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Abstract

Ultrafast pulse characterization is an ever-growing eld of photonics, given the importance of know-
ing precisely the outcome of ultrafast laser sources and the impossibility to do so with electronics
technology. A new approach to the well-established diagnostics technique d-scan has been recently
developed in order to expand the capabilities of the d-scan in a single-shot manner. It is known as
single-shot grating d-scan. It provides the possibility to measure pulse durations in a range from
50 fs to 200 fs. This is a milestone in the development of the d-scan technique. Previously, only up
to 30 fs have been demonstrated with a single-shot d-scan measurement. In this work, the focus
is on the optical design and implementation of an imaging system and imaging spectrometer for
performing experiments with this new d-scan approach. It is also shown that the designed system
in fact is able to perform as needed in order to measure ultrafast laser pulses in the infrared with
the single-shot grating d-scan.



Acknowledgments

I would like to start by saying thank you to my supervisor, Cord Arnold, for nding a project for
me that | thoroughly enjoyed doing, and for teaching me to reach further and dig deeper into what
I research. Thank you also to Daniel, for being an amazing co-supervisor, for patiently answering
my never-ending questions and for not judging too much when I did something dumb in the lab.
Caroline, thank you for your kindness and your support during these months, | appreciate you
so much. To our little group: Caroline, Edo, Gaspard, Gustav, Melvin, Saga. Getting to be
surrounded by friends everyday made me bery happy. Thanks for the enormous amount of laughs,
the dinners, the constantly changing inside jokes and for being as unique as you are. Johannes,
thank you for caring so much, I’'m so happy that you are there. Thank you also to Cornelia, for the
great advice and your warm friendliness. Thank you also to the members of the MHz o ce and
the people in the laser meeting for listening, advising and encouraging me through these months.
| have learnt more than | could imagine, and | could not have done it without the people around
me. Thank you to everyone in the Atomic Physics division for making it a warm, dynamic place
that inspired me to learning more and to continuing in research.

It is important for me to also recognize my friends from outside this division, who have loved me
and supported me during the years that | have been in Lund. Sophie, being in the same promotion
of the Photonics master as you has been a true blessing. Getting to see you everyday was so much
fun. So a, | deeply admire you as friend and scientist. | feel so lucky that we got to live together.
Anna, thank you for the gossip and science sessions and missing me when I’'m not at home. And
Shraddha, thank you for being a warm, funny, smart friend to look up to as you are. Thank you
all for holding me close, | do likewise.

Finally, but not less importantly, | want to thank my people in Spain. Thank you Ana Gloria for

being such a dear friend, for understanding me so deeply and for unwillingly learning about optics

and lasers every time | wanted to excitedly talk about it. Lourdes, isn’t it funny to see how far we

have come? | cannot wait to see where we end up. Elena, you inspire me to be more patient and
exible, I'm so glad I’'m friends with such a caring person.

Gracias a mi familia por su amor y apoyo incondicional. Gracias a mi t a Cristina, a mi hermana
Mar a y por supuesto a mis padres, Marisa y Fernando. No estar a aqu sin vuestro apoyo, y eso es
algo que siempre llevo conmigo.



Popular science summary

A laser is two mirrors, a bit of crystal or gas in the middle and light bouncing between them, which
then is emitted. Since its rst conception in 1960, laser technology has evolved greatly over the last
65 years. Now, laser systems can be big enough to take up whole rooms. They are complex and
they consist of many parts and stages in order to get the desired output. Out of them we can get
pulsed light, which basically means light in the form of very short (in time) outbursts. These bits of
light can get down to the order of femtoseconds. A femtosecond is zero-comma-fourteen-zeros-one
(0,000000000000001) seconds. Actually quite short. When we are working with this kind of pulsed
light, we nd ourselves in the ultrafast regime. A lot of properties of the light start to get funny
in this regime, and many applications arise from it. Among them, we have medicine, fundamental
physics studies (such as the possibility to ""take a picture™ of molecular vibrations), space technology
or communications, to name some of them.

Ultrafast lasers and optics are constantly pushing through the known limits of physics. When one
generates such special light, it is also desirable to know what exactly is generated, that means,
what is coming out of our laser in terms of the pulse characteristics, such as how long the pulses
actually are, and other parameters of interest. In the ultrafast regime, this is not that easy to
measure. If we had longer pulses, then we could use some sort of electronics device to measure
our laser outcome. However, in these timescales, electronics are too slow to keep up with the laser
pulses. We need to situate ourselves at the same speed that we are measuring. A lot of techniques
arise for this purpose, where optical elements are used in smart ways in order to obtain a signal
from which we can retrieve the characteristics of the pulse. This is the eld of ultrafast pulse
characterization.

Knowing which optical elements to place in your setup and where to place them before doing
experiments in order to achieve a particular goal is also a skill. This is part of the eld of optical
design. When designing a setup it is important to keep in mind which characteristics are relevant
for it: exibility, compactness, ease of alignment, monetary price, spatial constraints, experimental
performance, to name a few. One needs to know which optical element can do what, and what are
the advantages and disadvantages of it.

In this master’s thesis the focus lies on the optical design of a system in order to implement a
characterization technique for ultrafast pulses. That means, choosing the right optical elements,
place them in the right place and study how they behave while evaluating if we can obtain the
information of an ultrafast laser pulse.
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Chapter 1

Introduction

Starting with picosecond lasers in the 70's [1], over the last decades there has been a huge devel-
opment in laser technology. A remarkable milestone is the invention of chirped pulse ampli cation
[2], which has led to the current femtosecond laser sources [3]. The state of the art now presents
ultrafast laser sources that allow the performance of experiments in a wide range of science disci-
plines. A few examples of these are medicine [4], spectroscopy [5], quantum information technology
[6] or atomic physics, in particular high-harmonic generation [7], [8]. This ultrafast laser landscape
naturally demands laser users to have the capacity of diagnosing their laser sources properly. This
results in the development of the eld of ultrafast laser pulse characterization.

When we talk about pulse characterization, more speci cally we are referring to the complete
retrieval of the spectral phase and amplitude of the pulse. If one of these elements is missing, we
are blind to some features of our light source, and this can ultimately lead to a poorer experimental
performance and data understanding. For example, the peak intensity and the duration of the pulse
have signi cant impact on the outcome of an experiment.

Ultrafast pulse diagnosis is not trivial. Detectors based on electronics, such as photodiodes, have a
maximum response time on the order of picoseconds [9], which makes them too slow in comparison
with our pulses. Hence, a substantial e ort has been made for the past two decades in the ultrafast
community to develop several techniques in order to help us know more about the outputs of our
ultrafast laser sources [10], [11].

Some of the most common and established diagnosis techniques to measure femtosecond light pulses
are named in the following. These techniques are autocorrelation [12], Frequency-Resolved Optical
Gating (FROG) [13], [14], Spectral Phase Interferometry for Direct Electric- eld Reconstruction
(SPIDER) [15], and dispersion-scan (d-scan) [16], [17], [18]. All of these techniques except SPIDER
can be implemented in their scanning or single-shot version. SPIDER is a single-shot technique
per se When we use a scanning approach, we measure an average pulse. Performing single-shot
measurements allows for immediate feedback on the characteristics of a individual pulse, which
removes statistical deviations from the picture.

Out of interest for this thesis is the d-scan technique. It relies on the fact that a nonlinear signal
generated with a pulse has a response that depends on the amount of dispersion that the pulse



presents. Thus, by changing the amount of dispersion present in a pulse in a controlled way, one
can obtain a two-dimensional trace of nonlinear signal as a function of dispersion. An example of
such a trace and its retrieval is shown in Figure 1.1.

Figure 1.1: Example of a measured d-scan from an OPCPA (Optical Parametric Chirped-Pulse
Ampli cation) system at Lund University, lent by Daniel Daz Rivas.

A rst look at an obtained trace already gives information about which orders of dispersion are
present in the pulse and how strongly they are present. Moreover, by using mathematical algorithms
the phase and temporal pro le of the pulse can be extracted.

Arecently developed approach to a single-shot d-scan is the the single-shot grating d-scan, developed
and rstly implemented by D. Daz Rivas et al. [19]. This thesis is based on a new design and
implementation of this new method.

1.1 Motivation

A traditional approach to the single-shot d-scan is shown in Figure 1.2. In this method, a prism
is used to introduce spatially varying dispersion along the beam pro le, since di erent part of the
beam travel through di erent amounts of glass. Then, a nonlinear signal is generated from the
beam and the signal spectrum is recorded with an imaging spectrometer. This generates a two-
dimensional trace of the nonlinear signal as a function of dispersion. Numerical methods are used
to retrieve the pulse characteristics from the d-scan trace.

The amount of dispersion that needs to be introduced to retrieve a single-shot d-scan trace increases



Figure 1.2: lllustration of a typical single-shot d-scan implementation where a prism is used as the
main dispersive element. The quantity GDD in the image is the Group Delay Dispersion, which is
what we refer to the dispersion introduced to perform d-scans. This concept is further explained in
Section 2.2.

with the square of the transform limited pulse duration. For long pulses, materials do not have
enough dispersion. Therefore measuring longer pulse durations is very challenging by using this
technique. Diraction gratings, on the other hand, provide bigger amounts of dispersion. For
example, a regular N-BK7 prism provides around 25 f¥mm of dispersion per unit of length in the
direction of propagation [20], while a regular diraction grating with 1600 lines/mm can provide
15178 fé/mm, calculated according to the formula provided by O. Martnez in [21]. The single-
shot grating d-scan approach is conceived to overcome the limitations of previous single-shot d-scan
implementations based on material dispersion when it comes to measure30 fs pulses.

The motivation of this master's thesis project is to help in the understanding of the limitations
of this new diagnostics tool and present an alternative design that would help overcoming them.
These limitations concern an imaging problem, where the uniformity of intensity along a focus line
is the goal, and the ability to spectrally resolve pulses with narrow spectral pro les.

1.2 Objective

The implementation of this new d-scan technique requires optical design, simulation and laboratory

experiments of a setup consisting in an imaging system and an imaging spectrometer. For the
imaging system, two alternatives are presented and their performance is studied in detail in order
to determine which one is more suitable for this diagnostics tool. As for the spectrometer, an inline

con guration is presented, an alternative to the traditional Czerny{Turner spectrometer design that

is used for single-shot d-scan measurements [18].
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Chapter 2

Theory

In this chapter one can nd a theoretical overview of the physics that lie behind the topic of this
thesis. These concepts are group delay dispersion of ultrafast optical pulses and second harmonic
generation, which are the pillars of the d-scan technique. An in-depth explanation of the single-shot
approach to a d-scan is also present.

2.1 Nonlinear optics

The polarization density vector describes the response of a material to an external electric eld. If
an external electric eld is applied to a dielectric material, charge redistribution occurs within the
material, since the overall negative charge changes its centre of mass with respect to the positive
charges. This gives rise to a dielectric dipole moment. The strength of this response, i.e. how
much a material is a ected by the application of an electric eld, depends on material properties
and the strength of the applied electric eld. This relationship is encoded in a quantity known as
polarization density vector P, as shown in Equation 2.1.

P= o E 2.1)

In Equation 2.1,  represents the vacuum permittivity and  the medium electric susceptibility,
which describes how easily polarized a dieletric material is in the presence of an applied electric
eld.

When the polarization density and the electric eld relationship is not linear, we are in the domain
of nonlinear optics. Here, the polarization density vector can be written as:

P = Plinear * Proniinear (2.2)

For a small value of external electric eld. the relationship between the polarization density and
the electric eld is quasi-linear, and the polarization density can be expanded in a Taylor series as
follows:

P= o E+ o PE+ o OFE+ (2.3)
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In the nonlinear optics regime, the wave equation that describes the nonlinear optical phenomena
has a source term that gives rise to new radiation propagating into the material. That is, when
we propagate light of a certain frequency into a nonlinear medium, new frequencies are gener-
ated.

Each of the terms of the expansion is associated with di erent harmonics of the fundamental
frequency of the electric eld. Depending which coe cient of the Taylor expansion in Equation 2.3

dominates in a particular medium, a di erent order of nonlinear e ects describes the interactions
between the electric eld and the medium. In this way, we nd so-called second-order and third-
order nonlinear optics (and high-order).

2.1.1 Second-order nonlinear optics: three-wave mixing

Second-order nonlinear optics interactions dominate in media where the highest non-negligible
coe cient is the one of second order. A case of interest is the one in which an optical eld with
two harmonic components like the one in Equation 2.4 interacts with a second-order nonlinear
medium.

E(t;z) =E(!1)cos( 1t kiz+ ' o01) +E(!2)cos( 2t  kaz+ ' o) (2.4)

When this interaction occurs, the nonlinear component of the polarization density contains compo-
nents at the following ve frequencies: 0, 2 1; 2! 5; I 1 + ', (sum frequency generation) ! 7 !,
(di erence frequency generation). For a constructive addition of the newly generated waves, that
means, to actually produce an optical eld oscillating at any of these ve frequencies as a result of
the interaction, frequency-matching (Equation 2.5) and phase-matching (Equation 2.6) conditions
must be satis ed.

i+ 1,=134 (25)

Ry + Ry = Ry (2.6)

Frequency-matching conditions and phase-matching conditions are the equivalent of energy con-
servation and and constructive interference during wave propagation in the medium, respectively.
When the conditions are met, the medium acts as the source of an optical eld with frequency ;
and wave vectorKs;.

Depending on the three relative directions of the waves within the medium, we have collinear three-
wave mixing and non-collinear three wave mixing. In these two cases, the energy conservation
condition holds the same as in Equation 2.5. However, the particularisation of the phase-matching
condition adopts di erent forms.

Our process of interest is the collinear second harmonic generation, a particular case of collinear
three-wave mixing. Because of this, a more detailed explanation of this case follows.

12



Collinear three-wave mixing

In this scenario, the three mixed waves, i.e., the two frequency components of the optical eld
and the generated wave, travel in the same direction. Due to dispersion, each of these waves
travels at a di erent speed within the material since each of them see a di erent refractive index,
namely n1; ny; n3. When studying the phase-matching condition for this case, because the unitary
direction vector is the same for the three wave vectors and one can writk = ! jnj=g, ¢y being the
speed of light in vacuum, it yields Equation 2.7:

Iing+!ono=13n;3 (27)

The phase-matching condition from Equation 2.7 must be met simultaneously as the energy con-
servation condition from 2.5.

Usually, isotropic materials are not able to full the conditions simultaneously, and anisotropic
materials, in particular birefringent materials are used instead. In birefringent media, the refractive
index of the light depends on both the polarization of the light and its direction in relation to the
principal axis.

For collinear three-wave mixing, uniaxial crystal are most commonly used. They have only one
optic axis and two refractive indexes that are functions of the frequency of the optical eld.
These are known as ordinaryny(! ) and ex-

traordinary ne(!) refractive indexes. Depend-

ing on the polarization and angle of incidence,

the waves are labelled as ordinary (o) or ex-

traordinary (e) waves. In the case of o-waves,

n('i) = ne(!i). For an extraordinary wave,

the refractive index is not only a function of

the frequency, but also of the angle between

the optic axis and the propagation direction,

n('i)= n(!'i; ): Avisual representation of the

index ellipsoid of a uniaxial crystal where the

optic axis is in the z-direction is shown in Fig-

ure 2.1.

It is called Type | three-wave mixing when the
generating and the generated waves are perpen-FigUl’e 2.1: Representation of the index ellipsoid
dicular to each other (0-0-€), and Type Il when of a uniaxial crystal whose optic axis is in the z-

o ) direction.
the two incident waves of frequencies ; and! ; rection
are orthogonal (e-o0-e).
Second Harmonic Generation
When the two frequencies of the driving optical eld are the same, i.e.!; = !, = | and there

resulting frequency comes from sum frequency generation g = ! ; + ! , =21 ), then we are in the
particular case of second harmonic generation

13



Applying the phase-matching condition from
Equation 2.7 yieldsn(! ) = n(2! ). For isotropic
materials this condition can not hold due to dis-
persion. However, for a birefringent material,
such as the uniaxial crystal described in Fig-
ure 2.1 it is possible to nd a matching angle
such that ne(! ) = ne(2! ), and collinear Type |
SHG can be possible. A descriptive graph that
illustrates this a rmation can be found below

Figure 2.2: Representation of the ordinary and in Figure 2.2.
extraordinary indexes in an uniaxial crystal for
collinear SHG phase-matching.

2.2 Ultrafast optics

When a pulse of light has a duration in the order of picoseconds or shorter it is considered ultrashort.
Ultrafast optics deals with the characterization and way of utilizing ultrashort laser pulses.

2.2.1 Temporal and spectral representation of ultrafast pulses

In order to study the e ects of propagation and interactions for an ultrafast pulse, we need a
mathematical description of it. The eld components are represented with a generic complex
function in the temporal domain, as shown in Equation 2.8.

U(t) = A( t)e' ote’ (2.8)

Where A(t) is the complex envelope of the pulse, and the intensity can be calculated as the modulus
squared of the complex amplitude 1¢) = jU(t)j = jA(1)j?.

In the spectral domain, the pulse is described by the Fourier transform of the temporal representa-
tion of the pulse. This is shown in Equation 2.9.

FU®)=V( )=jv()je O (2.9)

In the previous equation,jV( )j is the complex envelope, ( ) is the spectral phase and the spectral
intensity or spectrum S( ) can be obtained from the modulus squared of the complex envelope,

S()=iv()i*

Due to the Fourier transform relationship between the temporal and the spectral representations of
the pulse, the spectral and temporal widths are inversely proportional to each other. The coe cient
of proportionality depends on the shape of the pulse as well as on the de nition used for calculating
the width. For a Gaussian pulse, and using the full width half maximum (FWHM) of the temporal
and spectral pro les as width de nition, the relation between widths holds as written in Equation
2.10.

FWwHM  Fwhm 044 (2.10)
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2.2.2 Chirped pulses

The spectral phase' ( ) of a pulse can be either a linear or a nonlinear function of frequency.
Depending on the frequency relation, the pulse is changed in di erent ways. This is a consequence
of dispersion, or in other words, of the fact that the properties of materials (for example, the
refractive index) are in general dependent on the frequency. This e ect is of particular importance
when dealing with ultrafast pulses [22].

We talk about transform-limited pulses (TLP) when the phase has no frequency dependence. This
means that the pulse is at its maximum compression point and can not be shorter in time, and the
inequality of the time-bandwidth product described in Equation 2.10 collapses. When the phase
has a linear dependency, the e ect of group delay appears (Equation 2.11). This is a characteristic
of the medium, and it measures how much a pulse is delayed after propagating through it.

@'

Tg= @

[s] (2.11)

If the dependence of the temporal phase with time is nonlinear, then we say that the pulse is
chirped.

When the second-order derivative of the phase with respect to frequency is non-zero, meaning that
there is a quadratic dependence, then we are in the presence of group delay dispersion (GDD).
This is represented in Equation 2.12. The e ect of GDD is a symemtric stretch of the pulse in
time. a &

: [s°]

GDD = @= @r

Depending on the sign of this second derivative we can have either up-chirped °> 0) or down-
chirped (' < 0) pulses. Higher orders of the phase derivative can as well be non-zero. Odd
non-zero orders represent an asymmetric stretch of the pulse.

(2.12)

A pulse acquires a chirp when interacting with dispersive elements. Pulses that are very short

in time have a broad spectral prole, according to Equation 2.10, and therefore are especially

sensitive to dispersion. Dispersion can be originated in several ways. Out of especial interest is
angular dispersion, and it is described in the following Section 2.3.

2.3 Angular dispersion from a di raction grating

When an ultrashort pulse interacts with a diraction grating, it can be observed that after the
grating the di erent frequencies of the spectrum are de ected with a di erent angle. This is the
result of light interacting with the periodic structure of the grating. The resulting pulse after the
grating is said to become spatially chirped. In spatially chirped pulses, the di erent frequencies are
transversely separated with respect to the direction of propagation [23]. In general, the e ect that a
grating has on light occurs in all optical elements where angular dispersion is present. For example,
this e ect can be seen in either diractive elements, such as diraction gratings, or refractive
elements like prisms. It is more pronounced in the former. This e ect is well known, as well as
its applications, for example in a grating compressor [24], [21] or in f-f or 4f pulse shapers [25],
[26].
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Very recently, D. Daz Rivas et al. [19] have shown analytically that di raction from a grating
causes spatially-dependent GDD. This is an important remark, since the single-shot grating d-
scan technique around which this thesis revolves is mainly based on this e ect that has not been
previously reported. Thus, a similar derivation as the one done in [19] is shown here, where a wave
optics picture is used show that the second-order dispersion term is found to be dependent on space.
We can also extract an analytical expression for the spectral phase at any point in space, which is
crucial to perform and retrieve a d-scan.

2.3.1 Derivation based on a wave optics description

The starting point of this derivation is a di raction grating where the exit angle of the beam is not
parallel with respect to the grating normal, as shown in Figure 2.3. The nite-size beam is treated
as plane waves for simplicity, but the conclusions from the derivation are equally valid.

Figure 2.3: lllustration of plane waves incising on a grating that leads to group delay dispersion which
a ects the temporal pro le of the pulse.

As brie y mentioned, we are interested in studying how the acquired GDD of the ultrashort pulse
varies in space for a plane perpendicular to the propagationz,-direction) after the grating, when the
propagation is not in the normal direction to the grating ( z;-direction). According to O. Martnez
[27], angular dispersion from a grating produces anomalous second-order dispersion.

We have seen in Equation 2.12 that the GDD can be calculated as the second derivative of the
spectral phase with respect to the frequency of the optical eld. Thus, in this derivation, we are
interested in rst nding an expression for the spectral phase.

16



The e ect of the spatial separation of the di erent frequencies after the considered grating for an
incident pulse is described by the grating equation 2.13.

sin( m) =sin( )+ m@ (2.13)

Where , and ; refer to the diracted and indicent angle, respectively; m is the di raction order;
! is the frequency of the incident light and is the period of the grating lines.

An ultrafast pulse in the frequency domain after interacting with the grating can be described as
Equation 2.14.

E(zixgi!) = A(1)e (ad) (2.14)

The pulse is written in the coordinate system of the grating (x1;z;). The spectral phase for each
frequency changes when propagating. In the grating coordinate system, we can write the spectral
phase as shown in Equation 2.15.

' =R F=Kgzi+KyXe = kz1C0S(m(!)) + Kk x1sin( m(!)) (2.15)

Since we are interested in the e ects of the grating on the plane of propagation of the optical eld,
it is necessary to perform a rotation of angle o to place ourselves on that plane. ¢ corresponds
with the exit angle of the central wavelength of the beam with respect to the grating normal. After
the rotation operation, the following expressions for the coordinates in the new coordinate system
are found (Equations 2.16).

Z3 = 7c08( o)  XzSin( o)

X1 = zp8in( o) + X2c08( o) (2.16)

Inserting this into the expression for the phase in Equation 2.15 and applying trigonometric iden-
tities yields the following expression for the spectral phase in the coordinate system of the beam
(z2; x2), shown in Equation 2.17.

=kzpcos(m(!) o) tkxasin(m(') o) (2.17)

Now that we have an expression for the spectral phase in the coordinate system of interest, we
can obtain an expression for the GDD by doing two times its derivative, minding that both the
wavevector and the diraction angle are functions of the angular frequency k = k(! ), = (!).
Performing the second derivative gives the expression for the second-order dispersion found in
Equation 2.18.

@
GDD(z2;%2;!) = @zr -
2 . o ! e ! 00
=z —sin —COoS —sin 2.18
2 ( 0) % ( 0) % ( 0) (2.18)
2 0 ! H @ ! 00
+ X, —cCOS ——sin + ——cos
2 & (o) & ( 0) % ( o
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The equation is simpli ed when we evaluate it at the central frequency! o, since sin( m(! ) o) =
sin(0) =0 and cos( m(' o) o) =cos(0) = 1.

GDD(25:%5;1 o) = 25 !aj’( W2+ xz é % o) + 'aj’ U o) (2.19)

The expressions for the derivatives of can be calculated from the grating equation 2.13, and the
results from this evaluated at the central frequency is shown in Equations 2.20 and 2.21.

d 2Co

0 | = — = _— 2.2
(o) dr . m 2cos( o) (2.20)
d? 2c 2 tan( o)
Mo)y= — = m==° + 0)_ o1y =
diz ) 3cos(o) !3cos(o) 2.21)
=T, % o) +tan( o)( X! 0))?
Finally, we can evaluate the expression for the GDD and obtain Equation 2.22.
| |
GDD(z2ixzit0)= 22 (L o)? +x2 tan( o) At o)?) (2.22)

The always negative term that accompanies thez, coordinate corresponds with the theory that
O. Martnez developes in [27]. This is the acquired GDD in the propagation direction. However,
there is a non-zero term associated with the coordinatex, transversal to the propagation direction.
When (=0 (i.e., when the propagation direction is along the grating normal) then this second
term vanishes. However, in any other case is non-zero and it meaning is that the GDD also varies
for di erent parts of the beam in any given plane transversal to the direction of propagation. Far
from the grating, the spatially dependent GDD is harder to detect because of the dispersion o set
proportional to the dispersion o set proportional to z 5.

2.4 D-scan technique

As mentioned in Section 1.1, d-scan is a widely used diagnostics tool for ultrafast pulse characteriza-
tion. It is based in the controlled modi cation of the spectral phase of the pulse by the introduction
of known amounts of dispersion.

For the most simple implementation (non-single-shot), the signal is recorded for several pulses
and thus averaged results are obtained for each amount of introduced dispersion, which can be
introduced in the pulses by di erent methods, being the most common the use of a pair of glass
wedges. The dispersion is changed by changing the wedge insertion. After the beam has gone
through a certain amount of wedge insertion, a non-linear process generates a dispersion-dependent
signal, typically second-harmonic generation, which is recorded for each amount of wedge insertion.
A typical setup used for this kind of measurement is shown in Figure 2.4.

The nonlinear signal is recorded and a two-dimensional trace of introduced GDD against the gen-
erated non-linear signal can be obtained, like the one showed in Figure 1.1 in Chapter 1. From the
trace, a complete characterization of the pulse is done with the use of numerical algorithms.
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Figure 2.4: |lllustration of the most simple d-scan implementation where a pair of glass wedges
introduces controlled amounts of dispersion to the beam by changing the glass insertion. For each
amount of insertion, a doubling crystal generates a second-harmonic signal which is recorded with a
ber spectrometer.

The aforementioned approach however presents some disadvantages. There is no immediate feed-
back due to the scanning nature of the technique, plus the nal result is a collection of averaged
measurements. This ultimately doesn't provide information about the individual dynamics of each
pulse, so certain relevant data can be lost in the averaging.

2.4.1 Single-shot d-scan

In Section 1.1 there is also a brief introduction of the single-shot variant of the d-scan which is to
be expanded in this current section.

A single-shot approach arises from the disadvantages found in the scanning d-scan version. In
the rst conceptions of the single-shot approach material dispersion is used to generate a spatially
varying dispersion landscape along the beam prole. In this way, a single pulse can generate a
d-scan trace, providing immediate and individual pulse measurement. A common way to perform
a single-shot d-scan is to enlarge the beam and pass it through a glass prism that will introduce
di erent amounts of material dispersion along the spatial pro le of the beam because of the di erent
propagation distance, as shown in Figure 1.2 [18], [17]. Once varying GDD is introduced along the
spatial pro le of the beam, the nonlinear signal, for example again the second-harmonic of the laser,
is generated and the signal is recorded with an imaging spectrometer for each pulse of the laser. In
this way, a two-dimensional trace with dispersion in one axis and wavelength in the other can be
obtained.

Besides this prism approach, there are other di erent methods to generate single-shot d-scan, for
example by propagating through the crystal and generating SH transversely to the propagation
direction [28] or by multiple re ections on a glass plate [29]. Two relevant factors that the mentioned
single-shot approaches have in common is that the dispersion in the beam is introduced with a
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material, typically a glass, and that they require an imaging spectrometer to record the signal.

2.5 Optical aberrations

All optical systems present deviations from ideal performance when producing the image of an
object due to the light passing through the optical components. These deviations are cause by
what we call optical aberrations.

The performance of an optical system can be aberration-limited or di raction-limited, depending
on whether the aberrations are bigger or smaller than the di raction pattern.

Aberrations can be classi ed among chromatic or monochromatic aberrations, depending on whether
they origin from materials dispersion or not [30]. Monochromatic aberrations themselves are also
divided in point aberrations, when a point in the object plane does not translate to a point in the
image plane; and in eld aberrations, if the image of the object plane becomes curved. Spher-
ical, coma and astigmatism aberrations are examples of point aberrations. Field curvature and
distortion, on the other hand, are eld aberrations.

Figure 2.5: Scheme of the main aberrations present in optical systems.

The Seidel aberrations are the ones that a ect the performance of the optical system to a higher
degree. They are the aforementioned spherical aberration, coma, astigmatism, eld curvature and
distortion. They can mathematically be expressed as a sum, called the Seidel sum, which gives a
quantitative description of the performance quality of the system. A brief qualitative description

of these aberrations is given below in Table 2.1, along with visual descriptions shown in Figure
2.6.
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Aberration Origin Description Correction
Rays do not focus on
one point, instead there
. is a range of several focal
: Spherical curvature of the . ) .
Spherical . points for the rays coming | Best form, aspheric or
. surface of optical compo- . .
aberration from di erent parts of the | achromatic doublet lens.
nents X
optical component.  All
rays are aected in the
same magnitude.
Light is incident on the Unsymmetrical . focus Choice of position of aper-
. . composed of circles of .
Coma optical element with a cer- | . o ture stop. Symmetric
. di erent centre positions
tain angle. . lenses systems.
and sizes.
Two focal points along the
. . . optical axis, the beam be-
Di erence in optical power o
. . . . comes elliptical and the . .
Astigmatism | of the lens in the merid- . . Anastigmatic lens.
) . major axis of the el-
ional and sagittal plane. .
lipse changes upon propa-
gation.
The focal length of an op- Use of Petzval or protars
Petzval eld | tical element is dierent .
. Curved image plane. lenses, or curved detec-
curvature depending on the angle of tors
incidence. '
Points out of axis expe-
Di erent in focal lens for | rience di erent magnica- | Choice of position of aper-
Distortion an optical component for | tion, which causes distor- | ture stop, curved detec-

di erent rays.

tion of the object geome-
try in the image plane.

tors or aplanatic lenses.

Table 2.1: Description of the Seidel aberrations.
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Figure 2.6: lllustration of the e ect of the di erent aberrations described in Table 2.1.
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Chapter 3

Methodology

The objective of this thesis is the implementation of a single-shot d-scan that is able to measure
long pulse durations in the femtosecond range. For this purpose, an imaging system and a imaging
spectrometer are designed to measure both the direct output of the laser (180 fs) and compressed
pulses after a Herriott type multi-pass cell (MPC) [31], [32] which yields 50 fs. The whole system

is also designed in an inline con guration for ease of alignment, and aimed to keep compactness as
far as possible at the same time.

In this section, a comprehensive description of the single-shot grating d-scan setup and the optical
design process and simulations is provided.

3.1 Single-shot grating d-scan

As brie y discussed in Section 1, this thesis' work is based on the optical design for the implementa-
tion of a single-shot d-scan technique for ultrafast pulse diagnostics that overcomes the limitations
imposed by the use of material dispersion to perform d-scans of long fs pulses. The main element
of this implementation is a di raction grating that by encoding instead angular dispersion in the
beam pro le provides the dispersion range needed to perform successful d-scan measurements, as
described in Section 2.3.

The experimental setup to implement the d-scan is described in the following and shown in Figure
3.1. The laser source to characterize is the commercial, ytterbium-based Pharos laser system from
Light Conversion. It has an output of around 180 fs centred at 1030 nm, and can be operated
with a repetition rate of 20 kHz. For measuring long pulses, the output of the laser is driven to a
magnifying mirror telescope that enlarges the beam to three times its original size. For compressed
pulses, the beam is driven through the Herriott-type MPC before reaching this telescope. Then,
the beam reaches the di raction grating that encodes the GDD along its spatial pro le. Depending
on whether long or short pulses measurements are being performed, a di erent grating is used.
The characteristics of the grating, including the incidence angle of the beam, depend on the pulse
duration that we are measuring. This is summarized in Table 3.1. After the grating, the objective
is to access a plane that contains the transform limited pulse and project it onto the doubling
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crystal, in this case a BBO crystal. Such plane intersects with the grating itself, and can only be
accessed through imaging. The objective is then to image the grating in the plane parallel to the
table while focusing the beam in its perpendicular dimension. To do so, a 4f imaging system is
used. This imaging tool is further explored in Section 3.2. At the crystal we have SHG, and then
this signal is recorded with an imaging spectrometer. In this design, the imaging spectrometer is
designed according to a Prism-Grating-Prism (PGP) con guration, and its details are presented in
the upcoming Section 3.3. The 4f imaging system and the PGP spectrometer are implemented in
an inline fashion, as it can be seen in the gure below.

Figure 3.1: lllustration of the single-shot grating d-scan setup. The imaging is performed by an
inline system composed by a 4f-imaging system with a three cylindrical lens con guration and a
prism-grating-prism imaging spectrometer with a CMOS camera detector.

Long pulses (180 fs)| Short pulses (50 fs)
Mode Transmission Re ection
Order -1 +1
Incidence angle [] -55.18 -9
Line density [lines/mm] 1600 600
GDD [fs?/mm] 21828 2128

Table 3.1: Summary of the characteristics of the diraction gratings used to introduce the angular
dispersion along the beam pro le needed in order to perform a single-shot d-scan for long and short
pulses in the range of 180 fs to 50 fs.

The 4f system and spectrometer set in inline con guration need to be exible enough in order
to be able to perform for a broad range of pulse durations, between 50 fs and 200 fs, with only
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