in controlling 

these factors in the time available limited the extent to which diagnostics 

presented in this thesis could be compared directly. Truly rigorous head-to

head comparisons would require many parallel beams, with each diagnostic 

running simultaneously, for beams with a range of bandwidths, durations 

and temporal, spatial and angular dispersion values. Alternately, experi

ments comparing two diagnostics at a time, with one acting as a standard 

can be performed. This was the approach chosen here, but there was not 

enough time for more than a few initial comparisons. 

SRKE measurements have the main advantage of being very accurate, 

and providing significant detail about the pulse propagation. The number 

and position of scans can be chosen to suit an application of interest. It 

is probably the ideal technique for precisely measuring space-frequency 

couplings. Disadvantages of the technique include the fact that it performs 

an average over many pulses, so if a pulse train is at all unstable, the results 
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might be misleading. This method does not measure pulse duration, or any 

other purely temporal characteristics, so it is best used in parallel with other 

diagnostics. Focused beams are also problematic for this technique since as 

beam diameter becomes small, diffraction effects may also become an issue. 

When information is required about pulses in the focus, the technique of 

2-photon diode autocorrelator, with a resolved focal region becomes useful. 

It is also the technique most sensitive to small pulse energies considered here. 

An average power of less than 10 p W (corresponding to pulse energy of 10 nJ 

in the focus) was used successfully in the focus in section 4.2. Depending 

upon the lens selection and pulse duration, more or less energy can be used. 

One must always be careful not to use too much energy when focusing 

tightly though, to avoid damaging optics and sensors. Long before damage 

is an issue, the saturation intensity is encountered. Care must be taken to 

stay well below this intensity, because if the detector saturates during an 

autocorrelation, there will be systematic problems with the autocorrelation 

(it will appear too long in duration, for instance). This will usually also 

mean that the interferometric autocorrelation will no longer have a signal to 

background ratio of 8:1, so it can be spotted and avoided. 

The interferometric autocorrelation technique of section 4.2 has the ad

vantage of being cheap and simple to set up, as it is a simple extension of 

standard autocorrelation. It has the further advantage of diagnosing the 

beam in an actual focus, which will be very important to some applications. 

In particular, high repetition rate, low energy sources (such as femtosecond 

diode lasers) could benefit from the application of this technique. 

The autocorrelation method used does not measure the actual temporal 

intensity distribution of the pulse, but rather its autocorrelation, so this is 

not an ideal method for precise pulse duration measurements. This problem 

could potentially be overcome by spectrally resolving the second harmonic 

light generated in a nonlinear crystal in the focus, and performing FROG 
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analysis to reconstruct the pulse amplitude and phase [TDF+97]. This might 

also make the measurement of the dispersive effect in the focus more precise, 

leading to better measurement of PFT. As it stands however, the technique 

is useful, even as a first check of a laser source. 

The Light Conversion TFPA is a good qualitative diagnostic for mini

mizing pulse front tilt and pulse duration, but it has not be found straight

forward to use, to date. Its sensitivity is no greater than the Swamp Optics 

GRENOUILLE (the nonlinear crystal used is thinner and the input beam is 

not focused) and it provides less information about the pulse. Quantitative 

analysis has also proved challenging on this device, so it is difficult to say 

how accurately it can measure pulse duration and PFT. Even given a per

fect measurement of the autocorrelation function however, the actual pulse 

profile is still ambiguous. The TFPA has the advantage of not requiring elec

tronics to use (though a CCD camera is needed for quantitative analysis). 

Commercially, it is also about half the price of a GRENOUILLE. 

The Swamp Optics GRENOUILLE was probably the most all-purpose 

diagnostic used in this study, once most of the initial technical problems 

were overcome. As the TFPA, it provides real-time data, but no calibration 

is required, and the alignment is much simpler. Software also makes it 

possible to diagnose the pulses in real-time, including amplitude and phase 

information, as well as spatio-temporal distortion measurements. In most 

cases, the GRENOUILLE results are taken as the benchmark for measuring 

the pulse duration, which is often the most relevant pulse characteristic. 

Over-all the Swamp Optics GRENOUILLE is probably a more cost-effective 

and versatile device. This is especially true when augmented by techniques 

such as SRKE for accurate spatial and angular dispersion measurement and 

autocorrelation (or FROG) in a focus for applications involving focused 

laser pulses. Very little work has been done on the effects of spatio-temporal 

distortions on focused pulses. The theoretical work seems to be converging 
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upon a complete description of the effects of spatio-temporal distortions (see 

for instance [AKOT03a], [AKOT03b] or [AGZT04]), but this description has 

not yet been established. 

The work in this thesis characterizing the performance of the GREN

OUILLE, and especially the TFPA is preliminary in nature. More work 

is needed to establish concretely the sensitivity of measurements on these 

devices and their robustness. 

It appears that there are at least three sources of pulse duration increase. 

First there is the "chirping effect" described by Osvay et al. [OKH+04]. This 

seems to be nothing more than a result of the GDD induced by angular 

dispersion that is used in pulse stretchers and compressors, either with 

prisms or gratings. Four prisms are needed to induce GDD without other 

distortions, but even one will produce GDD. 

Akturk et al. [AGZT04] mention the second source of pulse duration 

increase. The effective duration after a beam has been dispersed spatially is 

increased with respect to its initial duration, resulting from a reduction of 

the local bandwidth of the pulse at a specific transverse point. This effect is 

generally small. 

The third source of pulse duration increase is due to PFT in a focus. 

Pretzler et al. [PKWOO], Osvay et al. [OKH+04] and Horvath et al. [HOB94] 

all seem to agree on the form of this duration increase, as does analysis 

based on the ray pulse matrices of Kostenbauder [Kos90]. Where the liter

ature is in disagreement is in the interpretation of these effects and in their 

terminology. Understanding of the pulse duration increases and their ter

minology is important as there are several independent but closely related 

effects at work, which are easily confused. This is what has perhaps led 

to the difficulty in comparisons between several reports, such as those of 

Horvath et al. [HOB94] and Osvay et al. [OKH+04], which were missing key 

measurements that made it impossible to compare their results to those of 
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Pretzler et al. [PKWOO] and to the results of this study. 

Two of these effects were reported theoretically by Martinez [Mar86] 

several years before. He treated the effects due to local bandwidth reduction, 

and the GDD induced by prisms for Gaussian beams. His u factor models the 

effect of the local pulse duration increase given by Akturk et al. [AGZT04]. 

When u is set to zero, the GDD formula for prisms of Osvay et al [OKH+04] 

are recovered. Martinez even modeled pulse front tilt, and how it would 

evolve, but did not seem to realize it would have an effect beyond the normal 

GDDeffect. 

Future studies of the effects of spatio-temporal distortion could prove 

interesting. For instance, to experimentally test the prediction of Pret

zler et al. [PKWOO] that the spatial width increase ratio in the focus is equal 

to the temporal increase ratio, femtosecond pulse ablation could be em

ployed. Previous unpublished work by Dr. Borowiec indicated ellipticity in 

the focus for beams subject to PFT caused by prisms; more work in this area 

could prove interesting. By observing the shape of the craters formed by 

these focused pulses as a function of the distance between the lens and the 

sample, a physical picture of the behaviour of the pulse in the focus could 

be formed. The theoretical work of Pretzler et al. [PKWOO] with respect to 

aberrations could also be explored experimentally. 
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Chapter 5 

Femtosecond Laser Pulse 

Compression 

5.1 Introduction 

A common method for extra-cavity pulse compression is to subject a Fourier 

transform limited pulse to a region of temporal phase modulation through 

some nonlinear effect to increase the spectral content of the pulse, and then 

adjust the spectral phase of the resulting pulse with some kind of dispersive 

element. In the past, the necessary phase modulation and dispersion were 

induced through optical fibers. The drawback to this scheme is that only 

low energy pulses (on the order of nJ) could be used without damaging the 

fibers. More recently, hollow multi-mode fibers filled with atomic [NSS96] 

and molecular [ZK02] gasses have been employed to generate the neces

sary temporal phase modulation. These have the advantage of a higher 
11 damage" threshold, which can better accommodate commercially avail

able amplifier systems. This is especially true of noble gasses, for which the 
11 damage" is ionization, which is self regenerating. 

The phase modulation (due to a time dependent index of refraction) that 

leads to spectral broadening is often not sufficient alone to produce a shorter 

pulse. It must be accompanied by dispersion compensation [DR96]. Basic 
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elements capable of adjusting the dispersion of the pulse to second order 

include gratings, prisms, and dispersive (or "chirped") mirrors. Gratings 

produce large amounts of angular dispersion, and hence large amounts 

of phase shift when used in pairs. Prisms are less dispersive, but also 

more efficient at transmitting light. Dispersive mirrors are very efficient at 

reflecting light, but their effect on the phase of the pulse is not adjustable, 

and they are fabricated for a specific central frequency. 

Starting with 140 fs pulses, and using a hollow fused silica waveguide 

filled with noble gasses for the phase modulation stage, and a pair of quartz 

prisms for dispersion control Nisoli et al. [NSS96] report obtaining a pulse 

duration of 18 fs with argon, and 10 fs with krypton. Nisoli et al. later 

achieved sub 5 fs pulses by combining dispersive mirrors with prisms for 

dispersion control [NSS+97]. Mohebbi et al. [MF03] reported a compression 

from 120 fs to 20 fs using a combination of a noble gas-filled-hollow capillary 

and a dispersive prisms setup. They were able to increase the transmission 

of the capillary stage from 80% to above 94% by coating the interior with 

silver. It is also possible to improve compression results by cascading more 

than one capillary-prism compression system. Tlwgersen et al. were able to 

compress high energy 140 fs pulse to 10 fs with this technique [TBHOO]. 

Sophisticated schemes for compensating the phase of the frequency 

broadened pulses have also been used. Each of the above methods for 

correcting second order phase will also have an effect on the third order 

phase of the pulse. By combining two or more of these basic methods, the 

phase of the pulse can be corrected to third order [NSS+97]. More precise 

control can be obtained through the use of adaptive optics, which include 

spatial light modulators (SLM) and deformable mirrors. When combined 

with self-referencing diagnostics such as GRENOUILLE or SPIDER, these 

adaptive optics can be adjusted automatically by creating a computer con

trolled feedback loop. 
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Using a feedback system with SLM, Xu et al. [XNM+oo] demonstrated 

programmable dispersion control and generated 6-fs pulses. Using a similar 

SLM technique, Schenkel et al. [SBK+03] generated the shortest GW peak 

power pulses to date (3.8 fs). 

Other mechanisms can also be used to generate the phase modulation 

required to compress laser pulses. Much work has been done recently on 

molecular phase modulation (MPM). The idea is to use coherent vibrational 

or rotational excitations to create a time varying index of refraction. These 

vibration or rotation states are induced using a pump laser pulse. A probe 

laser pulse then acquires a phase modulation. The advantage of this tech

nique is that it allows more control over the phase modulation, as the time 

separation between the two pulses can be tuned. This technique, though 

more limited in the maximum power it can support, leads to pulses which are 

much less difficult to dispersion compensate. Using molecular phase mod

ulation, Spanner et al. [5103] demonstrated theoretically that 1.2 fs pulses at 

at 800 nm should be possible, and [ZK02] experimentally compressed 27 fs 

pulses to 4 fs in a hollow capillary filled with H 2 or SF6 gasses. 

An interesting alternative to the gas filled hollow fiber for inducing phase 

modulation in pulses with large pulse energies is SPM in bulk materials. 

With appropriate spatial filtering, Mevel et al. [MTSC02] demonstrated that 

spectral broadening through SPM could be achieved in glass. The glass is 

placed just before a laser focal spot, where SPM occurs in the bulk. A pinhole 

placed near the focus of the beam acted as a spatial filter to ensure spatially 

uniform spectral broadening. They used this method, along with dispersive 

mirrors and Si02 prisms, to compress a 42 fs input pulse at 800 nm to 14 fs 

with a transmission efficiency of 50%. They argue the advantage of this 

technique is that it can be scaled up to arbitrary pulse energies. 

Recent progress in ultrashort laser pulse diagnostics have made it pos

sible to easily measure the output of extra-cavity pulse compression tech-
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niques. To date, few reports include diagnostics more advanced than auto

correlation, such as FROG [TDF+97] or SPIDER [IW98]. 

The following experiment demonstrates the ability of the GRENOUILLE 

to characterize pulses that have been undergone SPM in a hollow argon 

filled capillary, and compressed with a pair of Brewster cut BK7 prisms. 

5.2 Experimental Setup 

A-------------1 Ti:Sapphire 
Amplifier 

0.5 mm thick BK7 windows 

Figure 5.1: The pulse compression setup. All mirrors are either gold, silver, 
or ultrafast broadband dielectric. 

The pulse compression setup is sketched in figure 5.1. It is based on work 

performed by Thogersen et al. [TBHOO], and makes use of their plexiglass 

capillary housing. All mirrors were either high quality silver from Femto-
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lasers, gold from Newport, or ultrafast dielectric from Newport. For control 

of the pulse energy, the output of the Spectra-Physics Spitfire amplifier sys

tem was passed through a Thorlabs zero order A/2 waveplate to vary the 

polarization of the beam. It was then passed through two Newport ultrafast 

thin film polarizers, which rejected vertically polarized light, attenuating 

the beam. Its average power was measured using an Ophir photodiode 

detector. The pulse energy was varied by adjusting the orientation of the 

waveplate. 

The beam is directed through a 75 em lens, and coupled into the 50 em 

long hollow capillary (inner diameter 250 11m), such that the waist of the 

beam is located at the capillary entrance. This is done at low pulse energy, 

to avoid damaging the input to the capillary. The capillary is housed in a 

plexiglass tube, with BK7 windows at the input and output. The housing 

is mounted on manual micrometer stages, that allow for fine adjustment of 

the transverse position of the input and output of the capillary. When the 

transmission through the capillary has been maximized, the pulse energy is 

increased, and argon gas is pumped into the plexiglass housing. Spectra are 

measured using a Ocean Optics USB2000 spectrometer. 

After propagating through the capillary, the laser beam is re-collimated 

with a 40 em lens. It is then directed through two 69° isosceles ultrafast 

prisms, from Newport. The pulse is then reflected off a retro-reflector, and 

retraces its path through both prisms. 

A mirror is placed in the path of the beam after it has traversed the 

prisms, and directs it into a GRENOUILLE for measurement. An Ophir 

beam profiler is used to take profiles of the beam as it travels through the 

system. Pulse front tilt and spatial dispersion are monitored using the 

GRENOUILLE, and minimized by adjusting the orientation of the prisms. 

The distance between the prisms is varied to optimize the dispersion of the 

pulse, as monitored on the GRENOUILLE. 
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5.3 Hollow Capillary Section 

The optimal coupling of the laser beam between a Gaussian mode in free 

space and a guided mode in a hollow fiber is achieved when the axis of 

propagation is collinear with the waveguide axis, and when the laser beam 

waist is located at the entrance to the fiber. The only remaining parameter 

that affects the coupling efficiency for a given fiber is the ratio of the beam 

radius at the waist w0 with the radius of the waveguide a. The parameter 

w0 is to be read here as the 1/e radius of the amplitude of the electric field, 

or as the 1/e2 radius of the intensity. If w0 is too large, not all of the light 

will make it into the capillary. If w0 is too small, the divergence angle will 

be large. Since the transmission of the guided mode depends on grazing 

angle reflection, large divergence angles will have a negative impact on 

transmission. Crenn suggests a value of w0fa = 0.59 as optimal [Cre93]. 

In this study a 50 em long, 125 pm inner radius fused-silica capillary was 

used. For optimal coupling, the input beam waist should have w0 = 73 pm. 

The output of the Spitfire was measured to have an intensity 1/e2 radius of 

w = 2.8 mm. Using equation 2.18 with a 750 mm focal length lens, the value 

of the radius at the focus is calculated to be 68 pm, which is very close to the 

ideal value of 73 pm. The radius of the beam at the focus was also measured 

using a scanning knife-edge. Results are plotted in figure 5.2. The intensity 

1/e2 radius in the focus was measured to be 64 pm. 

The capillary used in the experiment was selected from a number of sim

ilar capillaries by measuring the transmission efficiency and output mode 

profiles of each. The capillary used had a good output mode profile and 

a transmission of 79% at low input power (0.76 mW). When the capillary 

was placed in the housing the transmission dropped to 51%, but the output 

mode remained quite good, though slightly elliptical (see figure 5.3). The 

additional losses are likely due to reflection losses at the windows, which 
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Figure 5.2: The laser beam intensity 1/e2 radius for the Spitfire output focused 
through a 75 em lens. Initial radius was 2.8 mm. The focal spot was measured 
to be 64 flm. 

were not anti-reflection coated. 

Laser power and transmission were varied to achieve a broad output 

spectrum. Figure 5.4 shows the output spectrum at 35 psi (2.3 bar) argon 

pressure and 150 m W input laser power. The spectrum achieved is not as 

symmetric, and not as broad as those reported by [Ole99], [NSS96] or [MF03]. 

This is possibly due to deviations from Gaussian shape and flat phase of the 

input pulse spectrum (see figure 5.5), or possibly due to uncompensated 

third order dispersion in the amplifier. Evidence of uncompensated third

order dispersion can be seen in figure 5.5. This beam is of rather poorer 

quality than is usually available using the amplifier system (nearly Gaussian 

shaped output has often been achieved, see figure 3.19 for example). This 

could have been due to either a misalignment of the laser oscillator or 

amplifier, or to some uncompensated dispersion effect in the optics used. 
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Figure 5.3: The beam profile after the capillary stage. 
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Since the SPM occurring in the capillary is a nonlinear process, it will tend 

to exaggerate any structure in the input pulse. 

Property Value Reference 
Arn 1.002817 [PF64] 

Ar n2p-1 9.8 X 10-24 rn2W-l bar- l [NSS96] 
Ar f32p -1 15 fs2rn-1 bar-1 [NSS96] 

Capillary [32 8.54 fs2 rn-1 [NSS96] 
Capillary a 4 rn- 1 [NSS96] 

Table 5.1: Properties relevant for calculation of capillary characteristic 
lengths, where pis argon pressure in bar and E is pulse energy in ~tJ. 

Argon gas parameters and the capillary characteristics appear in table 5 .1 . 

Derived quantities appear in table 5.2. The actual capillary length of 50 ern is 

significantly shorter than the ideal length of .YLoLNL = 1.8 rn (Lo and LNL are 

the characteristic dispersive and nonlinear lengths, defined in section 2.7). 

This is due to the unavailability of longer capillaries. 
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Figure 5.4: Spectral broadening in the capillary due to SPM. The large figure 
is the pulse spectrum at the exit of the hollow capillary, the inset figure is 
the pulse spectrum at the entrance of the hollow capillary. 

Capillary Value at 
Characteristic Value 15011 J and 2.3 bar 
Loss length ~4(m) ~ 4 (m) 

Dispersive length 1800/(8.5 + 15p) (m) 41.5 (m) 
Nonlinear Length 27.1p-1E-1 (m) 0.078 (m) 
Steepening Factor 0.062 0.062 

Raman Factor ~ 0.02 ~ 0.02 

Table 5.2: Capillary characteristic lengths, and nonlinear factors, where p is 
Argon pressure in bar, and E is pulse energy in 11J-

The experimental power level of 150 m W corresponds to a peak power 

of 3 GW, which is below the threshold for self-focussing of~ 1010 W given 
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Figure 5.5: GRENOUILLE results for the laser pulse injected into the cap
illary. (a) Measured GRENOUILLE trace. (b) Software retrieved GREN
OUILLE trace. (c) Software retrieved temporal intensity and phase. (d) 
Software retrieved spectral intensity and phase. Notice the side pulse in the 
temporal plot, and the phase of the spectral plot. Both of these are symptoms 
of third order dispersion. 

by Luther et al. [LMNW94]. At the capillary input the intensity is 4.1 x 

1013 W/cm2, which is at the effective threshold for multi-photon ionization 

in Argon, given by ~ 4 x 1013 W/cm2 [PLC88]. At values so near the 

effective threshold, the rate of ion production will be quite small. The 

results obtained using Quick-FROG (from Femtosoft Technologies) for the 

output of the capillary is depicted in figure 5.6. Note that the bandwidth 

has increased significantly, but the pulse duration is still quite long, and that 
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Figure 5.6: GRENOUILLE results for pulse after undergoing SPM in hol
low capillary. (a) Measured GRENOUILLE trace. (b) Software retrieved 
GRENOUILLE trace. (c) Software retrieved temporal intensity and phase. 
(d) Software retrieved spectral intensity and phase. The bandwidth was 
measured to be ~80 nm, the duration was measured to be ~ 120 fs, and the 
PFT was measured to be 7 fs/mm. Duration and bandwidth FWHM are not 
well defined, as the structure of the pulse at this stage is complex. 

considerable structure has been generated. 

A power spectrum generated theoretically using the mathematics de

fined in section 3.4 can be found in figure 5.7. It assumes that the pulse 

injected into the capillary had an energy of 150 flJ, was Gaussian shaped 

temporally, was 50 fs long and Fourier transform limited. The parameters 

that were used in the capillary model are calculated from tables 5.1 and 5.2. 

This pulse was propagated through 50 em. It is not quite as broad as the 
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Figure 5.7: A simulated power spectrum after transmission through the 
capillary, with characteristics given in tables 5.1 and 5.2. 

experimentally observed spectrum, and lacks some of the structure, but it 

is qualitatively similar. The asymmetry of the experimental spectrum for 

instance is reproduced. This effect can be explained by the self-steepening 

factor (which led to asymmetrical temporal distributions that were steep

ened on their leading edge, and asymmetrical spectra), calculated to be 0.62, 

a moderate amount. The Raman delay factor (related to the response time 

of the nonlinear medium, which in this case is very small) is taken to be very 

small, so it has a negligible impact. Raman delay and self steepening are 

defined in section 2.7. The imperfect match between the experimental and 

theoretical spectra can be explained in part by the fact that the input pulse 

is not perfectly Gaussian in frequency, time or space. Since the processes 

in the capillary are nonlinear, they will be sensitive to any small deviations 

from Gaussian shape, and the result will be a more structured spectrum, as 

observed. 

Since the simulation is very sensitive to input parameters that are not 

very accurately known, the simulation depicted in figure 5.7 should be in-
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terpreted only qualitatively. Spectra resembling those found in the literature 

can be also produced, by decreasing or ignoring the self-steepening factor, 

and by changing the characteristic lengths (such as L0 and LNL), or input 

beam shape. 

This model could in principle be used to help identify the reasons more 

successful compression was not achieved here and why the pulse spectrum 

was asymmetric and less broad than spectra reported elsewhere (in [MF03], 

for example). For this to be the case however, input parameters such as self

steepening factor, initial pulse shape and characteristic capillary lengths 

would have to be more accurately determined, and deviations from these 

values more fully explored. 

5.4 Prism Pair Section 

To compensate the spectral phase shift induced in the capillary section, a pair 

of Brewster cut ( 69°) prisms were used, folded into a four prism geometry by 

a rooftop retro-reflector. Their separation l was varied to correct the phase 

of the pulses to second order. The negative GDD induced by the prism pair 

is given by [DR96] 

,v (d )2 

GDD = -8Z 2rr~2 d~ (5.1) 

This equation lists double the dispersion of Diels and Rudolph equation 2.71 

because their equation is given for two prism passes only; equation 5.1 covers 

four prism passes. This negative GDD must compensate for the GDD of all 

of the optical components in the system, and the GDD induced by SPM 

in the capillary. The ideal separation between the prisms to produce the 

minimum pulse duration was found to be 884 mm. This corresponds to a 

negative GDD of -2600 fs2
• The GDD of the passive optical elements is on 
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the order of 700 fs2 (roughly 15 mm of BK7 glass, with a GDD of 45 fs2/mm). 

This includes the lenses, windows, capillary, argon and prisms (4 mm each 

for the lenses, "'l mm for each prism pass, 1 mm for the windows). The 

SPM effect accow:1ts for the remaining GDD. 

While performing the experiment, dispersion control in the prism sec

tion was found by minimizing the duration of the pulse as measured on the 

GRENOUILLE. Two independent control parameters allowed this. The sep

aration distance between the apexes of the two prisms adjusted the amount 

of negative GDD. The magnitude of prism material the beam passed through 

adjusted the magnitude of positive GDD. This is controlled by translating 

the prisms in the transverse direction with respect to the beam propagation 

direction inside the prism. By manipulating these two parameters, coarse 

control (prism separation) and fine control (amount of glass) over dispersion 

can be exerted. The amount of glass is a fine control because the prism is 

mounted on a translation stage with 11m accuracy. If increasing the amount 

of glass the bear;:1 propagated through increased the pulse duration, there 

was already too much positive dispersion and hence the prism separation 

needed to be increased. Likewise, if the duration of the pulse decreased 

with increasing material, the prism separation needed to decrease. After a 

few iterations of this procedure, the optimal path length with minimal glass 

path was found. 

A concern when using prisms as dispersion control for intense laser 

pulses is unwanted nonlinear effects (see section 2.9.2). The beam at the 

output of the capillary, after being recollimated, has a 1 mm (1/e2 intensity) 

radius and a power of 75 mW.Its peak intensity is 6.0 x 1010 W/cm2 . When 

inserted into the B integral to 

2rr J 2rr B = - n2Idz "' -n2IL 
ii ii 

(5.2) 



M.Sc. THESis BY BEN DoYLE, McMASTER PHYSics & AsTRONOMY 149 

with a path length of ~6 mm, and a nonlinear index of 3.2 x 10-16 cm2/W, 
the B integral estimate nonlinear phase shift is equal to 1.6. This assumes 

a pulse duration of 120 fs for the first prism pass, 70 fs for the next two 

prism passes, and a final duration of 20 fs for the last prism pass, as the 

pulse is compressed. This nonlinear phase shift in the prisms were probably 

an issue in this experiment. Since the prisms were optimized to remove 

second order spectral phase shift to minimize the pulse duration however, 

the residual effect of the nonlinear phase shift in the prisms was likely small. 

In the future a larger beam size at the output of the capillary, which can be 

achieved with a longer focal length lens, can be used to reduce this number. 

For significantly shorter or more energetic pulses the prisms would either 

need to be replaced with dispersive mirrors, or the beam size would have 

to be much greater to avoid unwanted nonlinear effects in the glass. 

The nonlinear effects through the capillary windows was considered in 

section 2.9.3. The B integral in this case was ~0.3, and not a source of concern. 

5.5 Results 

The total transmitted power at the location of the GRENOUILLE was 53 

m W, or a net transmission of 33%. The mode profile was good, though 

somewhat elliptical (see figure 5.8). The retrieved pulse duration of the 

saved GRENOUILLE trace was 19 fs, though significant energy remained in 

the wings. Residual energy in the wings was likely due to the fact that the 

quality of the laser pulses being produced by the amplifier at the time of the 

experiment were lower quality than usual (see figure 5.5). 

It should be noted that there was very little residual pulse front tilt or spa

tial dispersion. The output of the Quick-FROG program for the compressed 

pulses is depicted in figure 5.9. The results for slightly detuned pulses, with 

too little GDD are shown in figure 5.10. It can be seen that these FROG traces 
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can be formed approximately from figure 5.6 by compressing it in the delay 

axis, through the application of GDD. As the prism separation is varied, the 

trace expands or compresses in the delay axis, as expected. When it has 

reached its minimum duration, it cannot be compressed further. 

There are many ways to improve the compression scheme, depending 

upon what type of pulse is needed. In order to increase the bandwidth of 

the pulse, a longer capillary can be used. The ideal length for the pulse 

characteristics for instance was 1.8 m. If a capillary with a larger inner 

diameter is used, higher energy pulses can be used as the net intensity is 

decreased (however, the self focussing threshold will still limit maximum 

power). "Chirped" or dispersive mirrors can be used instead of prisms to 

increase the throughput of the dispersion control stage, or in addition to 

prisms to offer higher order dispersion control. Adaptive optics can pro

duce shorter pulses [LFVC02], as well as spatially shaped pulses [ER98]. To 

achieve the shortest pulses, the capillary-dispersion control scheme can be 

cascaded, each section producing progressively shorter pulses. All of these 
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Figure 5.9: GRENOUILLE results for a compressed pulse. (a) Measured 
GRENOUILLE trace. (b) Software retrieved GRENOUILLE trace. (c) Soft
ware retrieved temporal intensity and phase. (d) Software retrieved spectral 
intensity and phase. The software yields a FWHM duration 19 fs pulse, 
though there is significant energy in the wings. 

techniques have been demonstrated to improve the performance of com

pression. Ultrafast optical parametric amplification is another promising 

technique for generating broadband tunable ultrafast laser pulses [SSK98]. 

A frontier in ultrafast pulse compression is the compression of high power 

pulses at infrared frequencies, for which dispersion compensation can be 

challenging, and diagnostics are not as well developed (few semiconduc

tors have appropriate band-gaps above 2 flm, for instance, so even detection 
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Figure 5.10: GRENOUILLE results for compressed pulse detuned from the 
optimal setting by decreasing material GDD in prisms. (a) Measured GREN
OUILLE trace. (b) Software retrieved GRENOUILLE trace. (c) Software 
retrieved temporal intensity and phase. (d) Software retrieved spectral in
tensity and phase. 

here is difficult) . 

To reliably measure and diagnose pulses significantly shorter than 20 fs, 

the model of GRENOUILLE used in this work would no longer be sufficient. 

It is specified to be reliable between 20 and 200 fs pulse duration. This 

limitation is due to the dispersion and thickness of the nonlinear crystal 

used to generate the second harmonic signal. GRENOUILLE are available 

commercially through Swamp Optics that are accurate in the 10 to 100 fs 
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range. For shorter pulses, GRENOUILLE must be custom built, or other 

techniques must be used. In principle, SPIDER becomes more sensitive for 

shorter pulses, since it operates in the frequency domain. Dispersion is still 

a challenging technical issue to overcome in this case. 

Short pulses are useful in the Photonics Research Laboratories of the 

Brockhouse Institute for Materials Research for several potential applica

tions. Provided proper nonlinear crystals that are sufficiently thin are 

available, shorter pulses can produce greater bandwidth terahertz radia

tion through optical rectification. In addition, short pulses are of interest 

for the micro modification of materials, where ablation thresholds and other 

ablation properties could be explored further. 
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Chapter' 6 

Conclusions and Future Work 

Over the last two years, much work has been done in furthering our un

derstanding at the Photonics Research Laboratories of spatio-temporal dis

tortions. Two standard diagnostic techniques have been improved and 

extended in functionality, and a solid basis of understanding of commer

cially available techniques has been developed. It has been shown that 

spectrally-resolved knife-edge (SRKE) is a robust and sensitive technique 

for the measurement of angular dispersion, and spatial dispersion. Since 

angular dispersion is related to pulse front tilt, this device also provides 

an indirect measurement of that quantity. The limitation of this device is 

that it provides no temporal resolution. The interferometric autocorrelation 

studies, on the other hand, demonstrate a technique that is useful for deter

mining the effect of pulse front tilt and other aberrations on focused laser 

pulses. In the absence of other distortions, it can in principle be used as 

a coarse measurement of PFT. With care in optics selection and apparatus 

design and alignment, as well as careful understanding or avoidance of 

aberration issues,. it is likely that the focus resolved interferometric autocor

relator would be a very useful device for measuring pulse front tilt, and for 

determining the effective pulse duration in the focus. 

Neither of these techniques are sensitive to the amplitude and phase of 

the laser pulses, as GRENOUILLE is. The data analysis of these techniques 
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is however more straightforward. The GRENOUILLE provides real time 

amplitude and phase data, though software complications to date limit 

confidence in their precise shape. Software problems also lead to incorrect 

readings of PFT and "spatial chirp" though these problems can be solved. 

Overall, GRENOUILLE seems to be a robust and versatile technique, though 

the software commercially available at present leaves much to be desired. 

The TFPA can in principle measure the temporal autocorrelation function 

and the PFT of a pulse, in real time. Some difficulties have been encoun

tered in achieving this in practise, however. Supporting documentation is of 

rather poor quality, and a rigorous systematic alignment and calibration pre

scription was not established in the time available. If these problems could 

be overcome, the TFPA could prove a useful complement to or substitute 

for the GRENOUILLE, as a standard laboratory diagnostic. 

The logical next step to improve the SRKE would be to systematically 

test the sensitivity and signal to noise response of the device for different 

laser powers. It would also be helpful to investigate alternatives to the in

tegrating sphere, as this stage in the apparatus leads to much signal loss. A 

systematic study of the impact of collected data density in the longitudinal 

and transverse axes on the accuracy with which angular and spatial disper

sion can be determined would also prove useful. These studies would all 

aim to make data acquisition more rapid and efficient. 

The interferometric autocorrelator with several traces taken through the 

focus would be improved by setting the dispersive elements after the in

terferometer in order to have more control over the prism-lens separation. 

Other photodiode devices based on different materials could also be tried, 

as well as experimenting with different focal lengths, and lens types. More 

work and a greater control over experimental parameters should lead to a 

better fit with theoretical predictions. It would also be interesting to exper

imentally isolate the effect of PFT on the spatial broadening of the pulse in 
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the focus. 

Quality diagnostics are one of the cornerstones of sophisticated ultra

fast physics experiments. With a solid foundation in this area many ex

periments in atomic and molecular physics present themselves, as shorter 

more specialized pulses become available. Field free molecular align

ment [RHLF04, RHG+os], molecular reaction path control [CMWOS], and 

temporally resolved molecular dynamics [SSJM03, CBH+osa] have all re

cently been accomplished. High harmonic generation pushes the limit of 

short pulse generation by creating pulses hundreds of attoseconds long (1 as 

= w-18s) [DKOS]. 

Laser sources are undergoing rapid development as well. Noncolinear 

optical parametri·: amplification can generate tunable ultrafast pulses, but 

requires high quality inputs [KB02]. High intensity near single cycle ter

ahertz pulses have also been recently achieved [RSW+03]; high intensities 

at this region of the spectrum have been largely unexplored and will likely 

lead to exciting discoveries. 
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