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1. Introduction

In 1966, few years after the first laser came to light, short pulses (picosecond) were
available [1]. Their generation and characterization were already active fields of
research. Forty-three years later, few cycle femtosecond pulses and complex shaped
pulses can be synthesized in various spectral regions. These arbitrarily shaped optical
waveforms are of great interest in a number of fields including coherent control[2, 3, 4],
multidimensional spectroscopy|5], biological imaging[6], compression of optical pulses|7],
factorization of numbers [8, 9] and optical communications[10]. Most of these works were
spurred by technological breakthroughs in arbitrary pulse shaping field [11]. These
spectacular progresses have been obtained in parallel with the development of new
tools for a complete characterization of ultrashort pulses [12, 13]. We propose to
describe for newcomers in the field the basics on arbitrary pulse shaping and pulse
characterization. The tone of this article is to be as didactic as possible and is voluntary
not a complete review. Trying to help the beginners, several tables and numerical
applications enlighten the text. The authors strongly recommend interested readers to
read more extensive articles such as Weiner’s review [11] for pulse shaping or the recent
review on characterization by Walmsley and Dorrer [13]. Finally many interesting books
[14, 15, 16] can nicely complement the present work.

This tutorial is organized as follow: section 2 gives some mathematical background
for the description and representation of ultrashort pulses, section 3 is devoted to
arbitrary pulse shaping, section 4 presents some of the most widespread methods for
ultrashort pulse characterization and section 5 gives an overview of shaping assisted
characterization.

2. Definition of the electric field and its representation

2.1. Definition of the electric field

A laser pulse is entirely defined by its electric field £(¢). For ultrashort pulses however,
E(t) is not easily accessed and the spectral domain is often more practical. As E(t) is
a real function, its Fourier transform reads £(w) = 1/2(E(w) 4+ E*(—w)) where E(w) is
the complex electric field taking non-zero values only for positive values of the frequency
w.

E (w) is a complex function containing all the information concerning the pulse and
from which £(¢) can be retrieved. By inverse Fourier transform of E(w) one gets a

complex field in the temporal domain E(t), which real part is Re [E(t)] = £(¢).
+oo d
E(t) = E(w) exp(—iwt)% (1)

The shape of an ultrashort pulse can thus be defined equivalently by its electric field

—0o0

E(t), or by its complex electric field in the time domain E(t) or in the spectral domain
E(w). E(w) = A(w)e™) is usually the most practical definition and both its spectral
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amplitude A(w) and its spectral phase p(w) contribute to the pulse shape. As an
example, for a given spectral amplitude, the spectral phase alone completely determines
the pulse duration and shape. The shortest duration is achieved for a flat phase and
the pulse is said to be Fourier-limited. When a pulse is Fourier-limited, its duration is
inversely proportional to its spectral width. When it is no longer Fourier limited, its
duration increases. The time-bandwidth product (TBP) provides a way to estimate how
far is a pulse from the Fourier limit. TBP is the product of time duration and spectral
width of a given pulse

TBP = At.Aw (2)

where At and Aw are the full width at half maximum (FWHM) in intensity of the pulse
temporal and spectral profiles I. Another way to estimate the distance from Fourier-
limited is the complexity [11]. It can be interpreted as the ratio between the largest and
the smallest features in either time or spectral domains:

n=At/ot = Aw/dw (3)

as sketched on figure 1. TBP and complexity are proportional and for a gaussian

|
k

= >
angular frequency

Figure 1. The complexity can be seen as the ratio between the largest and smallest
features in either time or spectral domains. At and 0t (resp. Aw and dw) are the
largest and smallest features in time (resp. in spectral) domain.

spectrum one gets:
n ~ TBP /41n2 (4)

The spectral phase plays a central role in determining the complexity, and more
generally the shape, of a short pulse. There are several quantities related to the spectral
phase that are often used to describe the evolution of a shaped pulse. The group delay is
defined as T, (w) = Op/0w and it describes the arrival time of each spectral component
of the pulse. The instantancous frequency, defined as w(t) = dp;/0t (where ¢, is the

I We arbitrary choose to work with FWHM
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temporal phase), gives the opposite point of view as it describes the temporal evolution
of the frequency of the short pulse. Both can be extremely useful to grasp the main
characteristic of a given shaped pulse.

Expanding the spectral phase in Taylor series is another useful tool in order to analyze
the effect of each term of the series:

1

1 -

0 1 2 3

0(w) = 0 + 5 (W — wo) + 5@8 N(w —wo)? + 5905 N(w — wo)?...

1 4 ]‘ n n
+ﬂ<pé)(u}—w0)4+...+mgpé )(w—wo) (5)
ith (0) _ d (n) — (d"o/dw™
with ¢y = ¢(wo) and py"” = (d"p/dw™).,.
- o () = oo (b)
-10 -8 -6 -4 -;imz(fsi 4 6 8 10 -10 -8 -6 -4 -;imz(fsj 4 6 8 10

Figure 2. (t) (in black) and envelope (in gray) of the electric field of a short laser
pulse in two case of carrier envelope phase. The pulse has a central wavelength of
800 nm and a FWHM of 2fs. In (a) a 0 rad CEP shows a cosine pulse and in (b) a 7/2
rad CEP shows a sine pulse.

° gp(()o) is known as the absolute phase, or Carrier Envelope Phase (CEP), which

corresponds to the phase between the envelope of the electric field and the carrier.
This phase plays a key role in non-linear interaction as High harmonic generation
when pulses are short enough so that only few cycles are under the envelope (cf
figure 2).
However, in this tutorial, we consider many-cycle pulses and we do not focus on
CEP. Interested readers can refer to [17] for CEP measurement and control.

° cp(()l) simply corresponds to a delay between the pulse and an arbitrary origin of
time. This leads to a constant group delay.

° cpéz) is the most famous term, well-known as chirp. It induces an increase of the pulse

duration. Around any given frequency under the pulse spectrum, the quadratic
phase can be approximated by its tangent, whose slope is simply the group delay
which evolves linearly with the frequency. In other words, each frequency experi-
ences a delay that linearly increases as we scan through the spectrum, as shown on
figure 3 (b). For a strong chirp (gp((f) > At3,, where Atrp is the Fourier limited
pulse duration), the instantaneous frequency is given by w(t) = wy + ¢/©). Many
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experiments have been performed to study the interaction of atoms or molecules
with a chirped pulse leading to fascinating results [18, 19, 20, 21].

. 90(()3) corresponds to the cubic phase. It leads in the temporal domain to many pre-
or post-pulses (figure 3 (c)) and can be exploited in coherent control schemes [22].
When aiming for really short pulses, cubic phase as well as higher orders have to
be properly compensated for.

It is worth noting that some phases cannot be expanded in Taylor series, such as
sinusoidal phases or phase-jumps that are routinely used in coherent control schemes.

2.2. How to represent a short pulse?

The most common way to represent a short pulse is to plot both its spectral amplitude
A(w) and its spectral phase p(w) as shown on the first column of figure 3 for a flat
phase, a cp(()Q), a 9003 , a m-jump and a two-pulse sequence. Another possibility is to plot
the temporal intensity§ |F(t)]?, as shown on the second column of figure 3.

However, in some cases, time-domain or frequency-domain representations are not
enough, especially when both time and frequency properties are strongly coupled. Time-
frequency distributions such as Wigner function have been proposed to provide an
intuitive mapping of these time-frequency couplings [23, 24]. The Wigner function of

an electric field E(t) can be written as [24]:

W(t,w) = /E (t + g) E* (t — g) et d’ (6)

or alternatively using its spectral electric field E (w):

1 - / - / .,
W(t,W) = %/E <w+ %) EBE* (w — %) e W tdw' (7)

The equivalence of these two definitions can be shown using Fourier transform
properties. The third column of figure 3 shows the Wigner functions for different pulse
shapes. As an example, for a go((f) (case (b)), one can clearly see the linear sweep in time
of the instantaneous frequency. Albeit it contains all the information on the pulse and it
usually provides an intuitive representation for complex pulse, the Wigner function can
sometimes be difficult to interpret. As an example, for a two-pulse sequence (case (e)),
there are fringes and a maximum around ¢ = 0 although there is no energy at that time
in the two-pulse sequence. For the case of two pulses or cubic phase, the Wigner function
can be negative. But the marginals, which represent the temporal and spectral intensity
of the pulse, are always positive [13]. A more intuitive alternative to the Wigner function

is the spectrogram that can be written as
2

S(t,w) = ‘/E(t’)g(t' —t)et at’ (8)

¢ This time representation does not carry all the information on the pulse as the oscillations under the
envelope are not shown.
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Figure 3. Pulse shaping gallery; (a) Fourier transform pulse, (b) chirped pulse, (c)
cubic phase, (d) spectral m-jump, (e) two-pulse sequence. The first column presents
the spectral intensity and phase, the second one, the temporal intensity, the third one
the Wigner function and the last one the spectrogram. For the two latter cases, the

gate chosen is a Fourier limited 10 fs-pulse at 800 nm.

The spectrogram is the time convolution of the electric field with a gate g(t) that can
be the pulse itself. In the last column of the figure 3, the spectrogram of each case is
plotted : the gate chosen is a Fourier limited pulse at 800 nm with a FWHM duration of
10fs. Some well-known complete characterization techniques retrieve the spectrogram

125].
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3. Arbitrary Pulse shaping of ultrashort pulses

3.1. Generalities

Use of optimally shaped pulses to guide and control the temporal evolution of a system
has been an active field of research for the last twenty years. Two main approaches have
been developed.

In the absence of predesigned control mechanisms a closed loop scheme [26, 27, 28,
29, 30, 31, 32, 33, 34] may be employed to find efficient pulse shapes : The outcome
of many different shapes is fed back into an algorithm that iteratively optimizes the
excitation shape without insight into the physical mechanism that is triggered by a
particular shape.

In contrast the effect of shapes on model systems can be systematically studied
within an open-loop scheme([35, 36, 37, 38, 39, 40]. This open-loop approach is well
adapted to small systems for which theoretical predictions are reliable. It consists of
reaching a specific goal (manipulation of the temporal response of a system excited by a
light pulse) without any experimental feed-back. Physical analysis of the process allows
predetermining the theoretical pulse shape which leads to the desired result. It is then
implemented experimentally. Some results by "test-error” have also been obtained in
complex systems following this open-loop approach[41].

Recently people have tried to combine both approaches to retrieve information from
the complex pulses designed by the close loop-approach[42, 43]. In particular, interesting
results have been obtained in the strong field domain[44, 45, 46, 47].

This field has pushed new developments, in particular to extend pulse shapers
capabilities

e in term of refreshing rate, which is crucial in the closed-loop approach,

e in term of time shaping window to extend the dimension of the phase space,

e in term of spectral bandwidth to be able to control a great variety of systems...

In this section we will present the basics and some key results. We will insist on the
most fundamental principles, limitations and experimental advices to allow newcomers
in the field to develop and correctly use their own device.

Pulse shaping techniques presented here are based on the linear, time-invariant
filter. They can be described either in the time domain or in the frequency domain.

In time domain, the output of a linear filter (cf figure 4) is simply given by the
following convolution product

Eout<t) = R(t) ® Eln(t) (9)

where R(t) is the impulse response of the pulse shaper. However, for femtosecond pulses,
direct shaping in time is quite a hard task and most of the devices operate in the spectral
domain and the output pulse can be written :

Eout(w) = H(w)Em(w) (10)
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(a) Frequency domain

Ein( ) Eout( )
Ai)_ H((D) _A_)(D_

Frequency response

(b) Time domain

J\E.®

E_ (t
R (t) /\ out(;

Impulse response

Figure 4. Pulse shaping by linear filtering. (a) Frequency domain. (b) Time domain.

H(w)=3(1+¢e") for example [48]

H (w) = @)
¢ (w)=n(w)Lw/c

H (w) = ¢4
_ ow ycos(8;+6q) [50, 51, 49]
¢ (CU) - QED cos 0; ‘

H(w) = [H (w)| )
1 |H (w)] is the reflectivity 52, 53]
¢ (w) designed until the fourth order

Table 1. Simple shaping setups. (a) Michelson interferometer producing two delayed
pulses, (b) Propagation through a dispersive bulk medium (length L, index n), (c)
grating compressor (; incident angle, 8, diffraction angle, D distance between the
two gratings and d the interline spacing) and (d) chirped mirror (In a chirped mirror,
the penetration depth depends on the wavelength which introduces chirp on a Fourier
Limited pulse). The first column gives a schematic of the set-up, the second column
its transfer function and the last column gives few references.

where the transfer function H(w) completely describes the pulse shaper.

In the past decade, a lot of efforts was put in developing versatile pulse shapers
based on programmable masks. Many programmable pulse shapers are now available
but none is universal: they are all complex systems with extremely diverse ranges of
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usage. All currently available programmable pulse shapers address the pulse compo-
nents by spatially separating them. Thus they introduce a spatio-temporal coupling
(see section 3.2.3).

In order to buy or develop the right pulse shaper for a given experiment, we
recommend listing its requirements in terms of : central frequency, tunability, spectral
bandwidth, complexity and maximum duration of the shaped pulse, power density,
repetition rate, etc... From this list one can sort the available solutions according to
their adequation to the experiment specificities. Sometimes, it also points out that a
programmable pulse shaper is not necessary and that the required waveforms are easily
produced using usual optics. In particular if the complexity 1 (see section 2.1) of the
aimed shape is above few hundreds, it exceeds the possibilities of current pulse shapers,
as we will see in the following. As an example, two pulses of 20fs separated by 60 ps
leads to a complexity of 3000! Fortunately, this is easily achievable using a Michelson
interferometer. The table 1 summarizes main devices which can be more appropriate, for
some specific shapes, even if they are less versatile than a programmable pulse shaper.

3.2. A spatial mask in the Fourier plane of a zero dispersion line

3.2.1. Introduction
In 1983, Froehly and coworkers [54] proposed a new design of versatile pulse shaper,
the so-called zero dispersion line or 4f-line.

pulse in pulse out

Figure 5. A zero dispersion line composed of two gratings and two lenses of focal
length f, arranged in a 4f set-up. The output pulse is identical to the input pulse. In
the Fourier plane FP, all the spectral components are spatially separated and focused.

A 4f-line is a particular spectrometer composed of two gratings and two lenses
arranged in a 4f set-up, where the CCD camera is replaced by a mask (cf Fig5h). Each
spectral component is angularly dispersed by the first grating then focused close to small
diffraction spots in the Fourier plane by the first lens/mirror. Thus, in this plane, all the
spectral components are spatially separated and focused. Then a second combination
of lens/grating allows recombining all the frequencies into a single collimated beam. If
nothing is placed in the Fourier plane then the device is dispersion free (zero dispersion
line) and the output beam is identical to the input one. By putting a specific mask
in the Fourier plane, one can modify the optical path and/or optical density for each
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spectral component and thus shape the output pulse. For ultrashort pulses (broad
spectral bandwidth), the lenses are often replaced by cylindrical/spherical mirrors to
avoid unwanted dispersion and chromatic aberrations. Depending on the mask, a 4f
pulse shaper controls the phase [11], both phase and amplitude [55], the polarization
[56] and also the transverse spatial profile [57].

3.2.2. 4f-line theory in few equations

We present here the basic equations that govern 4f-line abilities for shaping[58]. We
consider the input pulse to be gaussian in both time and space, with a central frequency
wp (corresponding to a central wavelength )g), and with the following Full Widths at
Half Maximum -FWHM- in intensity:

e Awy in the spectral domain,

e At in the temporal domain||,

e Ax;, in the spatial domain€.
As shown on figure 6, the input pulse is diffracted by the first grating with an angle 6,
at Ao (0; being the input angle), d is the grating period and f the focal length. In the
Fourier plane, each spectral component has a finite size Axg due to diffraction. It is
easily derived from gaussian beam propagation:
cost; f)o

Arg =2n(2) cos 0y mAx;

(11)

Let us now consider the spatial coordinate X in the Fourier plane. Assuming linear
dispersion, a frequency wy, is located in the Fourier plane at X given by:

Xk = QWg (12)

where « is set by the 4f-line geometry :

A0S

= G —y (13)
The frequency resolution is easily obtained from equations 12 and 13:
dw = Azxg/a (14)
By Fourier transform, this corresponds to a window 7" in the time domain:
T =41n(2)/0w = Az, /|v] (15)
where |v| has the dimension of a velocity:
v = cdcosb;/ A (16)

T is the time window available for shaping and equation 15 clearly states that it is pro-
portional to the input waist. This unexpected property of the 4f-line is a manifestation

|| Time and frequency FWHM in intensity verify the following inequality: AtAwy > 4In(2)
9§ 1t is related to the waist w;,, of the beam at the input of the 4f-line, by Az;, = w;n+/21n(2)
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of spatio-temporal coupling (see section 3.2.3 for more details) and v is usually called
the spatio-temporal coupling velocity. 7' defines a temporal upper bound for shaping
achievable with such a 4f-line: the duration or the time delay of the shaped pulse should
stay below T, otherwise strong distortions will occur. The temporal lower bound is
given by the inverse of the spectral bandwidth of the input pulse, which means that the
shaper shortest feature is governed by the available optical bandwidth*.

Numerical applications

e In the IR [60] : gratings :1/d = 2000gr/mm; f = 600mm; beam diameter
Ax = 2mm, incident angle 6, = 64°, A\g = 800nm , A\, = 10nm. This leads
to a temporal window 7' ~ 24 ps and a complexity n ~ 255.

e In the mid-IR [61] : 1/d = 300 gr/mm; f = 125 mm; incident angle (Littrow con-
figuration) 0; = 47°, Azg = 250 um, \g = 4900 nm , At = 140 fs. This leads to a
temporal window T~ 78 ps and a complexity n =~ 557.

To turn a 4f-line into a pulse shaper, we put a mask in its Fourier plane. It has a
number of control parameters which can be pixels or not. Then to maximize pulse
shaping capability, one should fulfill the following constraint :

control parameter number > n (17)

This mask will act both as a spatial mask My and a spectral mask M,,. Immediately

< L > < ! >X
“\B,
) | P )
0 v P
Ein(X)
v E. (0)

Figure 6. Half a 4f-line : The Fourier plane is situated in the back focal plane of the
lens. f is the focal length. X is the spatial coordinate in this plane. g(X) is the spatial
extension of a given frequency component. 6; is the incident angle on the grating. d is
the grating period. 6, the diffraction angle.

after the mask, the pulse can be written as :

Eofter(w, X) = Eip(w).g(X — aw)Mx(X) (18)
where
9(X) = exp [-2In(2) (X/Al’o)z] (19)

T It is possible to obtain shorter pulse than Fourier limited one by shaping the spectral amplitude. The
cost is the appearance of a pedestal in the time domain as well as a decrease of energy [59]
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is the spatial extension of a given frequency component. As position and frequency are
coupled in the Fourier plane, both the spectral and spatial components of the pulse
are affected by the mask. As a result, propagating the pulse through the second half
of the pulse shaper requires special care and goes beyond simple gaussian propagation.
Letting this aside using gaussian propagation, gives a linear expression for the output
pulse Eout(w):

Eout(w) = H(‘U)Em(w) (20)
where

H(w) = /Mw/g(w' —w)dw' = M, ® g(w) (21)

and M, (w) = Mx(aw). To obtain this expression, we have implicitly assumed that
the spatial profile is unaffected by the mask, which is a strong simplification. As a
consequence, this expression is only valid for sufficiently smooth and simple shapes and
for the on-axis part of the pulse (that is what is left after a subsequent spatial filtering).

An illustration of the effect of the time window 7" is given on figure 7 (c) that shows
the intensity trace of a pulse delayed using a 4f pulse shaper. As the programmed delay
moves away from 0, the pulse peak intensity decreases and follows a gaussian envelope
of FWHM in intensity of around 24 ps, which corresponds to the temporal window T
[60].

3.2.3. Spatio-temporal coupling

Let us describe more precisely the way the 4f-line acts on the beam. The first grating
is coupling each frequency w into a given direction k, and the first lens (or mirror) is
mapping k., to a given position X, in the Fourier plane. As a result, the position X
in the Fourier plane corresponds both to a certain spectral component and to a certain
direction (i.e. a certain spatial frequency). The part of the mask lying at X, thus acts
simultaneously on both w and k, and this is the origin of the spatio-temporal coupling.
After going through the second half of the 4f-line, all the components are back together.
At the output of the pulse shaper, the net result of spatio-temporal coupling is that the
transverse profile of the beam is modulated accordingly to the temporal pulse shape of
the pulse.

For example in the case of a delay, the mask is a linear phase applied to both
frequencies and spatial frequencies. The shaped pulse is thus shifted in time, but also
shifted along the transverse coordinate. This is illustrated on figure 7 (a) where we
have plotted the pulse profile versus time (horizontal axis) and space (vertical axis) for
various programmed delays: as the delay is changed, the pulse appears to move along a
slanted line (black dash) which slope is precisely the spatiotemporal coupling speed wv.
Several articles [62, 63, 64], including recent ones [65, 66] have covered spatio-temporal
coupling in details.

Spatio-temporal coupling is inherent to all programmable pulse shapers and in
particular 4f line pulse shapers and cannot be avoided, in particular when asking for
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Figure 7. Space-time coupling in the case of a delay: (a) Theoretical plot versus
time and transverse position of a shaped pulse for various programmed delays. (b)
Cross-section of plot (a) along the axis of propagation (transverse position = 0). (c)
Experimental cross-correlations of shaped pulses for various delays.

complex waveforms or when pushing a 4f pulse shaper to its limits. One simple test to
determine if spatio-temporal coupling is negligible is if one is able to shape the phase
without affecting the amplitude of the pulse (a m-step spectral phase could be a good
test has demonstrated in [64]). However, its effect can be reduced by designing a 4f-line
with a spatio-temporal coupling speed v as small as possible. Impressive results have
been obtained in open-loop coherent control approach which clearly demonstrate that
this effect is not detrimental for these experiments[38, 36].

3.8. Most common Masks

Nowadays different kind of masks can be placed in the Fourier plane of a 4f-line to
form a pulse shaper. We propose to describe more in details the liquid crystal and the
acousto-optic modulator masks, which are the most representative in the field. Some
others are also available and will be briefly mentioned afterwards. For all these masks,
one important parameter is the total refreshing time which is the time required to obtain
a given programmable waveform. This time includes the loading time depending on the
data transfer mode (USB, GPIB, etc...) and the physical refreshing time depending on

the mask itself ( for example, orientation of the liquid crystal, travelling time of the
acoustic wave, movements of the actuators...).
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3.3.1. Liquid crystal masks

Each pixel of a Liquid Crystal Spatial Light Modulator (LC-SLM) is a programmable
waveplate controlled by voltage. LC-SLM consists of a thin layer of nematic
liquid crystal placed between two glass substrates. One substrate is covered with
transparent ITO (Indium Tin Oxide) electrodes which allow applying a particular
voltage independently to each pixel. The nematic liquid crystals are small rods which are
oriented parallel to the substrate when no voltage is applied. Their anchorage direction
is fixed by brushing of the electrodes. When a voltage is applied, the nematic tend
to align along the field. This modifies the birefringence of the medium, leading to a
modification of the optical path for light polarized along the anchorage direction. For a
frequency w, the pixel acts as a waveplate which phase ¢ is given by

b(w, U) = wAn(w,U)ecr, (22)

C

where An(w, U) is the index difference between slow and fast axis, U the applied voltage,
and ecy, the liquid crystal thickness. The pixels have a typical width of 97 ym with a
gap of 3um (cf figure 8(a)). This gap-zone is not really controlled and will lead to
undesirable effects (see below).

To achieve amplitude and phase shaping, two spatial light modulators are needed
with anchorage direction at +45° and —45° with respect to the horizontal axis. By
placing horizontal polarizers at both the input and output of the 4f-line, the complex
transfer function of one particular pixel k can be written as

O1(wi) 'QF ¢2(Wk)> o8 (¢1(Wk) ; ¢2(Wk))

Hj = exp ( (23)
where wy is the frequency impinging on pixel k. ¢; and ¢, correspond respectively
to the phase introduced by the first and second LC-SLM. With the same set-up, it is
also possible to shape phase and polarization, by removing all the polarizers [56]. In
that case, however one should keep in mind that most of the usual optics (mirrors,
beamsplitter, gratings, ...) are polarizing elements that can alter the waveform.

Alignment and calibration

Performances and accuracy of the pulse shaper are strongly correlated to the quality
of the alignment and the calibration. At least three steps are necessary to obtain a
reliable pulse shaper that can be used in open-loop. We will describe these steps for a
4f-line fitted with two LC-SLM (to shape both phase and amplitude).

e The first step consists on a careful alignment of the 4f-line. This step depends
on the chosen geometry and optical components. Several geometries with varying
degrees of compacity and optical aberrations [67, 68, 69, 70, 60] have been used.
We will focus on the folded geometry [60] as depicted on figure 8(b) as it is easy to
align and almost aberration-free. In this line, distances are such that the grating is
in the front focal plane of the cylindrical mirror and the folding mirror in its back
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Figure 8. (a) 640 pixels Liquid Crystals spatial light modulator. (b) A folded
zero dispersion line geometry with almost no optical aberration. G : grating; IM :
intermediate mirror; CM: cylindrical mirror; FM: folding mirror; SLM : liquid crystal
mask.

focal plane. The input beam is first diffracted by the grating G, then sent to the
cylindrical mirror CM via an intermediate flat mirror IM. The cylindrical mirror
focuses each spectral component to a given transverse position in the Fourier Plane.
A folding mirror FM is placed in this plane and sends everything back with a small
vertical tilt. The mask is situated as close as possible to the Fourier plane [63]
(it should stay within the Rayleigh range). The final step for the alignment is to
check that the device is really a zero dispersion line by measuring both input and
output pulses duration (Autocorrelation or a self referenced technique can be used
as mentioned in section 4 on characterization techniques).

e The second step is to calibrate the introduced phase ¢(w,U) as a function of
both voltage and frequency, for each LC-SLM. In principle, each pixel should
be calibrated independently and at the specific frequency that impinges on it.
In practice however, things are way simpler. First, the LC-SLM is usually
homogeneous enough to use a unique voltage calibration for all the pixels. Second,
from the voltage calibration at one specific frequency w.,;, we can derive the voltage
calibration for any frequency:

w  An(w,0)
Weal An(wcal ) 0)

(b(wv U) = ¢(wcal; U) ’ (24)
A simple way to calibrate the phase is to place the LC-SLM between two
horizontal polarizers, illuminate with a monochromatic laser at w., and measure
the transmitted intensity ., as a function of the voltage U applied to all the pixels
of the mask*. From equation 23, we get that I, (U) o [cos(¢(wea,U)/2)]°. In

* In the case of a dual LC-SLM, each LC-SLM is calibrated independently, while the second one is
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theory, it is easy to invert this relation and retrieve ¢(weq, U). In practice however,
problems arise at each extrema of I.,;(U) where the retrieved phase gets noisy and
highly distorted. To overcome this difficulty, a waveplate is added next to the
LC-SLM to introduce a variable phase ¢, so that the transmitted intensity now
reads:

Leat(U, dup) o [c08 ($(Weat: U)/2 + bup/2)]” (25)

By repeating the voltage calibration for various ¢,,, we get a set of transmission
curves with shifted extrema as shown in figure 9, top curves. By combining the
retrieved phase from each curve we obtain a phase-voltage calibration that is
distortion-free across the whole voltage range as shown on the bottom curve of
figure 9.

e The last step is to calibrate the dispersion of the pulse shaper, i.e. the mapping
(Xk, wg). The non-linear dispersion law is known and can be written as:

X(wg) — Xo = f.tan {arcsin (% - sin(@i)> — arcsin (% — sin(@i))l (26)
where X, is the position of the k'™ pixel, w; the frequency on the pixel k, X,
the position of the central frequency, wy the central frequency, f the focal length,
d the grating period, and 6; the incident angle. The adjusted parameters in the
experiment are X, and 6;. Practically, we measure the spectrum of the output
beam using a well-calibrated spectrometer with at least the same spectral resolution
than the 4f-line. To pair the frequency wy with the pixel k, we program a zero
transmission at the pixel k£ or a m-jump between the pixel £ and k + 1. This leads
to a hole in the spectrum easy to spot. Knowing the dispersion law (equation
26), ten points across the spectrum are sufficient to precisely calibrate the spatial

dispersion in the Fourier plane. This calibration is required each time the alignment
of the 4f-line is modified.

Results

The LC-SLMs have been among the first arbitrary masks used in a 4f-line. They have
been widely and successfully used in a broad domain as pulse compression[71], coherent
control with high/low repetition rate laser[33, 34, 3, 35, 36, 37, 38|, biological imaging
6], in quantum optics [40] and recently to cool molecules|[72] but also to control ablation
processes|73].

Thanks to their wide transparency window, they can be used on a broad spectral
range from the IR to the UV (cf Table 2). They have been carefully studied by several
groups and used to do spectral phase shaping, as well as phase and amplitude [11] or
polarization shaping[56]. They are commercially available and sold by several companies
leading to a variety in term of geometrical aperture, number of pixels, refreshing rate,
anti-reflection coatings. The Table 2 outlines some of the available devices, given

switched off.
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Figure 9. Phase-voltage calibration at 795nm of a CRI-128 LC-SLM: Top curves:
transmitted intensity as a function of the applied voltage, for several orientation of
the waveplate; the position of the extrema depends on the extra phase added by the
waveplate (dashed line is a guide to the eye). Bottom curve: Reconstructed phase as
a function of the voltage.

some technical characteristics as the number of pixels, the type of control, the damage
threshold....

To illustrate the abilities of LC-SLM 4f-line, the figure 10 shows experimental data
obtained with our high resolution pulse shaper [60]. It is composed of one pair each
of reflective gratings (with 2000 gr/mm) and cylindrical mirrors (f = 600mm). Its
active elements — two 640 pixels LC-SLM from Jenoptik — are installed in the Fourier
plane. This provides a high resolution of 0.06 nm/pixel [60], with a typical 24 ps time
window. The shortest temporal feature obtained in this experiment is 94fs. On figure
10, three examples are presented: (a) three equal amplitude pulse pairs with relative
intensity 1/2:1:1/3, (b) a square pulse of 700 fs, and (c¢) three pulses with cubic, flat, and
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Figure 10. Three experimental waveforms(black dots) are presented: (a) three equal
amplitude pulses pairs with relative intensity 1/2:1:1/3, (b) a square pulse of 700 fs,
and (c) three pulses with cubic, flat and quadratic phase. The solid red line is the
analytical desired wave form intensity.

quadratic phase. For each example, black dots correspond to the experimental result
whereas the solid red line is the analytical desired wave form. The effect of gaps and
spatial profile (gaussian temporal envelope) is almost compensated for in the applied
mask.

Limitations

As mentioned above, inside the gaps of a pixelated LC-SLM, the phase is not
controlled. In a first approximation the LC’s behave as though there were no applied
voltage. All the gaps thus have the same transmission and a small fraction of the whole
spectrum is transmitted through the gaps, leading in the time domain to a small replica
of the input beam at ¢ = 0, clearly visible in figure 11(a), where a chirped pulse has been
programmed. It is possible to compensate for this gap replica by programming a replica
of similar intensity but in opposite phase: they will cancel each other by destructive
interferences. As the behavior in the gaps is not controlled, an iterative procedure is
often needed [63] to find the right compensation replica.
The second main limitation is the pixellisation. Pixels are regular discrete elements.
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Figure 11. (a) Cross-correlation of a chirped pulse with a reference ultrashort pulse.
The gap-replica is clearly spotted. (b) Cross-correlation of two delayed pulses : +15 ps
( black solid line) and +20 ps (gray solid line); Replicas due to the pixellisation of the
mask are clearly seen respectively around -20 ps and -15 ps. Their temporal broadening
is due to the non-linear dispersion in the Fourier plane. T, is the period of the replicas,
given by the spectral pixel size.

Their width in the spectral domain is denoted dw. The mask thus induces a discretized
transfer function in the frequency domain. By Fourier transform, the impulse response
is a periodic function [74] with a period T,., = 27/dw. The figure 11(b) presents
two examples of delayed pulses which have been programmed at ~ 15ps and ~ 20 ps
using our high resolution pulse shaper[60]. For each one a chirped replica appears
respectively at ~ —20ps and ~ —15ps, which correspond to the period 7., ~ 35 ps.
This value is in agreement with the pixel size in the spectral domain éA = 0.06 nm
(i.e. dw ~ 0.177rad/ps). The replica is chirped due to the non-linear dispersion in the
Fourier plane. However the gaussian temporal window (due to the spatial profile in the
Fourier plane) will attenuate the replicas situated close to the edge of the window.

To exploit the spatial resolution of the mask, the incident frequency components
should be focused to a spot size comparable with or less than the pixel width. If the
spot size is too small, replica waveforms that arise from discrete Fourier sampling will
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not be attenuated. If the spot size is too big, the blurring of the mask will give rise to
substantial diffraction effects [63].

Finally, concerning the physical refreshing time, as mentioned above, it is defined
by the time required by the liquid crystal to be oriented (hundreds of usec). Contrary to
acousto-optic devices that rely on a travelling wave (see next section), once oriented, the
LC stay still and the waveform is stationary. This means that the physical refreshing
time doesn’t limit the repetition rate of the laser. LC are often used with oscillator
sources.

3.8.2. Acousto-optic modulator masks

Use of acousto-optic modulator (AOM) as a SLM has been developed by Warren
and coworkers [75, 76] in 1994. The spatial mask pattern is driven by a temporal
radiofrequency voltage signal, converted into a traveling acoustic wave by a piezoelectric
transducer [77]. Scaled into space by the acoustic velocity (v,.) in the AOM crystal, it
acts as a refractive index grating. The grating period is given by the local wavelength
of the acoustic waveform (A = v,./v) where v is the RF drive frequency. This waveform
can be simultaneously phase, amplitude and frequency modulated through appropriate
RF synthesis. Fach spatially dispersed frequency component is then diffracted (see
figure 12) with the appropriate phase and amplitude which leads to the desired Fourier
transform pulse shaping.

Waveform
generator

Shaped

1 t
pulse in puise ou

Figure 12. Programmable pulse shaper based on the use of a 4f-line and an Acousto-
Optic Modulator. A radio frequency wave is generated and converted to an acoustic
wave by a piezoelectric modulator. This traveling wave acts as a diffractive grating
mask. v, is the acoustic wave velocity, 1 is the aperture of the AOM.

The acousto-optic effect is based on a parametric interaction [77]. As in parametric
effect, a phase matching condition has to be fulfilled. The efficiency of diffraction in
different orders is given by the phase mismatch ¢,, between the diffracted wave in the
m*™ order and the free acoustic and optical waves:

Om o< Ak L o Q (m _ o 90) (27)

sinfp
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with the Bragg angle given by :
Ao

2nA
This angle maximized the first order diffraction. n is the refractive index of the L-

sinfp = (28)

thick-crystal, A\¢ is the optical wavelength, A is the acoustic wavelength and 6, the
incident angle of the optical wave on the acousto-optical modulator. () is a dimensionless
parameter, usually used to classified AOM regimes. It is defined by :

L _ 27T)\0L
Leff B nA?

Q=2m (29)

where L.¢s is an effective length.

e In the Raman-Nath regime, the AOM is described as a thin grating L << L.y
which corresponds to () < 1. This leads to a good phase matching for the different
orders as can be seen on equation 27. Moreover, it has been shown that the
efficiency scales quadratically with acoustic amplitude [76]. This regime allows
the best spatial resolution but a limited efficiency around 30%.

e For ) > 4w, which means L >> L.¢s, the AOM works in the Bragg regime. Once
again, regarding equation 27, the mismatch will increases dramatically with the
order of diffraction. Phase matching for the first order is obtained at Bragg angle.
In this regime, the efficiency could in principle reach 90%.

A good compromise between efficiency and resolution for pulse shaping application
appears to be for Q ~ 4x([76].

Alignment and calibration

The first step to use the shaper consists on a careful alignment of the 4f-line as for
LC-SLM. Then the AOM is placed in the Fourier plane and tilted until it reaches the
Bragg incidence angle. For TeO, (\g = 780nm, n = 2.26, v, = 4,2.103m/s and
v = 200 MHz), this gives 6 = 0.47° inside the crystal corresponding to 1.1° in air [76].
The second grating should be moved to compensate for the diffraction. The set-up,
shown in figure 13, is particularly well suited for AOM masks [61, 78]. Its advantage
is the presence of two folding mirrors at each side of the AOM, which allows an easy
compensation of the tilt induced by the AOM.

The next step is to calibrate the RF time versus the optical frequency and leads to a

mask function M (w) = f(tgr = aw). Ref [79] details the procedure of this experimental
calibration. An experimental trace is shown on figure 14.

Results
First let us briefly describe the main operating characteristics of an AOM (a complete
overview can be found in [76]).

e The refreshing rate is limited by the travelling time of the acoustic wave across
the modulator aperture [ (figure 12). For TeO, (typical AOM crystal used in
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Figure 13. Experimental set-up of a 4f-line with an AOM spatial mask. A first
alignment of the line is done without the AOM. In a second step, the folded mirrors
(FM) are used to compensate for the AOM deflection. The first one is used to enter
the AOM at Bragg angle whereas the second is used to compensate for the diffraction
angle.
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Figure 14. Taken from ref [79]. Calibration curves for AOM pulse shaper. A: each
line represents a shaped spectrum created with a short RF pulse delayed in time in the
AOM. Each delay corresponds to a different spatial position on the AOM leading to
a different spectral position. This figure is used to calibrate the pulse shaper response
function with respect to amplitude and time. B: data from A viewed as a contour plot.
The solid red line fits the data, the coordinates are then used to calibrate the RF time
with respect to optical wavelength.

the visible and the NIR), the acoustic velocity is v,. = 4.2mm/us. In [76], the
modulator has a 4.3 cm aperture, which leads to a corresponding time aperturef
AT = 1/vs. = 10pus. With such parameters, the diffraction pattern can then be

updated on the microsecond time scale.

e The shortest resolution available is now given by the shortest acoustic feature size
0z, which can be compared to a pixel in LC-SLM. The number of control parameters

# This time is, for the acoustic device, the physical refreshing time defined above.
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is given by an effective number of pixels :

NfT = % = ATAf (30)
where A f is the modulation bandwidth of the AOM, 1 is the AOM aperture. It leads
to approximately 900 effective pixels in ref [76]. The real resolution of the shaper
is given by the combination of N;i’;f and 4f-line properties described above. The
typical complexity already obtained experimentally is in the order of few hundreds
(around 200 for ref. [78] and 500 for ref. [61]).

Several groups have used this mask particularly well suited for optimal control
80, 81, 82, 83, 84]: the refreshing rate can be as high as 100 kHz for typical AOM-shaper.
It has also been used for pulse compression [78, 80, 85] as well as coherent control [86, 87]
and for multidimensionnal spectroscopy [88, 85, 5]. Several materials with acousto-optic
properties are commercially available which allows exploring a very broad spectral range
from the UV using fused silica[78, 89] to the mid IR using germanium[61]. This latter
is really a challenge while it allows implementing coherent control scheme on molecular
vibrational transitions excitations[84]. In this spectral range, it is probably the best
technique for pulse shaping.

Figure 15[76], shows an example of complex phase and amplitude shaping. The
source is a femtosecond oscillator with 82 MHz repetition rate, a pulse picker reduces
it to 20kHz (The acoustic refreshing rate is in the order of 100 kHz.). The waveform
consists of an initial Fourier-Limited pulse followed in time by a replica, a linearly
chirped pulse with a quadratic spectral phase, a cubic spectral phase pulse and finally
a quartic spectral phase pulse.

25
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Figure 15. Taken from ref [76]. Dashed line : intensity cross-correlation trace of a
shaped femtosecond pulse using AOM-SLM. The waveform used consists of an initial
Fourier-Limited pulse followed in time by pulses shaped with linear, quadratic, cubic
and quartic spectral phase. Solid line : theoretical trace.

An other example in mid-IR is shown in figure 16[61]. It consists of a linearly
chirped pulse at 4.9 um and its corresponding Wigner function.
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Figure 16. Taken from ref [61]. (a) Wigner diagram obtained from (b). (b) Cross-
correlation of a linearly chirped shaped pulse at 4.87 ym or 2050 cm ™! in the mid IR.

Limitations

The non-linear geometry of the 4f-line and the nature of the interaction lead to
different limitations than LC-SLM 4f-line. A detailed review of them can be found
in ref [76], and is summarized here.

Figure 17. Ilustration of the limitations due to the geometry and the thickness
of the interaction. The spectrum is dispersed along the vertical direction and three
monochromatic frequency components are plotted. To keep the same spatial resolution
across the thickness L of the AOM, the average diameter of the beam weg must be
less than the minimum acoustic feature. Due to the phase matching angle (6g), the
Fourier plane (FP, dashed dot line) is not in the median plane of the crystal. This
limits the available aperture of the device.

e Each acoustic grating pattern appears frozen during the interaction with a
femtosecond pulse. As it has to be synchronized with the optical pulse, the
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repetition rate of the laser is limited. An optical pulse is diffracted each physical
refreshing time A7 of the modulator. With the numerical values above[76], this
gives a repetition rate that has to be below 100 kHz.

e Due to the phase matching angle 65, the effective optical spot size has a diameter
weg which should be smaller than the minimum acoustic feature in order to
maximize the resolution. Moreover, also due to this phase matching angle, the
Fourier plane (FP, dashed dot line) is not in the median plane of the crystal. To
allow interactions with a good resolution, the focus of each spectral component
should be included in the crystal (modulo their Rayleigh length zg). Thus, the
angle between the Fourier plane and this median axis fixes the available optical
bandwidth and the acoustic frequency (equation 28). As the acoustic bandwidth
is generally proportional to the acoustic frequency, this fixes also the minimum
acoustic feature and thus the achievable complexity.

e The geometry of the line introduces also dispersive effects. First, the path lengths
vary significantly for different optical frequencies (longer for the blue than the red,
see figure 12). This effect which is in the first order quadratic has to be compensated
for. A second effect is related to the Bragg angle and its dependence on optical
frequencies. The mismatch is much more important for short(broadband) pulses
and limits the extension of AOM pulse shaping to very short pulses.

e Finally, the absorption of the acoustic wave limits the crystal length and non-linear
effects on the acoustic waves imposes to work at relatively low efficiency. Moreover
it is sometimes required to work in a closed loop regime in order to compensate for
this effect and to reach the desired optical waveform.

3.3.3.  Other masks
In parallel with the two main spatial light modulators (LC-SLM, AOM), others masks
have been developed for specific applications :

e MMDM : This micro-machined deformable mirror is commonly used for wave-front
correction of non-linear effects. It is composed of a coated membrane suspended over
an array of actuator electrodes on a printed circuit board[90]. The deformation of
the reflecting surface is governed by electrostatic force. Such MMDM mask placed in
the Fourier plane of a folded 4f-line allows smoothly varying phase only modulation,
in addition to low losses and relatively high actuator density. It represents a fairly
low cost solution which could be extended on a very broad spectral range depending
on the coating of the mirror. Compression of ultrashort pulses down to 15 fs[90] as
well as more complex pulses shaping[91] have been obtained.

e MEMMS : This is a micro-electro-mechanical system placed in the Fourier plane of
a folded zero dispersion line. It consists of an array of independently addressable
piston-type micro-mirrors, which are fabricated by surface-micro-machining. The
device is activated by applying a voltage between the mirror and the address
electrode, which causes the mirror to move back[92]. The choice of the coating
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allows high efficiency from the UV to the NIR. Compressions as well as complex
pulses obtained by phase modulation have been demonstrated by several groups|[92,
93, 94]. The main drawback is the appearance of strong replicas due to both
pixellisation and the large gaps between the mirrors.

e 2D-LC-SLM : This is a phase only LC-SLM consisting of a matrix of pixels. The
spectral components of the pulse are spread across the horizontal dimension, and
a sawtooth phase function is applied along the vertical direction by the 2D LC-
SLM to each frequency component[95] (the period of this function determines the
direction of the first-order diffracted light). The spatial phase (i.e. vertical position)
and amplitude of the sawtooth pattern can be varied for each spectral component
to modulate the phase and the amplitude of the diffracted light [57]. Depending on
the way the sawtooth phase function is used, a high efficiency or a superior dynamic
range of modulation can be obtained [96]. Complex pulse shapes as well as simple
compression have been successfully demonstrated[57, 96].

Table 2 gives an outline of the main technical characteristics of available masks presented
in this section. Technical details as control type, parameters number, efficiency,
refreshing rate and damage threshold, are given when they are available in the cited
reference.

3.4. Shaping by phase transfer

The second approach to shape the amplitude and the phase of an ultrashort pulse is to
perform frequency mixing between the input pulse and a control field f(¢) which can be
either in the optical or in the acoustic domain.

3.4.1. Acousto-Optic programmable Dispersive Filters (AOPDF)

4f pulse shaper is one of the oldest and most widespread apparatus for pulse shaping.
However an alternative system has appeared in the 90’s called AOPDF or Dazzler™
in its commercial name (Fastlite). It is based on the acousto-optic interaction between
a controlled acoustic wave f(t) and an optical ultrashort pulses F(t) [99, 100]. The
interaction is similar to the Bragg diffraction which occurs in chirped mirrors. In this
latter, the grating is permanent, fixed by the dielectric coatings. In the AOPDF, the
acoustic wave creates a longitudinal transient grating which maximizes the interaction
length. Practically, the acousto-optic crystal is highly birefringent for the acoustic as
well as for the optical waves. In the crystal, the acoustic wave shapes by diffracting
the ordinary incoming optical wave to the diffracted extraordinary optical wave. Thus
optical pulse shaping in phase and amplitude is achieved through anisotropic interaction.
The change of polarization is produced by the anisotropic interaction which is different
from the isotropic interaction in AOM spatial light modulator.

As shown on figure 18, the input optical pulse is chosen to propagate along the

ordinary axis(fast axis).
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Control Poram. Refresh. Damage
Mask Ref | Ao (nm) type tnher Efficiency | rate threshold
(Hz) (GW/em?)
[97] 400 Amplitude 2*%648 85% >1.3 (395nm, 301s)
LC 69] | Vis Phase 2128 85% ~10 | 4 (890 nm, 50 fs)
(pixelated) [ 150 | 800 | Polarization |  2%640 95% 300 (800 nm, 45 fs)
9] | 260 170 8%
78] 400 200 NA Fused Silica : NA
AOM [98] Vis Amplitude 900 NA ~ 10°
76] | 800 Phase 900 30-90% TeO, : 0.1
[61] | 4900 500 80% Germanium:NA
MEMM | [93] 266 240*200 NA Aluminium
(pixelated) | [92] | 400 Phase 240200 85% ~ 10? coating
’ MMDM ‘ [90] ‘ 800 Phase 3*13 ‘ 97% ‘ ~ 103 Gold coating
2D LC | [95]| 805 | Amplitude | 4807480 | ~50% | NA NA
(pixelated) | [96] 800 Phase 1920*1080 | ~ 55% 60 NA

Table 2. Summary of available Spatial Light Modulators for 4f-line based pulse
shapers and few characteristics used in experiments of cited references. LC : liquid
crystal, AOM : Acousto-Optic Modulator, MEMM : Micro-Electro Mechanical Mirrors,
MMDM : Micro-Machined Deformable Mirror and 2D LC : a 2D Liquid Crystal device.
Ao is the laser source wavelength used in the references, the control type shows for which
shaping SLM can be used, parameter number is the independent points of control of
the mask. The efficiency is the transmission (LC), diffraction (AOM) or reflection
coefficient. The refreshing rate gives the refreshing pattern frequency of the mask
and finally the damage threshold is indicated with the source used for its evaluation.

NA : characteristic not available.

Ordinary
(fast axis)

4

Extraordinary =
(slow axis)

Figure 18. AOPDF principle: By diffraction on the acoustic grating through an
acousto-optic interaction, the different spectral components can be switched to the
extraordinary axis at different positions in the crystal.



CONTENTS 29

The different spectral components are diffracted on the extraordinary axis when
the wave vectors and frequencies fulfill the phase matching condition and energy
conservation:

Kaifr (Waifg) = Kac (Wae) + Kin (win) (31)
Wdiff = Win + Wae = Wip (32)

where diff denotes the diffracted optical beam, in the input optical beam and ac
the acoustic wave. This means that the spectral components can be switched on the
extraordinary axis at different positions in the crystal, by changing the frequency wg.
along the crystal. As the group velocities on the ordinary axis and the extraordinary
axis are different, one gets a different arrival time at the output of the crystal for each
wavelengths. This time depends on the phase matching between the acoustic and the
optical frequencies. Moreover the acoustic intensity at the switch location controls the
amplitude of the diffracted spectral component.

The shape of the diffracted wave thus depends on both the switch position and the
local acoustic intensity. One can write in the spectral domain :

Eaipp(w) o Eip(w) - f(yw) (33)
(34)

or equivalently in the time domain :

Euaip(t) o< Ein(t) @ f(t/7) (35)

where the scaling factor v = wy./w =~ (v4.0n)/c(~ 1077 in TeOy). dn is the crystal
optical anisotropy, v,. the acoustic wave velocity. This factor v allows transfering the
acoustic waveform to the shape of the optical wave.

The shaping properties of the AOPDF have different origins than 4f-line shapers
and have to be properly defined:

e As for the other pulse shapers, it is possible to define a time window in which it is
possible to shape the pulse. This window has a different physical origin than for a
4f-line and is mainly determined by the crystal thickness and its anisotropy. The
shortest programmable delay is fixed by a complete propagation along the ordinary
axis while the longest delay corresponds to a propagation along the extraordinary
axis. The difference between both gives the maximum time window :

Trnaz = 0Ny COS2(¢9m)% (36)
where L is the length of the crystal and ény the group index difference. For a 25
mm TeO, crystal [100] this gives Ty0r >~ 3ps at 800 nm and for a 72 mm KDP
crystal Thae =~ 7ps at 300 nm[101]. Usually a part of this window is used to self-
compensate for the dispersion due to the propagation in the acousto-optic crystal
itself. This leads, in general, to an available time window of few ps .
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e The resolution is given [102] by:

B 0.8 A2
~ oncos?(6,) L
where 6;, is the angle between the incident wave vector and a reference

S\ (37)

crystallographic axis. The resolution is typically equal to 0.25nm at 800 nm and
down to 0.1 nm at 266 nm for commercially available devices.

e The number of control parameter, N,,, is given by the number of resolution points
in the programmed diffracted bandwidth. In the case of phase only shaping, this
bandwidth has to be broad enough to diffract all the optical components with a
nearly constant amplitude. Experimentally, it is set to three times the optical
bandwidth, which gives:

AN onL . 3AX

N, = — = —— L
TSN 0.8 0% VinTyz (38)

For a 72 mm KDP crystal (6;, = 48.5°, n = 0.045 and A\ = 3nm at 410 nm)
[101], this gives N, ~ 100 and around 400 in the IR [102].

e The efficiency depends on the phase matching, the length of the crystal, the merit
factor of the crystal, the wavelength and finally the acoustic power. A detailed
theoretical description can be found in [102].

Design and alignment

Taking into account the value of the scaling factor v, the acoustic wave should have a
frequency value around tens of MHz to allow the shaping of visible wavelength (hundreds
of THz). The acoustic wave is a progressive wave which is synchronized with the optical
wave. It is generated by a transducer glued on the crystal and monitored by a high
frequency synthesizer (cf figure 19).

TeO; crystal

Input optical

“. _Acoustic wave

................

Reflection o; \ _- S R

the input face :‘f‘_ > ~
-

Reflection on Transducer

the output face

Adaptation
circuitry

U SMA plug

Figure 19. Experimental view of the AOPDF (courtesy of N. Forget) : the optical
wave propagates collinearly with the acoustic waves induced by the transducer glued
on the acousto-optic crystal(here TeOs). The optical wave is diffracted on the acoustic
wave and the shaped pulse goes out of the AOPDF following the diffracted beam
direction. The size of the apparatus is few cm in the IR-visible and around 10 cm in
the UV.

The crystal angle is chosen to maximize the compromise between efficiency and
resolution [102].
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In practice, two experimental parameters are important :

e The alignment of the beam within the AOPDF has to be performed carefully.
The beam has to enter the AOPDF horizontally, in the center and normally to
the inner face (auto-collimation). The best resolution is achieved when the beam
is carefully collimated. The fine angular alignment of the device is made by
shaping the diffracted optical beam with a thin hole in amplitude and looking
at its spectrum. The corresponding spectrogram will present a hole which can be
spectrally shifted by rotating the AOPDF. Once the hole is at the same wavelength
than the programmed one, the phase matching condition is fulfilled and the AOPDF
aligned.

e Due to the difference of speed in the crystal, the acoustic wave is seen frozen by the
optical one. However, it is a traveling wave and it has to be precisely synchronized
with the optical wave. To avoid any spectral clipping, the acoustic wave should be
centered in the crystal when the optical waves enters in it.

Results

The AOPDF has been often used at the input of an amplifier in order to compensate
for high order dispersion leading to impressive results in the IR [103]. Intense shaped
pulses have also been obtained directly at the output of a visible amplifier [104],
leading to pulse duration around 30fs (see figure 20 (a) : output autocorrelation,
(b) output spectrum). Many other applications have been demonstrated as high
harmonic tunability [105], compression of fibre amplifiers output [106], coherent control
experiments [107]. AOPDF are now available for wavelength ranging from 200nm
[108, 101] to 2 um. The figure 20 (c) and (d) present a 13-pulse sequence obtained at
266 nm. Improvements are under studies to fabricate an AOPDF in the Mid-IR [109].

Limitations

e Main limitations of the AOPDF are related to the fact that it is basically an acousto-
optic modulator. For example, the traveling time of the acoustic wave in the crystal
limits the repetition rate of the laser : the acoustic wave has to be refreshed for
each incoming optical pulse, which limits the repetition rate to hundreds of kHz.
As in AOM 4f-line, non-linear effects as well as absorption will also occur on the
acoustic waves.

e Other limitations are strongly linked to the nature of the interaction : Shaping is
done by delaying the different spectral components. So on the one hand, in order to
have a good efficiency in the interaction, the acoustic wave has to be spread along
the whole crystal and on the other hand, the spreading of the acoustic wave in the
crystal is mainly governed by the programmed shape. This means for example that
programming a strongly chirped pulse will lead to a more efficient interaction than
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Figure 20. Results obtained with an AOPDF. In the visible range: (a) autocorrelation
of the output of a NOPA compressed by the AOPDF and (b) corresponding spectrum.
In the UV range (270nm): cross-correlation of a 13-pulse sequence with a reference
ultrashort pulse at 800 nm (c) and corresponding spectrum (d).

programming a short pulse which implies that all the optical frequencies will be
diffracted on a very short time [110].

e Non-linear effects on the optical waves will be more important due to the fact that
the pulse is not spatially dispersed as it is in a 4f-line, leading to higher fluence.

e Finally, as frequency components are diffracted at different position in the crystal,
it will suffer from spatio-temporal coupling.

3.4.2. Non-linear frequency mixing

The prospect to generate arbitrarily shaped optical pulse has triggered significant
developments in many fields of fundamental and applied research. This leads to a
great effort to extend the spectral ranges where such shaped pulses are available. One
way which has been detailed above consists on developing pulse shapers in different
spectral range. Another option consists on using non-linear mixing to transfer the
shape of the control pulse obtained easily in the NIR range to another wavelength
range. Interesting results have been obtained in the mid-IR [111, 112] as well as in
the UV range [113, 114]. However, this phase transfer occurs with constraints in terms
of phase matching conditions, energies, bandwidth. For example, when sum frequency
mixing a control field with an independent field, the technique is linear. However, this
is no longer true when generating the second harmonic of a control field. In particular
many works have demonstrated that the shape of the input pulse can completely alter
the bandwidth of the SHG-generated pulse [115, 4]. As demonstrated in [116, 117], the
use of two chirped pulses allows a very efficient generation of second harmonic picosecond
pulses.
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3.5. Conclusion on pulse shaping

This section, albeit many pages long, only shows the tip of the iceberg of pulse shaping.
Before listing some achievements using different kind of pulse shapers, we would like to
remind few facts to keep in mind when dealing with a pulse shaper:

e The shortest feature at the output of the pulse shaper will always be governed by
the available optical bandwidth.

e The maximum temporal window 7" will be given by the set-up as well as the optical
beam properties (see section 3.2.2).

e Arbitrary pulse shapers provide a complexity n of few hundreds. This gives the
ratio between the bandwidth and the minimum spectral feature available in the
spectral domain or 7'/0t in the time domain. Sometimes a simpler device allows
achieving higher complexity (see Table 1).

Finally more than hundreds of references in various fields are using pulse shapers.
The table 3 presents some realizations of pulses shapers. They are sorted by shaper
type and wavelength range. When available, the input pulse properties are given as well
as the shaping type. Then main results are specified. This table doesn’t mention all
the specific references which detail analysis, limitations of those techniques. For this
information, the reader should refer to the corresponding sections above.

Shaper Ref Source parameter Shaping Main results
type Ao (nm) ‘ At (fs) type
[97] 400 35 p Compression of ultrashort pulse
800 40 in UV and IR using LC mask
Closed-loop compression down to 16 fs
[69] Vis <20 P-A | from a Non collinear Optic Amplifier
(NOPA)
. White-light shaping and amplification.
118 \% NA P-A
[118] . Production of different color pulses
A Tine 67] 778 20 Pol Contr‘ol 9f two photon absorption using
polarization shaping
n 160] 05 100 PA High res9lution (0.06nm/pixels) phase
and amplitude pulse shaper
LC 119] 200 70 PA First' use of two 4f-line shaper for
amplitude and phase control
. Complex phase shaping of ultra-broad-
lated 68 800 13 P
(pixelated) | [68] bandwidth pulses
[56] 800 80 Pol Polarization pulse shaping
(70] 300 20 P P.hase shaping improvement using 512
pixels

continued on next page...
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Shaper Ref Source parameter Shaping Main results
type Ao (nm) ‘ At (fs) type
[120] 200 20 P Robust and flexible set-up for pulse
shaping
121] 204 50 P High resolution (0.15 nm/pixel) phase
shaping using 640 pixels
Pulse shaping of octave spanning fs pulses
[122] 800 4.3 P with prisms-pulse shaper. Source
oscillator
Pulse shaping of octave spanning fs pulses
[123] 800 6 P with prisms-pulse shaper. Source
Amplifier+argon filled glass capillary fibre
Deep UV pulse shaping using fused silica
[89] 260 55 AOM
First implementation of direct UV shaping
[78] 400 100 using AOM
Closed-loop pulse compression in the UV
180 400 100 and optimization of CARS signal
_ ) Amplification and shaping of white light
A-line 98] Vis NA from a NOPA. 70 nm@620 nm.
n 75] 690 180 PA First implementation of AOM based pulse
shaping
AOM 81] - 20 Closed-loop optimization of the multipho-
ton transfer in the strong field regime
176] 730 90 Theoretical and experimental study of the
limitations in AOM based pulse shaping
Amplified pulse shaping (pulse shaper
[79) [ 150 placed in front of the amplifier)(200u.J).
Direct pulse shaping in the mid IR.
[61] 4900 140 Efficiency up to 30%
270 o
[108] 230 55 Co.mplex and tu@able shaping in the UV
404 using AOPDF with KDP crystal
Theory and experiments on UV AOPDF.
[101] 402 NA Efficiency up to 50%.
[104] 500- 20 Shaping at the output of a NOPA.
650 Efficiency up to 50% .
A Optimal Control and enhancement of the
AOPDF | [107] ~ 570 60 nm P-A | three-photon fluorescence from molecular
iodine

continued on next page...
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Shaper Ref Source parameter Shaping Main results
type Ao (nm) ‘ At (fs) type
First shaping using TeOy AOPDF. Com-
[100] 800 17 pression down to 17 fs was achieved by fine
phase and gain narrowing correction
[103] 200 10 Production of terawatt—.S(.:ale sub-10-fs
laser pulse at 1 kHz repetition rate
Enhancement of the efficiency and tuning
[105] 810 30 of the High Harmonic Generation using a
closed-loop
Amplitude shaping at 200 nm using SFM
Phase [113] 200 155 A of a shaped fundamental pulse and THG
pulse
UV shaping using SFM between a shaped
transfi 114 344 19 P-A
ratster [114] NOPA pulse and a stretched IR pulse
UV polarization shaping by SHG in
[124] 400 NA POL | two non-linear crystals of a polarization-
shaped IR pulses.
Mid IR Phase shaping by DFM of the
125] | 3000-10000 | ~ 200f; P
[129] i signal(1.1-1.6 pm) of an OPA and the idler
Mid IR Phase shaping by OPA process
[126] 3300 NA P-A using shaped IR pump pulse by an AOM
placed in a 4f line
Ph haping in th DFM
111] 12000 NA P ase shaping in t ? IR by between
two fundamental chirped pulses
Afline+ 93] 9266 100 Cc?mpression of deep UV broadened pulses
using a closed-loop
MEMM 94] 2390 20 P Phase control of tunz‘ijle UV pulse and two
photon autocorrelation
. First shaping using MEMM. Compression
lated 2 404
(pixelated) | [92] 0 50 and sinusoidal modulation
A linet 190] 200 15 P ngh order compression down to 15.2 fs
using a closed-loop approach
MMDM 91] 849 100 P Pr’ease pha:?“e control and characterization
using negative-feedback
Amplitude and phase shaping using a
2D LC 95 805 40 P-A
193] phase only 2D spatial light modulator
Comparison between two pulse shaping
(pixelated) | [96] 800 ~50 P-A | scheme in term of efficiency and modula-

tion

continued on next page...
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Shaper Ref Source parameter Shaping Main results
type Ao (nm) ‘ At (fs) type

Table 3: Table of arbitrary pulse shaping experimental
demonstrations; the first column mentions the shaper
type, the second column, the citation number, the third
and fourth column are the main source parameters
(central wavelength, duration). The shaping type can
be P : phase only, P-A : Phase and Amplitude pulse
shaping or Pol : polarization pulse shaping. Finally, in
the last column, the main results of the reference are
presented. NA : Characteristic not available. SFM : Sum
Frequency mixing; DFM : Difference Frequency Mixing.
SHG : Second Harmonic Generation. THG : Third
Harmonic Generation.

4. Characterization of ultrashort shaped pulses

4.1.  Prerequisite and generality

When looking for a characterization technique, beginners can be puzzled by the number
of available methods. Indeed, there exists a vast variety of methods, ranging from
simplistic and limited to the most complex and refined one. We won’t described all of
them here and interested readers are invited to read a recent review in this domain [13]
and the various articles of a special issue of J. Opt. Soc. Am. B on pulse characterization
[127] for a more exhaustive overview. We will restrict ourselves to the most widely used
methods, lying in three categories with increasing degree of complexity and refinement.
Methods lying in the first category are said to provide incomplete characterization of
the pulse. They usually give an estimate of the pulse duration or of the pulse intensity
envelope without allowing a full reconstruction of electric field £(¢). The most widely
used methods for incomplete characterization are presented in 4.2. The two other
categories contain referenced complete characterization methods, and self-referenced
complete characterization methods. All these methods allow a full reconstruction of
the electric field £(¢). The main difference between the first and the second category is
that methods lying in the first one necessitate the use of a fully characterized reference
pulse (see 4.3) whereas methods in the latter category do not need any (see 4.4).

In the following, we will indifferently refer to a pulse in the time domain by either
its real electric field £(t) or its complex counterpart E(t) as the latter usually leads to
simpler equations.
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4.2. Incomplete characterization methods

These methods are among the easiest to implement and are extremely widely used.
However, they provide limited insight in the pulse structure but are nonetheless useful
for a quick estimate of the pulse duration. The two methods we will present here are
based on non-linear correlation in a y® crystal, namely pulse autocorrelation and cross-
correlation between two different pulses. The former is more adapted to pulses close to
the Fourier transform limit whereas the latter can be used to get some insight on the
time structure of a shaped pulse using an ancillary short pulse.

In the following, we will assume that the y(®) crystal used is thin enough to avoid
any spectral windowing due to phase matching.

4.2.1. Autocorrelation

Autocorrelation is one of the oldest and most widely used method to estimate the
duration of a short pulse. The principle is the following: the test pulse is split in two
delayed replicas in a Michelson interferometer, both replicas are focused and spatially
overlapped inside a y® crystal. The intensity of the generated second harmonic is
recorded as a function of the delay. When both replicas are overlapping in time inside the
crystal, the second harmonic signal is increasing: the better the overlap, the higher the
second harmonic signal. There exists two different kind of autocorrelators: background
free intensimetric ones [128] and interferometric ones[129].

Intensimetric autocorrelator is described on figure 21: the two delayed replicas are
focused in the crystal with an angle. The second harmonic generated inside the crystal
contains three contributions: the upconversion of the first replica E(t) with itself, the
upconversion of the second replica E(t — 7) with itself and the cross-term between both
replicas. Due to momentum conservation rules, each contribution exits the crystal in
a different direction, the cross-term being on axis. Using a spatial filter, this term is
selected and sent to a slow photodiode. The electric field impinging on the photodiode

X(2)
E(?A_
Michelson /(? AN/

Figure 21. Intensimetric autocorrelator: the two delayed replicas are focused in the
crystal with an angle and only the cross-term of the second harmonic is recorded.

can thus be written as FEs(t,7) o< E(t)E(t — 7). The photodiode is assumed to be
slow compared to the pulse duration: in other words, the electrical signal it provides is
proportional to the integrated intensity of Fs(¢, 7):

S(7) oc/\Eg(t,T)\2 dt o /I(t)[(t—T) dt (39)
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The intensimetric autocorrelator thus gives access to the autocorrelation function of the
intensity envelope of the test pulse. It is said to be “background free” as the signal goes
back to zero when the two replicas are not overlapping in time. The main advantage
of such a device is its simplicity. However, it provides limited information on the pulse
itself. Indeed, to estimate a pulse duration from the autocorrelator signal, one has to
make an assumption on the pulse profile [128]. Moreover, the autocorrelation function is
symmetric in time, which means that a pulse preceded by a pre-pulse will give the same
signal than a pulse followed by a post-pulse. This time ambiguity can be particularly
limiting when trying to compensate for cubic phase terms. Last, the intensimetric auto-
correlator does not provide any information on what’s below the envelope. In particular,
a chirped pulse can give exactly the same autocorrelation signal than a longer Fourier
limited pulse.

The interferometric autocorrelator differs from the intensimetric one in that both
replicas are collinearly focused in the crystal. In this case, the electric field impinging
on the photodiode contains all the terms of the second harmonic and the signal is now:

S(7) o / |E(t)+ E(t —7)|*dt (40)

There are two main differences with the signal given by the intensimetric autocorrelator.
First, even when both replicas are not temporally overlapped, the signal is not zero as
it contains the upconversion signal from each replica: the interferometric autocorrelator
is not background free. Second, the interferometric signal exhibits fast oscillations
corresponding to the beating between the different terms in the second harmonic
generation. By Fourier analysis of these oscillations, the pulse spectrum can be retrieved.
Interferometric autocorrelator thus provides both an estimate of the duration and the
pulse spectrum, the combination of both allowing an estimate of the time bandwidth
product of the test pulse.

4.2.2. Intensimetric Cross-correlation
The two autocorrelation methods presented above works well for simple pulses close
to Fourier limited. However, they provide limited insight for complex pulses like pulse
sequences or strongly shaped pulses exiting from a pulse shaper. For this kind of pulses,
intensimetric cross-correlation with a short pulse is better suited. As shown on figure 22,
the only difference between cross-correlation and autocorrelation setups is that one of
the two replicas of the test pulse is replaced by an ancillary short pulse.
Such a cross-correlation set-up provides with a reconstruction of the intensity profile
I(t) of the test pulse, convoluted by the intensity profile of the short ancillary pulse. As
an example, figure 10 shows the cross-correlation signal obtained when using a 100 fs
ancillary pulse to characterize different complex shaped pulse sequences. One feature of
intensimetric cross-correlation is that the delay does not need to be optically stable (i.e.
with a jitter lower than the optical period). Moreover, ancillary and test pulses can be
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Figure 22. Cross-correlation: The test pulse E(t) is non-collinearly mixed with a
short one in a x(® crystal and the sum-frequency signal is recorded as a function of
the delay T between each pulse.

in different spectral domains. The only constraint is that the ancillary pulse has to be
coherent with the test pulse, and short enough to resolve its intensity structure. The
main limitation is that intensimetric cross-correlation does not give any information on
the phase. As an example, when characterizing a pulse sequence, the cross-correlation
signal will be independent on the relative phase between the pulses in the sequence [130].

4.3. Referenced complete characterization methods

Methods presented here allow for the full reconstruction of the electric field £(t) of the
test pulse provided a fully characterized reference pulse is available. As we have seen
in section 2.1, all the information concerning an ultrashort pulse is contained in its
electric field £(t), or equivalently in both its spectral phase p(w) and spectral amplitude
A(w). A complete characterization of a short pulse should thus give either £(¢) or both
p(w) and A(w). Sadly, for a femtosecond pulse, a direct measurement of £(t) is not
achievable. Indeed, it would require a detector with a time response shorter than the
optical cycle of the pulse to characterize (typically few femtosecond in the visible). Such
a detector doesn’t exist and the fastest detectors exhibit time response around hundreds
of femtosecond { Any complete characterization method must thus provide an indirect
way to access both p(w) and A(w).

For that purpose, referenced complete characterization methods make use of a reference
pulse which spectral phase ¢,.f(w) and amplitude A,.f(w) are perfectly known. The
two main referenced techniques are spectral interferometry and Fourier transform
spectroscopy. They are conceptually extremely close and completely equivalent, the
only difference being that the former lies in the frequency domain whereas the latter is
in the temporal domain.

4.8.1. Spectral interferometry

Pioneered by Froehly and coworkers [132], spectral interferometry is based on a simple
set-up that contains barely more than a spectrometer, as depicted on figure 23. The
test pulse E(t) and the reference pulse E,.;(t) are recombined with a delay 7 and sent

1 The only exception to date is the direct measurement of a few-cycle femtosecond pulse by sampling
with a XUV attosecond pulse [131].
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(a)
E(t)/\'\ Spectro

(b)
E(t)/\l\v A /\/\ Spectro

AE..(t7) K

Figure 23. Spectral interferometry: The test pulse E(t) is sent into a spectrometer
either (a) alone to measure spectral amplitude or (b) together with a delayed reference
pulse E,.¢(t — 7) to retrieve the spectral phase.

into a spectrometer. The complete characterization is a a two step process. First, the
reference is blocked and only the test pulse is sent to the spectrometer. As one would
expect, the spectrometer gives

2

Iw) = |B@w)| = 4%w) (41)

from which the spectral amplitude of the test pulse A(w) is directly retrieved. In the
second step, both pulses are sent into the spectrometer with a fixed delay 7. The signal
from the spectrometer now exhibits fringes that are due to the interference between
both pulses:

1) = |Bw) + Broplwer| (42)
= A% (W) + A2 f (W) + 2A4(w) Are(w) cos [p(w) = @rep(w) —wT]  (43)

The cosine term, responsible for the fringes, contains two contributions. The main
one, —wr, is due to the delay and sets the overall fringe spacing. The second one,
©(w) — @ref(w), codes for the spectral phase difference between the test and reference
pulses and locally modify the fringe spacing. In other words, the interferogram can be
interpreted in terms of frequency modulation: the delay acts as a carrier frequency
modulated by the phase difference. The most common way to extract this phase
difference from the interferogram is to use Fourier filtering [133, 134] to isolate the
oscillating term and extract its argument. We first take the Fourier transform of I(w).
As depicted on figure 24, it consists of three lobes respectively centered around time
—7, 0, and 7. The latter is the one containing the phase information we care about. We
select this side-lobe by applying a window filter around it. Last, we Fourier transform
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Figure 24. Fourier filtering for spectral interferometry. (a) Principle: the
interferogram is Fourier transformed and only one side lobe is kept and back Fourier
transformed, giving access to the relative spectral phase 6(w). (b) Top : Experimental
interferogram using two UV pulses, one Fourier-limited and one chirped; Bottom : The
retrieved spectrum in black, the retrieved relative phase (gray) is quadratic.

back this side-lobe. This gives the following complex function

I (w) = A(w) Ares(w) exp [i (p(w) = ref(w) — wT)] (44)
from which we can extract the argument:
Q(w) = Qo(w) - Qpref(w) — WT (45)

As ¢ref(w) is a known quantity, we can retrieve ¢(w) modulo a linear phase term
—w7. This linear term simply corresponds to a temporal delay and does not modify the
shape of the test pulse. We usually remove the linear component of ¢(w) to center the
retrieved E(t) at t = 0.

Spectral interferometry thus provides a measurement of both A(w) and ¢(w) from
which the electric field £(t) can be reconstructed. However, several conditions must
be fulfilled. First, in order to get interferences, the test and reference pulses need to
be mutually coherent (out of the same laser source). Moreover, as can be seen in
equation 44, the phase can only be reconstructed where both the spectral amplitude
of the test and reference pulses are non-zero. It means that the spectral amplitude of
the reference pulse needs to encompass that of the test pulse. The last two conditions
concern the delay 7. First, 7 needs to be small enough for the fringes to be correctly
sampled on the spectrometer. If dw is the spectral resolution of the spectrometer, in
order to get at least six points per period {, we need to fulfill 7 < 7,4, = 27/(60w),

1 In theory, the Shannon criterion says 3 points is enough. In practice, we recommend 6 points
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which sets an upperbound for 7. Second, there is also a lower bound for 7 that originates
from the Fourier filtering. Indeed, for it to work correctly, the three lobes at —7, 0, 7
should be well separated. This implies that 7 > 3T, where T is the duration of longest
of both the reference and test pulse.

4.83.2. Fourier transform spectroscopy

Fourier transform spectrometry [134] contrary to its spectral counterpart does not
necessitate a spectrometer. Instead, it relies on a simple photodiode which signal is
recorded as a function of a variable delay 7 between two pulses. It is particularly
interesting for spectral regions where spectrometers can be hard to find like in the mid-
IR for example.

As for spectral interferometry, the retrieval of the test pulse is a two step process:
the temporal interferences between two replicas of the test pulse give access to the
spectral amplitude whereas the temporal interferences between reference and test pulses
allow retrieving the spectral phase. As the photodiode is supposed to be slow, it acts
as an integrating detector and provides a signal

Sa(r) = / E(t) + E(t —7)|% dt (46)

for amplitude measurement and

S,(7) = / B(t) + Byeg(t — 1) dt (47)

for phase measurement.

In both cases, the Fourier transform of the interferogram reveals three components
at —wp, 0 and wy, where wy is the centre frequency of the test pulse. The term at
wo contains all the information we need. For amplitude measurement this term gives
E(w)E*(w) = A%(w), which is the spectral intensity of the test pulse, whereas for phase
measurement this term now reads E (w)E:ef(w), which argument is the relative phase
O(w) between test and reference pulses. From these two quantities and provided the
reference is fully characterized, one can reconstruct the test pulse.

However, there are some constraints on the acquisition of both interferograms for
this technique to work correctly: in order to avoid aliasing in the Fourier transform,
the time step dt should be smaller than the optical period ¢ty = 27/wy. In practice
dt < tp/6 is enough. Once the time step is fixed, the number of acquired points N set
the spectral resolution dw with which both A(w) and ¢(w) will be reconstructed. The
needed resolution depends on the structure of the spectral phase and amplitude. For
a smooth bellshaped spectrum with a slow varying phase, a couple of tens of points
across the spectrum is usually enough. Moreover, as for the spectral interferometry, the
reference pulse needs to be coherent with the test one and its spectrum has to encompass
that of the test pulse.
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4.4. Self-referenced complete characterization methods

The methods for referenced complete characterization presented above contains a huge
loophole. Indeed, they rely on a fully characterized referenced pulse. Moreover, the
reference pulse and the test pulse need to have similar spectral properties (central
frequency, bandwidth, ...). In other words, referenced characterization methods can
solve the problem of ultrashort pulse characterization provided it has already been solved
once... But how do we characterize the first reference pulse?

The solution is to use a self-referenced complete characterization technique that
does not require a reference or in other words, that takes the test pulse as a reference
for its own measurement. Methods lying in this category are the most powerful for short
pulse characterization in the sense that they do not use any prior knowledge to achieve
the reconstruction of the test pulse electric field £(t). However, this comes with a price
and these methods put high requirements on the experimental set-up. In particular they
require at least non-linear or non-stationary optics. The reason for these requirements
will be explained in section 4.4.1. We will then present both of the two widely used self-
referenced complete characterization techniques: FROG in section 4.4.2 and SPIDER
in section 4.4.3.

4.4.1. Prerequisite for self-referenced measurement of ¢(w)

What do we need to completely characterize a test pulse £(t) without resorting to a
reference pulse? Can we use “usual optics”, that is time-stationary linear optics? We
can always try. As we have seen in section 3.1, any time-stationary linear optical set-up
can be described by a complex transfer function H(w). If we input a test pulse E(w)
we get at the output:

Eou(w) = H(w)E(w) (48)

This set-up can be arbitrarily complex, containing many beam-splitters, interferometers
or even several pulse shapers, its output can always be written as in equation 48, the
complex transfer function gathering all the subtleties of the set-up. Now the best we
can do is to measure the output pulse Eout(w). For that purpose, we don’t have a lot
of possible detectors: either slow photodiodes or spectrometers can be used. We will
continue our discussion using a spectrometer but the same conclusion can be drawn
using a photodiode. The spectrometer gives access to the spectral intensity:

Lout(@) = | Eour(w)[* = [ H(w) P|E()[ = |H(w)|*A*(w) (49)

As we can see, all the information on the spectral phase p(w) has disappeared from the
expression of the signal we measure. The only information on the pulse we can gain from
this type of measurement concerns the spectral amplitude A(w). This explains what we
have seen in the section 4.3 on referenced measurements: the reference was not needed
to measure the spectral amplitude but was necessary to retrieve the spectral phase using
linear optics. In conclusion of this quick try, the spectral phase of a short pulse can not
be measured using stationary linear optics, unless we use a fully characterized reference
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Figure 25. Principle of Frequency Optical Gating : The test pulse E(t) is temporally
sliced (or gated). The spectrum of this gated pulse is measured as a function of the
delay 7 between the gate G(t) and the test pulse.

[135]. We thus need to use non-linear or non-stationary optics to achieve self-referenced
complete characterization of a short pulse. This is a necessary but not a sufficient
condition to get a complete measurements§.

4.4.2. FROG and other variants

The most ancient technique for self-referenced complete characterization is called
Frequency Resolved Optical Gating, or FROG [136, 25]. The main idea in FROG
is to temporally slice (or gate) the test pulse E(t) and measure the spectrum of this
gated pulse as a function of the delay 7 between the gate G(¢) and the test pulse, as
depicted on figure 25.

This gives a 2D signal
2

S(r,w) o ‘ / E()G(t — 1) e dt (50)

that corresponds to a spectrogram of the test pulse (see equation 8 in section 2.2).
From this 2D map, one can extract the spectral phase and amplitude of the test pulse
using an iterative algorithm [136, 137, 138]. It is worth noting that extracting the pulse
information from S(7,w) corresponds to the well-known 2-D phase retrieval problem
that can be found in many different fields. Moreover, the complete characterization of
the test pulse remains possible even if the gate G(t) is not fully characterized or even
completely uncharacterized. There exist various implementations of FROG and they
mostly differ by the way the gate G(t) is generated. What all these implementations
have in common is that they always require a non-linear interaction to generate the
gate.

PG FROG
One of the very first implementation was the Polarization Gating FROG [137] where

§ In particular, both autocorrelation and cross-correlation contain a non-linear crystal without allowing
a complete measurement of the test pulse.
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Figure 26. Schematic set-up of various versions of FROG techniques. (a) Polarization
gating FROG, (b) Second harmonic generation FROG and (c¢) cross-correlation FROG.
WP is a wave plate to tune the polarization, P is a polarizer, x(?) and x®), non-linear
susceptibilities.

the gating is implemented using the interaction between two copies of the test pulse
E(t) in a x®® medium, as shown on figure 26 (a). In this particular implementation, a
Kerr optical-gate is used and it results in a gate function following the intensity profile
of the pulse G(t) = |E(t)]>. With PG-FROG and for a reasonably simple test pulse,
S(1,w) is a fairly intuitive spectrogram. Some key features from the test pulse (like for
example the presence of chirp and its sign) can thus be grasped directly by looking at
S(7,w) without recurring to the iterative algorithm.

SHG FROG

The most widely used FROG implementation is the Second Harmonic Generation
(SHG) FROG[139] and its derivatives [137, 140]. One of the most widespread
SHG FROG is the so called GRENOUILLE [140], a single-shot spectrally resolved
autocorelation. As depicted on figure 26 (b), it is more easily implemented than PG-
FROG as it is just an intensimetric autocorrelator where the photodiode has been
replaced by a spectrometer. Now, the gate is just a time delayed replica of the test
pulse G(t — 7) = E(t — 7) and the signal reads:

2

S(r,w) o ‘ / E(WE(t —r)e™ dt (51)

Albeit easier to implement than PG-FROG, SHG-based FROG presents two
disadvantages. First, the 2D signal is not as intuitive as the PG-FROG one. Second, as
can be seen in equation 51, this signal is symmetric in time which means that there is a
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time ambiguity and the algorithm can retrieve either F(t) or E(—t). One should keep
this in mind when trying to compensate for chirp or to get rid of pre- or post-pulses.

XFROG

The last FROG implementation we will present here, is the so-called XFROG [141]
combined with the fast iterative algorithm called PCGPA [138]. This combination
is particularly suited for the characterization of strongly shaped pulses or for the
simultaneous characterization of pump and probe pulses in coherent control experiments.
XFROG is a spectrally resolved cross-correlation between two pulses, as shown on figure
26 (c). Its signal takes the form

2

S(T,w) ‘/E(t)Eg(t —T)etdt (52)

where Eg denotes the gate pulse. XFROG thus posses all the advantages of intensimetric
cross-correlation: interferometric stability is not required for the delay between pulses,
both pulses can lie in different spectral regions. It also have the ability to fully
characterize simultaneously both test and gate pulses when used with PCGPA [138].

Moreover, if the gate pulse Eg(t) is short compare to the test pulse E(t), the signal
S(1,w) is an extremely intuitive spectrogram of the test pulse (see figure 3). XFROG
is particularly suited to characterize the output of a pulse shaper, using a portion of
the input pulse as the gate pulse. However, in many cases, XFROG is also used as a
referenced measurement[142, 143] by using a fully characterized gate pulse, as it leads
to better convergence of the retrieval algorithm. This can be useful to characterize the
output of a microstructured fibre, as shown on figure 27.

Even when used as a referenced measurement, XFROG suffers from the same
limitation than cross-correlation: it cannot retrieve the relative phase of non-overlapping
pulses of a pulse sequence.

Closing words on FROG

FROG is a powerful technique for self-referenced complete characterization of
ultrashort pulses. Many variants of FROG exist [136, 137, 145, 138, 25, 141, 140, 146],
(see also table 1 in [12]). The table 4 lists some achievements using various variants
of FROG. Some of these variants give an intuitive signal that trained user can
partially interpret without recurring to an iterative algorithm. Moreover, FROG devices
are relatively easy to implement and existing setups (like autocorrelator or a cross-
correlation) can be adapted to measure FROG traces.
The main drawback of FROG lies in the 2D nature of the signal and the iterative
algorithm used to analyze it. First, the sampling and the covered range for both time
and frequency axis have to be carefully chosen in order to reconstruct the test pulse with
a good fidelity. In particular, as time and frequency are conjugate variables, the settings
are not independent. Second, as all the information concerning both spectral phase and
amplitude are encoded in the slow variation in intensity of S(7,w), the camera used
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for recording the signal should exhibit both a high dynamic range and a high linearity.

Last, the number of data points to record and analyze grows quadratically with the

pulse complexity n. It means that for complex pulses, the time needed for the iterative

algorithm to converge increases dramatically.

Method Source parameter
A At (f; E
name Ref ( 0) AN E 5)/ ) P Enig/) Main characteristics
nm nm 1
THC-FROG [145] | 800 ~100 /NA | 3/ 3.10° FROG using surface THG. No time
reversal ambiguity.
Original FROG wusing third order
PG-FROG 137] | 620 ~ 100 /NA | ~10% /NA non-linearity for polarization gating.
N N Intuitive trace, but requires energetic
pulses.
FROG using Self Diffraction as a non-
SD-FROG 136] | 620 ~ 100 / NA | ~10* / NA
[136] / / linear step.
[139] | 800 ~ 70 /24 | NA /NA
Spectrally resolved Second order non-
SHG-FROG 147] | 800 ~ 90 /NA | 2/ NA collinear autocorrelation. Easy to set-
o up but time reversal and relative phase
ambiguities

continued on next page...
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Method Source parameter
name Ref (H)I\fl) AA;\ gi)x 1/ ) E 8%2/) Main characteristics
[148] | 1550 | ~ 40 /150 | NA / 5.10%
[149] | 5000 | ~700/NA | 100 / NA
SHG-FROG but in collinear arrange-
IFROG [150] | 800 7 /300 NA / NA | ment. No blurring of the FROG trace
but fringes have to be resolved.
~ 100 J Simplified SHG-FROG using bi-prism
GRENOUILLE]| [140] | 800 ~ 90 NA / NA | and thick SHG crystal. Time reversal
- ambiguity.
Spectrally resolved cross-correlation
between two unknown pulses. Each
XFROG [141] | 4000 | NA /~100 | NA / 10? .
pulse can be in different spectral re-
gions. Both pulses are retrieved.
3000 ~ 100 /|~ 3.10° XFROG with one unknown mid-IR
Referenced [143] | to ~ 200 NA pulse and a fully referenced IR pulse.
11000 | A reference is needed.
XFROG using Down Conversion be-
~ 6.1072 / | tween one unknown UV pulse and a
XFROG [142] | 400 ~ 170 / NA NA fully referenced IR pulse. A reference
is needed.
~ 250 / FROG using transient grating.
[151] | 426 ~ 1.5 200 /200 Adapted to UV pulses
85.10° /| FROG using transient grating and a
TG-FROG [152] | 400 130 /2.5 85.103 simplified set-up like GRENOUILLE.
[152] | 800 150 / 8 5.10° / 5.10°

Table 4: List of some of the experimental achievements

using variants of FROG: for the test pulse )\g is the

central wavelength, At the duration, AX the spectral

bandwidth,E the smallest energy per pulse, P the

smallest average power.

4.4.8. SPIDER and other variants
There exists another method for self-referenced complete characterization that was

developed a decade ago:

Spectral Phase Interferometry for Direct Electric-field

Reconstruction, or SPIDER [153] for short. We will present here the basic idea behind
this technique along with some of its incarnations. This is by no mean an exhaustive

review and for more details on all the different versions of SPIDER, interested readers
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should look at [154] and references therein. As its name suggests, SPIDER is based on
spectral interferometry, with a special trick to allow for a self-referenced measurement.
As we have described in section 4.3.1, when we apply spectral interferometry to a test
pulse E(t), using a reference E,.r(t — 7), we retrieve both the spectral amplitude A(w)
of the test pulse and the quantity 6(w) = ¢(w) — @ref(w) — wT (see equation 45) which
is the phase difference between the test and reference pulses, modulo a linear term —wr
corresponding to the delay between the pulses.

The trick in SPIDER, that turns spectral interferometry (by essence a referenced
measurement) into a self-referenced measurement, is to use the test pulse itself as a
reference. More precisely, we use as a reference a copy of the test pulse that is shifted
both temporally and spectrally so that spectral interferometry now yields both A(w)
and

O(w) = p(w) —pw - Q) —wr (53)

where 2 is the spectral shift (or spectral shear) and 7 the temporal shift. If 7 and Q
are known, we can derive from equation 53 the following quantity

plw) — ol — Q) _ 0
Q Oow

(54)

which is the phase gradient of the test pulse. From this gradient, we can reconstruct
the phase either by concatenation or integration. The retrieved phase is the spectral
phase of the test pulse, modulo a linear term: as already pointed out in section 2.1, this
linear phase just corresponds to a delay and does not affect the shape of the pulse (that
only depends on non-linear phase terms). SPIDER thus allows retrieving the spectral
phase p(w) of the test pulse together with its spectral amplitude A(w) using only simple,
non-iterative algorithm: Fourier filtering to extract §(w) and additions, multiplications
and integration to derive ¢(w).

The conditions to fulfill for a meaningful measurement concern both the temporal shift
7 and spectral shear €). The conditions for 7 are exactly the same than for spectral
interferometry, as described in section 4.3.1: 7 should be small enough for the spectral
fringes to be correctly sampled by the spectrometer and 7 should be longer than the
duration of the pulse for the Fourier filtering to work. The spectral shear €2 should be
small enough to fulfill the Whittaker Shannon theorem or in other words, to ensure that
the sampling of p(w) is small enough so that no information was lost in the process. In
theory any shear that respects Q < 27 /T, where T is the time interval where the pulse
is non-zero, will produce an exact reconstruction of the spectral phase and amplitude.
However, () should not be too small to avoid introducing unwanted noise in the concate-
nation process. In practice, a shear {2 in the order of a tenth of the spectral bandwidth
of the pulse works well enough.

So far we haven’t explained how the spectral shear €2 is generated. This is where
a non-linear or non-stationary stage is involved. Indeed, as shown on figure 28 (a), the
sum frequency mixing between our test pulse F(w) and a quasi-monochromatic beam
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Figure 28. Spectral shearing by upconversion: (a) the upconversion between F(w) a
quasi-monochromatic pulse Ey,ono(w) centered around w generates a spectrally shifted
replica E(w—w1); (b) the upconversion between two delayed replicas E(t) and E(t—7)
and a chirped pulse E.(t) leads to two delayed and spectrally shifted replicas.

of center frequency w; gives E (w — wy), which is a spectrally shifted copy of the test
pulse. In practice however, this introduces a spectral shift that is two to three orders
of magnitude too high for SPIDER and that is not easily tunable. To circumvent this
problem, the set-up presented on figure 28 (b) is used: each time delayed replica of the
test pulse E(t) and E(t — 7) are sum frequency mixed in a non-linear crystal with a
highly chirped pulse E¢(t). This chirped pulse acts as a quasi-monochromatic pulse
which frequency changes slightly over time 7: we(t) = wy +1t/ cp((f). Each delayed replica
is thus shifted in frequency by a different amount and the difference in frequency shift
is Q =171/ 9082). By adjusting independently the chirp gp(()2) and the delay 7 between the
replicas, one can set both {2 and 7.

The original flavour of SPIDER
The original set-up for SPIDER is depicted in figure 29 (a). The test pulse is split
into two time delayed replicas in a Michelson interferometer, which are upconverted
with a highly chirped pulse in a non-linear crystal. The upconversion signal is then
sent into the spectrometer and the spectral amplitude and phase are extracted from
the interferogram using Fourier filtering. Usually, the highly chirped pulse is generated
from the test pulse itself by taking a fraction of it and sending it through a double
pass grating compressor. However, any chirped pulse that is coherent with the test one
could do. As an example, for weak pulses, a Modified version of SPIDER (M-SPIDER)
was developed [155] where the chirped pulse is taken inside the chirped pulse amplifier
before recompression. This highly intense chirped pulse increases greatly the signal to
noise ratio.
The original version of SPIDER is relatively simple and works well for pulses longer
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Figure 29. Different SPIDER techniques and their schematic setups. (a) Original
SPIDER, (b) Zero Additional Phase SPIDER and (c) Spatially Encoded Arrangement
SPIDER. x(® denotes the non-linear susceptibility.

than few tens of femtosecond. The problem for shorter pulses arises from splitting
the test pulse into two delayed replicas. Indeed, this implies going through some
dispersive optics, like a beam splitter, which introduces unwanted dispersion. If the
two replicas do not experience the exact same dispersion, the SPIDER measurement is
degraded. However, using an optimized set-up for SPIDER[156], broadband pulses can
be characterized by SPIDER, as shown on figure 30.

Two different evolutions of SPIDER have been developed more specifically to
characterize broadband and complex pulses. The first one, that we will not describe
here, is Homodyne Optical Technique for SPIDER (HOT SPIDER) [157] that relies on
a two-step measurement and is particularly suitable for short and weak pulses. The
second approach is the Zero Additional Phase SPIDER (ZAP SPIDER) [158] that is
described below.

Zero Additional Phase SPIDER

As its name suggests, in Zero Additional Phase SPIDER [158], the test pulse does
not experience any distortion before entering the non-linear crystal. The untouched test
pulse is upconverted with two time delayed replicas of a strongly chirped pulse, as shown
on figure 29 (b). Because of the delay 7. between the two chirped replicas, they exhibit
different instantaneous frequency when being upconverted with the test pulse. As a
result, two spectrally sheared replicas of the test pulse are generated. However, contrary
to conventional SPIDER, these replicas are perfectly synchronized in time as they come
from the very same test pulse. Moreover, as the two chirped pulses enter the crystal
with different angles, the two sheared replicas propagate in different directions. The
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Figure 30. Taken from [156]: High Dynamic Range SPIDER measurement of a 4.3 fs
pulse out of a fibre compressor. (a) SPIDER interferogram, (b) reconstructed spectral
phase and amplitude, (c) temporal intensity profile.

delay 7 is independently set when recombining the sheared replicas before sending them
into the spectrometer. The interferogram is similar to that of conventional SPIDER and
the same analytical processing is performed. Besides the clear advantage of introduction
virtually no distortion on the test pulse, another advantage of this arrangement is that
the temporal delay 7 and the shear ) are completely independent: the former is set by
delaying one of the upconverted replica before recombination whereas the latter can be
set by changing the delay 7. between the two chirped pulses. ZAP SPIDER has proved
to be particularly efficient for shaped and weak pulses [159].

Spatial Encoded Arrangement for SPIDER
All the flavors of SPIDER we have presented so far, share in common the use of
spectral fringes to encode the phase gradient. However, this is not the only option
and the phase gradient can also be encoded in time. This is the case in time domain
interferometry for SPIDER (no funny acronym here!) [160, 161] that was developed for
spectral regions where spectrometers are not easily available.
Another possibility, is to encode the phase gradient in spatial fringes. This
is the essence of Spatial Encoded Arrangement for SPIDER or SEA-SPIDER [162],
particularly suited for broadband and shaped pulses. As one can see on figure 29 (c),
the SEA-SPIDER set-up is close to the ZAP SPIDER we just presented. The main
difference is that the two spectrally sheared replicas are kept synchronized in time and
are recombined, with an angle, into an imaging spectrometer. This angle produces an
ensemble of fringes along the vertical axis of the CCD (the wavelength being dispersed
along the horizontal axis). More precisely, for a test pulse of the form F(z,w) (where
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x denotes the vertical coordinate), a spectral shear of €2, and for a difference between
the transverse component of the propagation vectors K, one gets the following 2D
interferogram:

I(z,w) = ‘E(x,w)r + ‘E(:c,w - Q)‘2 +2 )E(x,w)‘ ‘E(m,w - Q)‘ (55)
x cos [p(z,w) — p(x,w — Q) + Kz

The retrieval of the phase gradient is a slight modification of the conventional SPIDER
algorithm: the 2D Fourier transform of I(x,w) is composed of three lobes, all aligned
along time 0 and centered around +K, 0 and —K. By filtering of the + K sidelobe and
inverse Fourier transforming, one gets

O(z,w) = p(z,w) —p(r,w —N) + Kz (56)

from which one can retrieve ¢(z,w) by concatenation, provided K is fully known. For
a correct reconstruction, the conditions on the spectral shear ) are the same then for
conventional SPIDER, and the incidence difference K is set so that there are few fringes
across the beam (three fringes being a minimum). An imaging spectrometer with 128
pixel across the vertical axis is more then enough to properly sample the spatial fringes.

So SEA-SPIDER works in a similar way than normal SPIDER, but what are the
advantages of this approach? First, SEA-SPIDER posses the same properties than
ZAP-SPIDER. Moreover, as the fringes are not encoded along the frequency axis, the
requirement on the spectral resolution of the spectrometer is less stringent. Indeed, in
conventional SPIDER the spectral resolution has to be at least thrice better than the
minimum required to fulfill the Whittaker Shannon theorem. This high requirement
on resolution is difficult to fulfill when dealing with extremely broadband pulses which
spectrum can span across several hundreds of nanometer. With SEA-SPIDER, the
retrieval can be done at the sampling limit. SEA-SPIDER is thus the best SPIDER for
shaped and broadband pulses.

Second advantage of SEA-SPIDER, the spectral phase and the spectral amplitude
are reconstructed for every position x along the vertical axis. This means that one can
precisely measure spatio-temporal couplings like spatial chirp and pulse-front tilt or even
more complex distortions. This is particularly useful for broadband or shaped pulses
that often exhibit this kind of distortions.

Last advantage of SEA-SPIDER over other variants of SPIDER, the raw
interferogram is intuitive: any deviation from perfectly straight horizontal fringes can
be easily interpreted, as one can see on figure 31: a tilt corresponds to a 4,082) (figure
31 (a), and (c)), a curvature to a go(()g), and any high order phase translates into deviation
from straight lines (figure 31 (b)).

Closing word on SPIDER
SPIDER is a reliable method to measure short and complex pulses. It comes in many
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Figure 31. SEA SPIDER intuitive traces (courtesy of A. Wyatt): SEA SPIDER traces
for a Femtolaser Rainbow oscillator, (a) for a positive @82), (b) for a recompressed pulse
and (c) for a negative chirp. The small wiggles in (b) are a signature of small remaining
high order phase.

flavors and the most up-to-date and exhaustive list can be found in references of [154].
Some experimental achievements using SPIDER and its variants are listed in table 5.

The two main advantages of SPIDER compared to competing techniques are, first,
that it relies on a 1D signal and second that the phase retrieval algorithm is analytical
and non-iterative. A 1D signal means that the amount of data to collect and treat is
extremely small. Moreover, when using a 2D detector, like in an imaging spectrometer,
one has an extra degree of freedom to play with. In SEA-SPIDER [162] for example,
this allows for a simultaneous measurement of the spatio-temporal coupling. The non-
iterative Fourier transform algorithm allows for true real time retrieval of the spectral
phase.

One strength of SPIDER is the encoding of the phase in fringes which allows for a
good reconstruction of the phase even with poor dynamic of the CCD (down to 1 bit)
and in the presence of strong noise [155].

The main drawback in SPIDER is that the calibration is particularly crucial
and should not be overlooked. However, a new version of SPIDER [163] (Chirped
ARrangement for SPIDER, CAR-SPIDER), uses the extra dimension to encode several
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configurations and provides a truly calibration-free measurement. Another limitation in
SPIDER is the Fourier filtering technique (also known as the Takeda algorithm [133])
This
filtering can be tricky to set and is the limiting factor in term of acceptable noise level

that is commonly used to extract the phase gradient from the interferogram.

for phase retrieval. A new algorithm based on fast wavelet analysis has recently been
developed which address these two issues [164, 165].

Method Source parameter
name Ref (n);i) AA; Eflsr)n/) E EZL\]]Q/) Main characteristics
fow / Original SPIDER. Algebraic, non-
[153] | 800 ~ 100 / NA fow 107 iterative reconstruction algorithm to
retrieve the phase gradient.
SPIDER [166] | 800 ~ 6 /300 |3/3.10°
Single shot SPIDER, with simultane-
ous and independent measurements of
[167] | 800 ~ 100 /NA | NA / NA spectral amplitude and spectral ampli-
tude.
SPIDER optimized for broadband
[168] | 650 ~ 4 /500 | NA /NA pulses,
High Dy- SPIDER using heterodyne detection
namic Range | [156] | 850 | ~ 4.3 /480 | 2.10* / 2.10%| based on chopper and fast 1-line CCD
SPIDER camera. Designed for octave spanning.
Two step measurement using intense
HOT SPIDER | [157] | 800 ~ 100 /NA | 250 / 250 | auxiliary pulse.  Designed for low
average power/low intensity pulses.
Original SPIDER but using an intense
M SPIDER 1155] | 800 ~100 /NA | 3.6 /3.6 auXili‘ary pulse .from a Chirped Pulse
Amplifier. Designed for low average
power like fibre output.
SPIDER using down-conversion as a
SPIDER (DC) | [169] | 410 |~ 140 /4 |70 /70 non-linear step.  Designed for UV
pulses.
HOT SPIDER in time domain using
Time-domain a shaper and a two-photon detector.
HOT SPIDER [160] | 800 ~ 100 /NA | NA / NA Compact, simple set-up without spec-
trometer.
HOT SPIDER in time domain for Mid-
[161] | 9200 | ~150 / NA | 2.10% / 2.10% IR pulses. No spectrometer required,
designed for Mid-IR pulses.

continued on next page...
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Method Source parameter
A At (f E
name Ref (nrfl) AN Ensr)r 1/ ) p 8%2/) Main characteristics
SPIDER wusing non-stationary step
Electro-Optic 750 to 30000 (fast electro-optic phase modulation)
170] | 1540 103 / NA
SPIDER [170) / NA <10%/ instead of non-linear step.  Ultra-
sensitive, for telecom wavelengths.
[171] | 1570 | 200 / NA | 5.10° / NA
SPIDER without splitting of the test
pulse, using two auxiliary chirped
ZAP SPIDER | [158] | 600 10 / 120 NA / NA
[158] / / pulses. Designed for short pulses (< 20
fs).
ZAP SPIDER using Down Conversion.
159] | 290 19 /~10 |10/ 10
[159] / / Designed for short UV pulses.
[159] | 290 7 /40 10 / 10
[172] | 5100 | 100 / 400 | 10 / 103 ZAP SPIDER for Mid-IR pulses.
High Harmonic SPIDER using a double
seed scheme in High Harmonic Genera-
HH SPIDE 173 1 NA / NA
5 RO 7 3/8 / tion. Designed for XUV high harmon-
ics
ZAP SPIDER but using spatial fringes.
Requires an imaging spectrometer. De-
SEA SPIDER | [162] | 800 100 / NA | 10 / few 10°
[162] / / few signed for ultra broadband, modulated
pulses with spatiotemporal coupling.
~ 4 /
174
[174] | 850 7 /200 ~ 3105
740 o . .
ARAIGNEE 175] | to 70 / NA NA / ~10° Simplified set-up using a thick SHG
900 o crystal for spectral shearing.
TEA SPIDER SPIDER but using temporal fringes to
176] | 800 5 /400 2 /2.10°
encode phase gradient.
2DSI [176] / / de ph di

Table 5: List of some of the experimental achievements
using variants of SPIDER: for the test pulse \g is the
central wavelength, At the duration, AX the spectral

bandwidth, E the smallest energy per pulse, P the

smallest average power.

4.4.4.  Conclusion on characterization

Many different characterization techniques are available, adapted to different pulse
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duration and wavelength. They range from the most simple and limited to more refined
and complex ones. Implementing at least one complete characterization method is
almost compulsory when using short and sometimes shaped pulses. However, incomplete
and simple methods like auto- and cross-correlations should not be disregarded as they
are easy to set up, fast and simple to use for daily check and also provide an independent
measurement. Moreover, these methods are still actively developed and extended (see
for example ref [94]). Concerning self-referenced techniques, we only presented here a
small selection and tables 4 and 5 give some more details about other variants of both
FROG and SPIDER.

As a conclusion on characterization of ultrashort pulses, we would like to give
a personal view on the specific problem of characterizing strongly shaped pulses
out of a pulse shaper. Theses pulses, because of their complexity (or high Time
Bandwidth Product) can easily go beyond the limits of any given method. In particular,
characterizing them with a self-referencing method (FROG, SPIDER or any variant of
both) can be particularly difficult, requires special care and an optimized version of the
method chosen for the task. Moreover, in order to properly and accurately generated
this shaped output, the input pulse of the pulse shaper has to be decently characterized.
For all these reasons, we believe that the most efficient approach is to combine a self-
referenced measurement of the input pulse and a referenced measurement of the output,
using the input as a reference. As the input pulse is usually not really complex, any
basic variant of FROG or SPIDER can be use for its measurement. For the referenced
measurement, spectral interferometry or referenced XFROG are particularly well suited
and easy to set up.

5. The combination of pulse shaping and characterization techniques

The last point we would like to mention in this tutorial is the recent development of
characterization techniques that directly rely on a pulse shaper, an approach we decided
to call “shaper assisted characterization”.

One early precursor in this domain is STRUT (Spectrally and Temporally Resolved
Up-conversion Techniques)[177] where a 4f-pulse shaper with a fixed slit is used to
produce a spectrally narrowed replica of the test pulse (see [178, 177] for more details
on the technique itself). However, in STRUT, the pulse shaper is not programmable
and play less of a central role than in more recent implementations.

The key idea behind this approach is that most pulse shapers can be turned
into versatile characterization devices by simply adding few optical elements that are
usually already present in the lab. Indeed, a complete characterization technique can
be implemented by combining three key ingredients: a linear stationary filter, a non-
linear optical process, and a slow detector as sketched on figure 32. In shaper assisted
characterization techniques, a pulse shaper is used in order to implement the linear
stationary filter, the rest of the set-up using already available elements (non-linear
crystal, photodiode or spectrometer). In order to characterize the pulse entering the
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() (b) (©)
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Figure 32. Generic set-up for complete characterization: (a) a pulse shaper serves
as a generic versatile linear filter, followed by (b) a non-linear process which output is
monitored by (c) a slow detector.
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Figure 33. Taken from [178]. (a) iIFROG measurements and (b) Reference FROG.
(¢) FROG trace retrieved from (a). (d) Extracted phases from the FROG and iFROG
traces of a laser pulse passed through 5 cm of fused silica.

pulse shaper, the output of the non-linear process is recorded for a sequence of different
waveforms. Depending on the sequence of waveforms used, many different techniques
can be implemented. Indeed, variants of both FROG [179, 180, 178] and SPIDER
[160, 181, 180] have been implemented using this approach.

For instance FROG can be implemented by programming, using the shaper, delayed
replica sent to a non-linear crystal (y(®). Recording the spectra as a function of the
delay gives an interferometric FROG (iIFROG) trace. The classical FROG trace can be
extracted by Fourier processing [178] (see Fig.33(c)) or obtained directly using calcite
plate and type II crystal to avoid interferences [180]. Figure 33(a) taken in ref.[17§]
shows iFROG trace of a laser pulse passed through 5 cm of fused silica acquired using a
4f-line shaper. The oscillations are typical of interferometric traces. A reference FROG
trace has been measured in Fig.33(b) for comparison whereas Fig.33(c) is the FROG
trace extracted from (a). Finally the panel (d) shows the retrieved spectral phase for
both iFROG and FROG techniques as well as theory.

What’s more, using a pulse shaper opens the way to new possibilities that are
not easily implemented using standard optics. This is the case of MIIPS (Multiphoton
Intrapulse Interference Phase Scan) [182, 183, 184] where the pulse shaper is used to
add various known phase profiles to the test pulse. The output of the second-harmonic
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generation (SHG) is then spectrally resolved and recorded as a function of the added
phase profiles.

It has been shown [184] that local maximum in the SHG spectra are observed when
the total spectral phase is locally minimized. This occurs when its second derivative is
equal to zero [184]:

Piet(@m) = P (W) + O (W) =0 (57)

where f(w) is the added phase function and w,, is the frequency corresponding to the
maximum of the SHG spectrum. As f)(w) is a known function then one can determine
©®(wy,). By varying the applied function f(w), one can retrieve o (w) across the
whole spectrum and then reconstruct ¢(w) modulo a linear term. Figure 34 illustrates
this principle using sets of quadratic phases as functions f(w).

The solid line in the panel (a) represents the unknown ¢ (w) which is mapped
using an horizontal grid of function f® corresponding here to different amount of linear
chirp. The intersections of the solid line with the horizontal lines fulfill equation 57.
In (b) the SHG spectrum is recorded and plotted as a function of w for each function
f(w): each maximum correspond to an intersection in (a) where the unknown phase
is properly compensated for and thus measured. Plotting SHG intensity as a function
of both chirp and frequency directly reveals the unknown phase ¢? as shown in (c).
Finally the number of functions f(w) generable by a pulse shaper is extremely vast and
leave the choice for appropriate set of functions, like sinusoidal phases[182].

One major advantage of all the shaper assisted characterization techniques is that
the exact same set-up can be used to achieve several quasi-independent measurements
of the same pulse, by simply changing the sequence of the waveforms used in order to
implement different characterization techniques[179, 180, 178]. This constitute a unique
advantage of shaper assisted characterization techniques over traditional ones where
each technique relies on a dedicated experimental set-up.

One last advantage is that the resulting set-up is simple and straightforward as most
of the complexity as been shifted to the pulse shaper and its programmed waveform. In
particular, such a set-up does not involve any beam splitting or recombining and can
thus be easily aligned and is compatible with in situ measurements.

Shaper assisted characterization techniques are thus particularly interesting
whenever a pulse shaper is available. Indeed, any pulse shaper could do (both AOPDF
and 4f-pulse shapers have been successfully used) and the overhead for turning it into a
versatile characterization set-up is close to zero. However, theses techniques should be
used wisely. Indeed, most of the implementations require a perfectly calibrated pulse
shaper, used within its range of validity. Moreover various measurements made with the
same pulse shaper are not truly independent and cannot fully replace an independent
cross-check.



CONTENTS

60

1 SHG(Z&))

Figure 34. Taken from[185] Principle of the MIIPS method. (a) The unknown
¢"(w) function is probed using a set of reference linear chirps represented by the
horizontal grid. (b) The maximum SHG intensity for every frequency indicates that the
corresponding reference chirp value compensates the unknown function at the position
of the maximum. (c¢) A two-dimensional contour plot mapping the intensity of the
SHG as a function of chirp and frequency directly reveals the unknown ¢" (w).
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6. General conclusion

In this tutorial, we have tried to give an overview of some of the most widespread
techniques in ultrashort pulse shaping and characterization. This tutorial is be no
means a complete review but an introduction to two fast evolving fields of research.
For any technique presented here, interested readers can find more details and in depth
discussion in the provided references. As a general conclusion, we would like to give
one last piece of advice for both shaping and characterization. In both cases, it is
crucial to keep in mind the range of validity, or the range of usage, out of which the
result is not well determined. This piece of advice sounds elementary, but as shapers
and characterization techniques tend to grow more complex and more subtle, it is not
always straightforward to fully apprehend their limits. This is particularly true for
shaper assisted characterization techniques as one should stay within both the range of
validity of the technique implemented and within the range of abilities of the shaper
used.
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1. Introduction
2. Definition of the electric field and of the Wigner function

2.1. Definition of the electric field
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Figure 1. ¢(¢) (in black) and envelope (in blue) of the electric field of a short laser
pulse in two case of carrier envelope phase. The pulses has a central wavelength of
800nm and a FWHM of 2fs. In a) a 0 radian CEP shows a cosine pulse and in b) a
/2 radian CEP shows a sine pulse.

2.2. How to represent a short pulse?



Ultrashort pulse shaping and characterization

Spectral intensity Temporal intensity

‘Wigner function

Spectrogram

and phase
1
) A (nm)
a Lol o0 w0 7o e 10 . —_ 0.8
o~ G £ os 6 T 08
3 0,6 - —~ 06
= 0s A" BN k ~ 0.4
W —_ .
o : S 02 0.2
= : : .
00— 375 425 g o 0,0 =
Freq. (THz) -oni-;une o(fs)so . 100 50 0 50 100 400 50 0 50 100 °
Time (fs) Time (fs)
A (nm) 475 i‘ T

Freq. (THz)

-100 -50 0

50 100

Time (fs)

1000 900 800 700 —~ <
10 ° g ;: Rass 08 E 08
08 :
e 20 St 06 106 =~ 0.6
<N ™ = ars Tars
— 04 Q s 0.4 . 0.4
= v Q= K o
02 s 02 gszs s D5 o2
R R = 0,04 — - E -
[~W 4100 50 0 50 100 [Iy 275 o 275, o
Freq. (THZ) Time (fs) <100 -50 0 50 100 100 50 0 50 100
Time (fs) Time (fs)
[ [
9) A(mm) —_
1000 900 800 700 = 0.8 N 0.8
1,0, L1 0,8 E 425
— 08 ) 10.6 0.6
3 e " = s
— h L Tos 0.4 . 0.4
— 04 2 =, : o ’
o 5 S : S 325
’ = 0,0 0.2 = 0.2
ool s QA 7200 150 -100 -50 0 50 S5
: o 275
Freq. (THz) Time (fs) -200-150-100 -50 0 50 -200-150-100 50 0 50
Time (f5) Time (fs)
[ [
d Iy (nm) 475 475
) 1000 900 800 700 e 1,0 ﬁ\ 0.8 /N\ 0.8
- s & 08 T 42 T 425
@ o , = 06 ~ 06 = 0.6
= ~—1375 ~—375
= o g o o 04 o 0.4
02 ' < 02 325 O 325
= = 02 = 0.2
s P o =~ e
o0 s 0 s 100 275, 275
Freq. (THz) Time (fs) 400 50 0 50 100 ° 4100 50 0 50 100
Time (fs) Time (fs)
[
€) A (nm) a7 s
1000 900 800 700 ’-a 1.0 N 0.8 N
o 2 08 T 42 T 425,
o v 8 ' [ 06
%\ 06 i Go.s ~ . —375
-~ 6 W 04 . 0.4 .
= o4 e = o . o
02 , & ; O 32 D25
= 0,04 E 02 (&
OO s s P 0050 6 50 100 075 075
Time (fs) 0

-100 -50 0

50 100

Time (fs)

Figure 2. Pulse shaping gallery; (a) Fourier transform pulse, (b) chirp pulse, (¢) cubic
phase,(d) spectral m-jump,(e) two-pulse sequence.

3. Arbitrary Pulse shaping of ultrashort pulses

3.1. Generalities
3.2. A spatial mask in the Fourier plane of a zero dispersion line

3.2.1. Introduction

3.2.2. Shaping theory in few equations
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Figure 3. Pulse shaping by linear filtering. a) Time domain.b) Frequency domain.
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Figure 4. A zero dispersion line composed of two gratings and two lenses of focal
length f, arranged in a 4f setup. The output pulse is identical to the input pulse. In
the Fourier plane FP, all the spectral components are spatially separated and focused.
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Figure 5. Half a 4f line : The Fourier plane is situated in the back focal plane of the
lens. f is the focal length. X is the spatial coordinate in this plane. g(X) is the spatial
extension of a given frequency component. 6; is the incident angle on the grating. d is
the grating period. 6, the diffraction angle.

3.2.3. Spatio-temporal coupling

3.3. The most common Masks

3.3.1.  The liquid crystal mask
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Figure 6. Space-time coupling in the case of a delay: a) Theoretical plot versus
time and transverse position of a shaped pulse for various programmed delays. b)
Cross-section of plot (a) along the axis of propagation (transverse position = 0). c)
Experimental cross-correlations of shaped pulses for various delays.
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m

G
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SLm

Figure 7. a) 640 pixels Liquid Crystals spatial light modulator. ay, is the anchorage
direction and represents the slow axis of the crystal. b) A folded zero dispersion line
geometry with almost no optical aberration. G : grating; IM : intermediate mirror;
CM: cylindrical mirror; FM: folding mirror; SLM : liquid crystal mask.

ALIGNMENT AND CALIBRATION
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Figure 8. Phase-voltage calibration at 795nm of a CRI128 LC-SLM: Top curves:
transmitted intensity as a function of the applied voltage, for several orientation of
the waveplate; the position of the extrema depends on the extra phase added by the

waveplate (dashed line is a guide to the eye). Bottom curve: Reconstructed phase as
a function of the voltage.

RESULTS

LIMITATIONS

3.8.2. Acousto-optical modulator masks

ALIGNMENT AND CALIBRATION
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Figure 9. Three experimental waveforms are presented: (a) three equal amplitude
pulses pairs with relative intensity 2:3:1, (b) a square pulse of 700 fs, and (c) three
pulses with quadratic, no phase, and cubic phase.

RESULTS

LIMITATIONS

3.3.8. Comparison between LC and AOM spatial light modulators
3.3.4. Other masks

3.4. Shaping by phase transfer
3.4.1. The Acousto-Optic programmable Dispersive Filter (AOPDF)

ALIGNMENT AND CALIBRATION

RESULTS
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Figure 10. (a) Cross correlation of a chirped pulse with a reference ultrashort pulse.
The gap-replica is clearly spotted. (b) Programmation of two delays : +15ps ( black
solid line) and 420 ps (gray solid line); Replica due to the pixellisation of the mask are
clearly seen respectively around -20ps and -15ps. Their temporal broadening is due
to nonlinear dispersion in the Fourier plane.

Shaped
pulse out

pulse in

Figure 11. Programmable pulse shaping apparatus based on the use of a 4f-line and
an Acousto-Optic Modulator. A radio frequency wave is generated and converted to
an acoustic wave by a piezoelectric modulator. This traveling wave acts as a diffractive
grating mask.
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Shaped
pulse out

Undiffracted
Beam

Femtosecond
pulse in

Figure 12. Experimental setup of a 4f line with an AOM spatial mask. The alignment
of the line is made without the AOM. The alignment with the AOM is then made by
the use of the two folding mirror placed at each side of the AOM. The first one is
used to enter the AOM at Bragg angle whereas the second is used to compensate the
diffraction angle. The length mismatch between the configuration with and without
AOM is reduced by placing the two mirrors close to the AOM.

A B
RF Delay 1
Time (ps)

Intensity (a.u.)

0.5 i

793

700 793 796 800
wavelength(nm)

796
Mnm)

Figure 13. Figure from ref [1]. Calibration curves for AOM pulse shaper. A: each
line represents a shaped spectrum created with a short RF pulse delayed in time in the
AOM. Each delay corresponds to a different spatial position on the AOM leading to
a different spectral position. This figure is used to calibrate the pulse shaper response
function with respect to amplitude and time. B: data from A viewed as a contour plot.
The solid red line fits the data, the coordinates are then used to calibrate the RF time
with respect to optical wavelength.

LIMITATIONS

3.4.2. Non linear frequency mizing

3.5. Conclusion

3.5.1. the complexity
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Figure 14. Figure from ref [2]. Dashed line : intensity cross-correlation trace of a
shaped femtosecond pulse usinf AOM pulse shaper. The waveform used consists of an
initial Fourier-Limited pulse followed in time by pulses shaped with linear, quadratic,
cubic and quartic spectral phase. Solid line : theoretical trace.
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Figure 15. Figure from ref[3]. a) Wigner diagram obtained from (b). b) Cross

correlation of a linearly chirped shaped pulse at 4.87 microns or 2050 ¢m ™! in the mid
IR.

3.5.2. Summary of the possibilities
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SLM LC AOM MEMM | LMDM (peu de ref!!)
Amplitude | Amplitude
Control Plljlase Pllilase Phase Phase
Parameter number 128-640 100-900 240x200 19 (these Antoine)
Refreshing rate 10 Hz 100 kHz 100 Hz | 5 kHz (theése Antoine)
Laser repetition rate >80 MHz <100 kHz | >80 MHz >80 MHz
Efficiency 60% 10% to 30% | ~ 85% ~ 80%
Wavelength range (nm) | 430-1600 266-18000 266-900 500-1000, 350, 266

Table 1. Summary of available Spatial Light Modulators for 4f-line based pulse
shapers. LC : liquid crystal, AOM : Acousto-Optic Modulator, MEMM : MicroElectro
Mechanical Mirrors and LMDM : Linear Membrane Deformable Mirror.

Ordinary
(fast axis)

Extraordinary
(slow axis)

Figure 16. AOPDF principle: By Bragg diffraction acoustically assisted, the different
spectral components can be switched along the extraordinary axis at different position
in the crystal.

TeO crystal

Input optical || —
. _Acoustic wave L 1°

2 _bam
Reflection on :; : o -‘-_: P = ® 3.6° Diffracted
the input face jf". > N beam

y Direct beam
Reflection on Transducer
the output face

Adaptation
circuitry

I
U SMA plug

Figure 17. Experimental view of the Dazzler.
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Figure 18. Results obtained with an AOPDF in the visible range: (a) autocorrelation
of the output of a NOPA compressed by the AOPDF and (b) corresponding spectrum.
In the UV range (266 nm): cross-correlation of a 13-pulse sequence with a reference
ultrashort pulse at 800 nm (c) and corresponding spectrum (d).

H(w) =5 (1+€“T) 0l

H (w) = @)
6 (w) = n (w) Lw/c 2

H (w) = @)

cos 6;

H (w) = |H (w)] )
1 |H (w)] is the reflectivity ]
- ¢ (w) designed until the fourth order

Table 2. Simple shaping setups. a) Michelson interferometer producing two delayed
pulses, b) shaping by propagation through a length L of a dispersive bulk medium, c)
grating compressor shaping and d) chirped mirror shaping.



Ultrashort pulse shaping and characterization
Mid IR IR Visible UV
LC- in a 4f line 5], [6], [7], [8], [9], [10] | [11]
AOM in a 4f line 3] [12] [13] | [14], [15]
Deformable mirror [16] [17]
MEMs
Phase -transfer | [18], [19], [20] [21]
AOPDF [22] [23] [24] [25], [26]

Table 3. Summary of available pulse shapers in various spectral domains.

12
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4. Characterization of ultrashort shaped pulses

4.1.  Prerequisite and generality

4.2. Referenced complete characterization methods

(a)
O /\,\ Spectro

(b)
E(t)/\/\v A /\/\ Spectro

A E_(t-1) t

Figure 19. Spectral interferometry: The test pulse F(t) is sent into a spectrometer
either (a) alone to measure spectral amplitude or (b) together with a delayed reference
pulse E,.¢(t — T) to retrieve the spectral phase.

a) [\(w) b)

A

Normalized Spectrum

396 398 400 402 404 406 408 410
A(nm)

%

Phase (rad)
Normalized spectrum

392 394 396 398 400 402 404 406 408 410 412
% (nm)

Figure 20. Principle of Fourier filtering for spectral interferometry. a) Theory.
b) Experimental interferogram of a 10000fs?> quadratic phase shaped pulse and
reconstructed amplitude and phase.

4.2.1. Spectral interferometry
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Figure 21. Principle of Frequency Optical Gating :The test pulse E(t) is temporally
sliced (or gated).The spectrum of this gated pulse is measured as a function of the
delay 7 between the gate G(t) and the test pulse.

4.2.2. Fourier transform spectroscopy

4.3. Self-referenced complete characterization methods

4.3.1. Prerequisite for self-referenced measurement of p(w)

a) o O
(0]
PG-FROG : ©
AMIChClSOl’l 1°, Spectro
WP P
b) @
SHG-FROG .
MMichelson A Spectro
c) e
XFROG Spectro
A | b

Table 4. Schematic setup of various versions of FROG techniques. a) Polarization
gating FROG, b) Second harmonic generation FROG and ¢) Crosscorrelation FROG.

WP is a wave plate to tune the polarization, P is a polarizer, x(2) and x(3), non-linear
susceptibilities.

4.8.2. FROG and other variants
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o)
a) Emono( E(C')/wl)
E(c)) o n
ch }, [
/&W @ e
L~=0, u
2
b) X
Qo o s O
P -
E(t-t) E(1) u

Figure 22. Spectral shearing by upconversion: (a) the upconversion between F(w) a
quasi-monochromatic pulse E,,ono(w) centered around wy generates a spectrally shifted
replica E(w—w1); (b) the upconversion between two delayed replicas E(t) and E(t—7)
and a chirped pulse E.(t) leads to two delayed and spectrally shifted replicas.

PG FROG

SHG FROG

XFROG

Closing words on FROG

4.3.3. SPIDER and other variants

The original flavour of SPIDER

Zero Additional Phase SPIDER
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16

a) @
SPIDER
b)
7AP-SPIDER
A
c)
SEA-SPIDER A
>

Table 5. Different SPIDER techniques and their schematic setups.

a) Original

SPIDER, b) Zero Additional Phase SPIDER and c) Spatially Encoded Arrangement

SPIDER. x(2) denotes the non-linear susceptibility.

Spatial Encoded Arrangement for SPIDER

Closing word on SPIDER
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Figure 23. SEA SPIDER intuitive traces: SEA SPIDER traces for a Femtolaser
Rainbow oscillator, (a) for a positive <pg2), (b) for a recompressed pulse and (d) for a
negative chirp. The small wiggles in (b) are a signature of small remaining high order

phase.

5. The combination of pulse shaping and characterization techniques
6. General conclusion
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