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Weidemüller, Ruzin Aganoglo, and Christiane P. Koch. Photoassociation and coherent transient dynamics in the interaction of ultracold
rubidium atoms with shaped femtosecond pulses. II. theory. Physical
Review A, 80:063417, 2009.
• Terry Mullins, Magnus Albert, Wenzel Salzmann, Roland Wester, and
Matthias Weidemüller. Dual high resolution amplitude and phase
femtosecond-picosecond pulse shaper. Submitted to Optics Letters.
• Terry Mullins, Magnus Albert, Wenzel Salzmann, Roland Wester, and
Matthias Weidemüller. High resolution femtosecond/picosecond pulse
shaper. In preparation.
In addition, the author has contributed to the following publications:
• Fabian Weise, Sascha Birkner, Andrea Merli, Stefan M. Weber, Franziska
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Chapter 1. Introduction

Chapter 1

Introduction
Time is perhaps the most mysterious concept in physics and possibly also in
everyday life. We are constantly encompassed by it, and, ultimately, have a
very limited perception of it. Our perception takes place on the time-scale
of seconds, and, just as we are ignorant of very slow processes, we can not
perceive events taking place on very short time-scales. As an example, the
motion of the sun across the daytime sky, which moves ∼ 15◦ in an hour,
is too slow for us to perceive dynamically, whereas a 30 µs lightening strike
is too rapid. Whether it be the glacial dynamics of the cosmos, or fleeting
nuclear processes, mediating devices are required to map the process onto a
human-suitable time-scale for investigation.
As every photographer knows, a flash of light can stop the action. A
series of photographs, spaced at regular time-intervals, can record changes
on a fast or slow time-scale, as desired, for our leisurely perusal. Just as a
fast flash can freeze the image of a bullet in mid-flight, so short laser pulses
can be used to probe fast molecular motion, which occurs on time-scales
ranging from a few femtoseconds up to around a few hundred picoseconds.
For the investigation of such rapidly occurring processes, a suitably short
“flash” can be produced by using mode-locked laser pulses [1–3]. The 1999
Nobel prize in chemistry was awarded to Ahmed Zewail for his pioneering
work on studying chemical reactions on femtosecond time-scales using ultrashort laser pulses [4]. When the molecule-light interaction was studied
theoretically, it was soon realised that the molecular dynamics could not
only be investigated via their interaction with light, but could actually be
influenced and controlled using the laser field [5–7]. This is essentially due
to the coherence of the incident laser field, as well as to the short time-scale
of the molecular processes, where decoherence does not yet play a role and
the relative phases of quantum states can be used or altered to achieve a
desired outcome. This is the field of coherent control and today is a very
active research area, producing many concepts and techniques for coherently
manipulating atomic and molecular processes. Of particular interest is the
3

interaction of laser pulses with molecules, as the large bandwidth of the
laser pulse can simultaneously address many molecular states [7–14]. The
mode-locked laser is especially suitable, as the relative phase of its frequency
components can be controlled with pulse shaping techniques [15], which may
be imparted to quantum states of a molecule during its interaction with the
laser pulse to alter its dynamics or to gain spectroscopic information.
As a novel application of coherent control, the preparation of molecules in
well-defined internal and external states has been heavily discussed. The low
temperature molecules have advantageous properties for spectroscopy [16]
and hence fundamental physics tests [17–20]. Their large de Broglie wavelength also means that quantum effects are prevalent and allow the creation
of both a molecular quantum gas [21] and a molecular BEC [22,23]. Since the
first proposal of light-induced formation of ultracold molecules by Thorsheim
et al. [24] and its experimental realization with continuous-wave (CW) lasers
by Lett et al. [25], a rapidly progressing field has developed with the goal
of creating and manipulating ultracold molecular gases by photoassociation
(PA) [26,27] and magnetoassociation using Feshbach resonances [23,28]. On
the way to minimum energy in both the external and internal degrees of
freedom, numerous techniques have been developed to produce large samples of molecular quantum gases in their absolute ground state. There is,
for example, the coherent de-excitation of magneto-associated molecules [29]
in a STIRAP scheme or the exploitation of electronic couplings in order to
transfer photoassociated molecules deeply into the singlet ground state potential [30]. Recent milestones in the field were the observation of molecular
condensates [22, 23] and the formation of ultracold molecules in the v=0
internal ground state [30–33].
Although these methods have enjoyed recent success, it is still a standing question as to how far coherent control of laser pulses can be applied
to form molecules and control their internal states. Photoassociation using
ultrashort laser pulses was proposed by Macholm et al. in 1994 [34] and the
first successful experiment on photoassociation using ultrashort laser pulses
was performed with femtosecond pulses by Marvet and Dantus in 1995 [35],
which demonstrated coherent bond formation in a dense sample of hot mercury. The use of laser pulses, as opposed to CW light, has, in principle,
several advantageous properties: A laser pulse has a large bandwidth, enabling excitation of atom pairs to bound molecular states resonantly over
a large range of internuclear distances. Calculations show that even simple
chirping of such an excitation pulse can have a large effect on the dynamics [36], leading to wavepacket focusing and more efficient PA. Theoretically,
a second short laser pulse (shorter than the vibrational dynamics of the
excited molecule) can take advantage of the vibrational wavepacket dynamics resulting from such a broadband excitation and efficiently stimulate the
photoassociated molecules into stable bound ground states [37–40]. Fur4
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thermore, by (amplitude and/or phase) shaping both the excitation and deexcitation pulses, the excited state wavepacket dynamics can be altered to
selectively populate ground state vibrational levels [41] and increase overall
efficiency using learning algorithms [7].
Although such schemes offer many advantages theoretically, the experimental implementation of them has proven to be more complicated. The
use of chirped 15 ps long pulses for photoassociation to excited states has
shown some promise [42] and a clear flux enhancement signal was observed.
However, it is not clear how far coherent control can be applied to wavepackets that are formed from such weakly bound vibrational levels, since they
should have typical round-trip times of nanoseconds - comparable to the
lifetime of the excited state due to spontaneous decay (a process leading to
decoherence) and since they also dephase rapidly due to the anharmonicity
of the potential. Chirped nanosecond pulses have also been investigated and
found to alter ultracold atomic collision rates [43, 44]. In the femtosecond
regime ultracold molecule dissociation and optimization of the dissociation
by shaped pulses has been experimentally verified [45, 46]. These experiments very importantly highlight that additional processes occur in the
molecule-pulse interaction, which counteract the PA process. Other recent
experiments have successfully used shaped femtosecond pulses to control the
photoassociative ionization of ultracold Rb atoms in conjunction with CW
fields [47] and multi-photon resonant ionization of ultracold ground state Rb2
molecules [48]. While molecular dynamics are involved in both cases, neither
of these experiments have shown the existence of excited state photoassociated molecules which are suitable for coherent stabilization. Coherent dynamics in the excitation of atoms by ultrashort pulses was demonstrated by
Monmayrant et al. [49], which shows that electronic coherences can be created and detected using ultrashort pulses. These may also be observable on
vibrational timescales (typically tens of picoseconds) when using ultrashort
pulses to photoassociate atoms.
Finding the right conditions under which a photoassociation scheme becomes possible is the focus of ongoing research and is addressed in chapter 2
of this thesis, where experiments demonstrate photoassociation of Rubidium
atoms via an off-resonant process [50–52], showing the coherent transient dynamics observed in atoms by Monmayrant et al. [49], but now in ultracold
molecules. The outcome of the experiments was that femtosecond pulses
have a bandwidth which is broader than desired for PA of ultracold atoms
and smaller bandwidth, picosecond-length shaped pulses are much more suitable. The picosecond-length pulses should be shaped with a high spectral
resolution, due to the high density of states involved in the free-bound PA
process and also because the process takes place close to the dissociation
asymptote of the excited molecular potential, resulting in photoassociated
molecules with long vibrational times (tens of picoseconds, depending on the
5

laser frequency) as well as loss of atom density when light is present that is
resonant with the atomic transitions.
The requirement of longer longer picosecond-length pulses, comparable
to the expected vibrational timescale of photoassociated molecules, lead to
the design and construction of a shaper system in Freiburg that was capable
of either operating as a standard femtosecond pulse shaper or operating in an
alternate mode to shape picosecond pulses. Designs already exist for pulse
shapers capable of shaping either one of the pulse types, employing gratings for dispersion and spatial light modulation or shaping in the temporal
domain [15, 53] for femtosecond pulses and long path-length spatial filtering
or fibres for picosecond pulses [54, 55] - very different approaches which require separate experimental setups. At the time, no design yet existed for
a shaper capable of shaping both femtosecond and picosecond pulses with
suitable resolution. Hence the dual system required an innovative design,
explained in chapters 3 and 4. Chapter 3 contains details of the system
for shaping femtosecond pulses and its characterization. Femtosecond pulse
shaping is a standard practise nowadays and a few standard pulse shaping
devices of fixed dimensions can be readily purchased. Components to shape
picosecond pulses are not standard. Since the only important difference between femtosecond and picosecond pulses is their spectral bandwidth, there
is no practical reason why it is not possible to use the same components
for shaping both types of pulses. This is an interesting about-face for the
field of pulse shaping, which is generally aiming towards shaping ever shorter
pulses [56].
This thesis is structured as follows: Chapter 2 describes the experiments demonstrating the successful photoassociation of ultracold atoms using shaped femtosecond laser pulses. The remaining chapters are devoted to
the new pulse shaping system, beginning with the mathematical framework
for describing laser pulses and pulse shaping in the first part of chapter 3.
The design and experimental setup for shaping and characterizing of femtosecond laser pulses is then presented in the remainder of the chapter. In
chapter 4, a zero-dispersion-based multi-f design for shaping small bandwidth picosecond pulses is shown and the experimental setup for the dual
femtosecond/picosecond setup is presented. The characterization of the picosecond mode of the dual shaper setup is presented in the remainder of the
chapter. Finally, chapter 5 contains concluding remarks on the state of the
art and future research perspectives and applications.
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Chapter 2

Pulsed Photoassociation
The first ever experiments demonstrating successful photoassociation of ultracold atoms using shaped ultrashort laser pulses are presented in this chapter. The discussion begins with section 2.1, which briefly describes the timedependent Schrödinger equation for the light-matter interaction as well as
an intuitive perturbative picture. The experiments were well-modelled by
numerically simulating the time-dependent Schrödinger equation for a twolevel system. The numerical solution of this Schrödinger equation is explained in section 2.2. The focus then shifts to the experiments themselves,
where general aspects of the experiments are initially discussed in section
2.3, explaining the experimental concept, followed by a description of the
experimental setup and procedure in section 2.4. Measured data exhibiting
coherent dynamics is then shown in section 2.5 and analysed and discussed
in section 2.6, elucidating the dynamics by comparison with simulations,
identifying and ruling out competing processes, and analysing indications of
ground state molecule formation. Finally, with the dynamics understood,
experimental results highlighting coherent manipulation of the dynamics is
discussed in section 2.7.

2.1

Light-Matter Interaction

The Schrödinger equation for a pair of interacting atoms subjected to a time~ r , t), under the Born-Oppenheimer, sdependent external electric field, E(~
wave scattering, two-level, dipole, and rotating wave approximations, as well
as neglecting the internuclear-distance-dependence of the transition dipole
moment, in the centre-of-mass frame, is [57]:

 


1
∂ ψ̄g (R, t)
T + V̄g (R)
~Ω(t)
ψ̄g (R, t)
2
=
, (2.1)
i~
1
∗
T + V̄e (R) + ~∆
ψ̄e (R, t)
∂t ψ̄e (R, t)
2 ~Ω (t)
where R is the inter-nuclear coordinate, ψ̄g (R, t) and ψ̄e (R, t) denote the nu7
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Figure 2.1: Examples of molecular potentials, V̄ (R). The exact shape depends on the configuration of the system and can be attractive (blue potential) or repulsive (red potential). Attractive potentials can support bound
states, where the relative motion of the atom-pair is confined, i.e. a bound
molecule.

clear wavefunctions in the ground and excited electronic states, respectively,
V̄g (R) and V̄e (R) denote the position-dependent potential for the electronic
ground and excited state, respectively and ∆ = 2π(νL − νeg ) with νL being
the laser carrier frequency and νeg the atomic resonance transition frequency,
(V̄e (R → ∞) − V̄g (R → ∞)). The coupling matrix elements are given by the
Rabi frequency:

Ω=

~ eg · A(t)eiΦ(t)~ǫˆ(t)
D
,
~

(2.2)

where A(t) is the envelope of the electric field, φ(t) it’s phase and ~ǫˆ(t) its
polarisation, as defined in section 3.1.1. Some examples of V̄ (R) are shown
in Fig. 2.1. The full dynamics of the wavefunctions occupying the two
electronic states and interacting with an arbitrary laser pulse can be derived
by integrating Eq. 2.1.
8
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120

+
Figure 2.2: The two Rb2 potentials X 1 Σ+
g (5s+5s) and 0u (5s+5p1/2 ) are
shown in blue, along with selected vibrational wavefunctions in red. The
black lines represent the energy of the vibrational state corresponding to
each of the wavefunctions shown. The highest energy wavefunction shown
in the ground electronic potential is not bound (i.e. it is a continuum wavefunction) and has an energy equivalent to a temperature of around 300 µK.
The highest energy wavefunction shown in the excited state is bound by
∼ 11 cm−1 .
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Useful insight into the dynamics of the interaction can be gained by
assuming a perturbative interaction. Writing the total wavefunction as:

Ψ(t) =

"
X X

ℓ=g,e

bℓn (t)e(

ℓ t/~
−iEn

n

) |ψ ℓ i +
n

Z

cℓ (E, t)e(

iE ℓ t/~

#

) |E ℓ idE , (2.3)

where g and e denote the ground or excited electronic manifold, n the bound
g,e the expansion coefficients for bound and continuum eigenstate, bg,e
n and c
g,e
states, |ψn i and |E g,e i the bound and continuum eigenfunction solutions
to the time-independent Schrödinger equation without coupling radiation,
having energies Eng,e and E g,e , respectively. Following the approach in [58],
the time-dependent coefficients for the excited state wavefunction contributions to the total wavefunction, under the assumption that the system is
initially in a single ground state, j, i.e. cg,e (E, t → −∞) = δ(E − Ejg ) and
g
bg,e
n (t → −∞) = 0, where Ej is the energy of the initially populated state
and ignoring transitions between continuum states, are given by:

bem (t) = −

2πdm,j
i~

Z

∞
−∞

Z

t

′

Ẽ + (ν)ei2π(νm,j −ν)t dt′ dν,

(2.4)

−∞

where νm,j is the transition frequency from the initially populated state j to
excited state m and Ẽ + (ν) is the Fourier transform of E + (t), as defined in
section 3.1.1, and:
e
dm,j = Deg hψm
|ψjg i,

(2.5)

is the effective transition dipole moment, i.e. the atomic electronic transition dipole moment multiplied by the overlap between the nuclear wavefunctions of the initial and final states (the Franck-Condon factor (FCF)).
+
Fig. 2.2 shows two potentials for the Rb2 system (the X 1 Σ+
g (5s+5s) and 0u
(5s+5p1/2 ) states) along with wavefunctions for various vibrational states in
each potential. At times long after the pulse is off, Eq. (2.4) reduces to:
bem (t → +∞) =

2πi
dm,j Ẽ(νm,j ),
~

(2.6)

and hence, since Ẽ(ν) is, in general, complex, the spectral amplitude and
phase of the electric field is imparted to the excited state wavepacket formed
from the coherent superposition in Eq. (2.3).
The perturbative picture gives one a feel for how the photoassociation
process will behave: The vibrational states in the excited electronic potential are populated according to the spectral intensity of the pulse at the
10
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transition frequency and each state has a relative phase given by the relative
spectral phase of the pulse at the transition frequency to the vibrational
state in question. Hence the binding energy of the excited state molecules
can be controlled by selecting the spectral composition of the excitation laser
and the shape of the resulting wavepacket in Eq. (2.3) can be additionally
controlled by appropriate choice of the spectral phase of the pulse. Experimental parameters for photoassociation (the spectrum and spectral phase
of the pulse) could therefore be estimated with the perturbative approach,
as in [41, 59].

2.2

Simulation of the Light-Molecule Interaction

Although the perturbative approach gives a lot of information about the
photoassociation process, it is not always valid: It is only valid at long times
(long compared to the pulse duration) and it also assumes a perturbative
electric field. Schemes for producing molecules with pulsed lasers, such as
in [39], readily violate both of these assumptions. For example, at shorter
times so-called coherent transients play a role, as described in [59]. For this
reason, the full time-dependent Schrödinger equation (TDSE) in Eq. (2.1)
needed to be solved for comparison with experiments.
This was done using the mapped Fourier grid approach [60, 61] and the
Chebyshev propagator [62], with the potentials from [63, 64], namely the
X 1 Σ+
g , correlating to the 5s + 5s asymptote, for the ground state, and one of
+
either the 0−
g , 1g , 0u or 1u states, correlating to the 5s + 5p1/2 or 5s + 5p3/2
asymptotes, for the excited states. The initial state was taken to be the
scattering state of the ground state potential (i.e. one of the |E g i) with
energy closest to kB Ttrap , where kB is Bolzmann’s constant and Ttrap is the
mean temperature of the ultracold atoms. A thermal average is, in principle,
necessary [40], however is not required in this case due to the dynamics that
take place in the experiments, which are about to be presented. More details
of the simulations can be found in [52].

2.3

General Considerations

Although many proposals have been published which discuss ways of using ultrashort laser pulses for the efficient production of molecules from an
ultracold gas, the actual implementation is restricted by a number of experimental limitations: The bandwidth and pulse shaping resolution of the
available laser system, the extra potential curves present in real molecular
systems (theoretically couplings between only two or three molecular potentials have been considered due to the computational intensity of the system),
the trapping and cooling process applied to the atoms themselves and the influence of this on photoassociation (PA), and the detection of any molecules
11
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produced.
Ideally, a photoassociation pulse with suitable bandwidth would be selected and its center frequency tuned such that the total spectral intensity
of the pulse is distributed slightly below an excited state potential asymptote, where the Franck-Condon factors (FCFs) are large. Using picosecond
laser pulses (as e.g. proposed by Koch et al. [38]), which have a spectral
bandwidth of typically tens of wavenumbers, a suitable Condon point for
free-bound excitation of Rb lies at around 60 bohr radii. Around this internuclear distance FCFs are large enough to expect a reasonable photoassociation efficiency. Unfortunately for the present experiments, a tunable source
of picosecond laser pulses was not available. Instead a femtosecond source
was used, with a correspondingly larger bandwidth.
In addition to photoassociating the atoms, the manipulation of the freebound excitation with optimally tailored laser pulses was ultimately desired,
as proposed e.g. in [41]. The manipulation of femtosecond pulses is a standard technique and offers a lot of freedom for controlling phase, amplitude
and polarization [65].
The large bandwidth of several hundred wavenumbers of the femtosecond
pulses required further consideration. The restriction of spectral intensity
to frequencies below the potential asymptote was important in these experiments: Frequency components on resonance with atomic D1 (1257 8cm−1 )
and D2 (12816 cm−1 ) transitions caused intolerable losses of atoms from
the trap due to light scattering forces and ionization, as discussed in [45].
Frequency components blue to atomic resonances can address anti-binding
potential branches leading to radiation shielding effects which are known to
interfere with CW photoassociation. These effects lead to a strong reduction
in atomic density within the laser overlap, which inhibits photoassociation.
There were two obvious options available to limit the spectral intensity
at and above the dissociation limit: Detuning the central frequency of the
pulse far enough away from the dissociation limit such that the spectral
intensity above the dissociation limit is low enough or spectrally shaping
the pulse to eliminate these frequencies. The first option required detuning
the pulse’s central frequency by roughtly 200 cm−1 (due to the spectrum of
the available laser source). The disadvantage of this method is that, although
it does successfully reduce the mentioned detrimental effects, the free-bound
FCFs are very low for such large detunings (about two orders of magnitude
smaller than those obtainable by using a suitable picosecond pulse tuned
closer to the dissociation limit). In fact, the FCFs are only sufficiently large
as the dissociation limit is approached, where the spectral intensity of such
a highly-detuned pulse is unfortunately very low, most likely resulting in
a poor overall photoassociation rate according to the perturbative picture
presented in section 2.1. However, the second option, spectrally shaping
the pulse, results in high spectral intensity close to the dissociation limit,
12
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Figure 2.3: Scheme of pump-probe photoassociation. Formation of molecules
in an excited state by exciting a pair of colliding ultracold atoms with a
shaped pump-pulse. Transfer to molecular ion by a time-delayed probepulse. Inset: Pulse spectra used when exciting to potentials with D1 (D1
pulse) and D2 (D2 pulse) asymptotes.

where the free-bound FCFs are large, and therefore theoretically a good
photoassociation rate. The resolution of the pulse shaper determines how
close it is possible get to the dissociation limit. The photoassociation pulse’s
central frequency need only be tuned a few tens of wavenumbers below the
molecular dissociation limit (the atomic D1 or D2 transition in this case).
Spectral intensity at the potential asymptote and above was filtered out from
the pulse’s spectrum by an appropriate spectral amplitude transfer function;
a step or top-hat function with the sharp spectral cut-off closely below the
atomic resonance, i.e. a spectral low-pass or band-pass filter. The inset
of Fig. 2.3 shows a schematic of the spectrum of such pulses, suitable for
photoassociation below the D1 or D2 asymptote.
The detection of femtosecond photoassociated molecules had to be carefully considered. Ionizing molecules from the excited state directly after their
formation by the pump laser pulse was the most reliable detection scheme.
This allowed the direct investigation of the molecule formation with subpicosecond resolution immediately after the free-bound transition, thereby
suppressing further interactions with trapping light, for example. The ion13
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ization was carried out by a second femtosecond probe pulse, which was
tuned to excite molecules from their first excited to the molecular ionic state
(see Fig. 2.3). In such a pump-probe configuration, photoassociation and
ionization laser pulses were separated in time by a defined, variable delay.
Any ions produced were mass-filtered to remove the atomic ions produced
by the lasers and thus selectively detect only molecular dynamics. For socalled pump-dump experiments [39, 41], which aim to coherently populate
the molecular electronic ground state, this pump-probe scheme was hoped to
give important information on nuclear wave-packet dynamics in the excited
state potential after femtosecond photoassociation.

2.4

Experimental Procedure

The experiments were carried out in a collaboration project between the
Freie Universität Berlin and the Universität Freiburg. The joint experimental setup (Fig. 2.4) consisted of a femtosecond laser system with a pulse
shaper, situated at the Institut für Experimentalphysik at the FU Berlin,
and a transportable high density magneto-optical trap for rubidium atoms
(a dark-SPOT).
The femtosecond laser pulses were produced by a Coherent MIRA oscillator and amplified by a Coherent RegA 9050, yielding pulses of 4 µJ
energy and an autocorrelation of 80 fs FWHM at a 100 kHz repetition rate.
Output pulses had a spectral width of 390 cm−1 FWHMI and were either
centered around 12500 cm−1 (800 nm), which is 78 cm−1 below the dissociation limit of the first electronically excited 5s+5p1/2 states, or centered
around 12739 cm−1 (785 nm), which is 78 cm−1 below the dissociation limit
of the electronically excited 5s+5p3/2 states.
10% of the laser output was split off and used for the pump pulses,
which passed through a zero dispersion, 4-f pulse shaper equipped with a
liquid crystal based spatial light modulator (LC-SLM) (CRI, SLM 640) to
manipulate spectral phases and amplitudes. From the geometry of the 4f system and LC-SLM, the pixel-to-pixel wavelength change results in a
frequency resolution of 2.2 cm−1 (see section 3.1.3). Using the LC-SLM
for attenuation of spectral components on resonance with atomic rubidium
transitions proved to be insufficient as the 2% residual transmission still
caused significant atom loss from the dark-SPOT. The spectral low pass filter
was, instead, realized by placing an additional physical block in the shaper’s
Fourier plane, spatially blocking the path taken through the shaper by the
high frequency part of the pulse’s spectrum. This block consisted simply of
a razor edge (see Fig. 2.4) which was mounted on a precision stage. Thus a
high-attenuation optical low-pass filter with a sharp and adjustable cut-off
frequency was realized, the spectral resolution of which being, in principle,
determined by the diffraction limit (see chapter 3). For the band-pass filter,
14
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Figure 2.4: Experimental setup for pump-probe photoassociation. Femtosecond pump pulses passed through a zero dispersion grating pulse shaper, realizing an optical low pass or band-pass to filter atomic resonances. Probe
pulses were created by frequency conversion in a NOPA (non-collinear optical parametric amplifier) and passed through a controllable optical delay
stage. Pump and probe beams were spatially overlapped and focused into a
rubidium dark-SPOT. Molecular ions created in the trap were mass selected
by a radio frequency mass analyzer.
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2.4. Experimental Procedure

a second, opposing, razor edge was placed in the Fourier plane.
A calibration was required in order to adjust the cut-off of the filter to
a suitable frequency. For this the following information was necessary: The
position versus frequency conversion of the shaper setup and the position
reading of the high precision stage at which the atomic resonance frequency
is situated. The former is given by the zero dispersion shaper’s properties
(grating frequency and lens focal length, see section 3.1.3), whereas the latter was best measured experimentally. The fluorescence of rubidium atoms
in the dark SPOT was measured on a photodiode as the cut-off was scanned.
The laser beam was chopped (to minimize error due to atom-loss and trap
fluctuations) and then passed through the center of the cold atomic cloud.
As soon as the spectral filter transmitted an atomic resonance frequency, the
relative trap fluorescence (with vs. without beam) increased. The resulting calibration curve had a step-like characteristic at the atomic resonance
frequency, which was fitted by an error function to retrieve the resonance
position in the Fourier plane with a precision of about 86 µm (given by the
standard deviation of the error function fit), corresponding to a frequency
resolution of 1.8 cm−1 .
Ionization probe-pulses were produced by frequency conversion of the
RegA output in a non-collinear optical parametric amplifier (NOPA) [66],
which required the remaining 90% of the RegA output power. The probepulses were centered at 20160 cm−1 (496 nm) when using a D1 pulse and at
19802 cm−1 (505 nm) when using a D2 pulse. They had a spectral FWHMI of
1000 cm−1 (25 nm), pulse energies of up to 50 nJ and non-transform-limited
autocorrelation durations of about 600 fs FWHM. The probe pulses passed
through an optical delay stage (PI, M-531) to vary the pump-probe delay,
which was typically scanned with a speed equivalent to a delay change of
15 fs/s.
Before entering the vacuum chamber of the dark-SPOT, both beams
were spatially overlapped using a dichroic mirror and focused into the trap
to waists of ∼ 120 µm and ∼ 100 µm, resulting in typical peak intensities
of 2.5 × 104 MW/cm2 for the pump and 1.4 × 103 MW/cm2 for the probe
pulses.
The background-vapour-loaded dark SPOT [67–69] captured 108 85 Rb
atoms at densities of 1011 cm−3 [70] and temperatures of 100 µK. Trap densities and sizes were measured by absorption imaging and the trap fluorescence was continuously monitored with a photodiode. Trapping light was
produced by two single-mode diode lasers, which were actively stabilized using frequency modulation spectroscopy [71, 72], and a slave laser (see Fig.
2.6). The trapping laser was detuned by 3 Γ (18 MHz) from the F=3→F’=4
transition (see Fig. 2.5) and had a peak intensity of 18mW/cm2 at the centre
of the trapping region. The second laser was stabilized to the F=2→F’=3
transition for repumping. Light for the formation of a dark SPOT was trans16
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Figure 2.5: Relevant hyperfine energy level structure of 85 Rb and laser frequencies for formation and characterization of the dark SPOT. Reproduced
from [57].

ported to the vacuum chamber by single mode optical fibres. The trapping
laser setup is shown in Fig. 2.6.
The key parameter of a dark SPOT is the steady state ratio of upper to lower hyperfine ground state population of the trapped atoms (p =
Nres /Ntotal ), where Nres is the number of atoms in a state near resonance
with the trapping light and Ntotal is the total number of atoms [68]. In 85 Rb
the relevant levels are the F=2 and F=3 hyperfine ground states, which are
split by 3.1 GHz. For the dark SPOT configuration, repump laser light was
removed at the position of the trap by means of two crossed, hollow beams of
repump light [57, 73]. This allowed optical pumping of population from the
upper to the lower hyperfine ground state via off-resonant excitation from
the F=3 electronic ground state to the F’=3 electronically excited state by
the trapping laser in this region. The effect of residual repump light in the
hollow beam overlap was reduced by detuning the repump laser 30 MHz red
to the F=2→F’=3 transition. Atoms could be optically pumped between the
hyperfine states by two additional laser beams which filled the trap center
only. A depump beam, on resonance with the F=3→F’=2 transition, decreased the F=3 population and a separate beam of repump light increased
it. In order to measure the relative populations in both hyperfine states, all
trapped atoms were pumped to the upper F=3 state by a 50 ms pulse of the
17
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Figure 2.6: Schematic laser setup for the dark SPOT. Reproduced from [57].

repump fill beam, resulting in a flash of fluorescence which was detected by
the photodiode [68]. The population ratio, p, was then deduced from the
fluorescence signals in the dark- and repumped trap, assuming that the trap
fluorescence is proportional to the F=3 population and the fluorescence is
dominated by decay from the F’=4 excited state (this is further discussed
in [57]). The detuning of the repumper by 30 MHz alone caused 90% of
the atoms to be kept in the lower F=2 hyperfine state (without the additional depumper beam), which provided the highest densities and therefore
optimal conditions for photoassociation experiments. The parameter p was
additionally varied to exclude competing processes such as photoassociation
by trapping light (see section 2.6.2).
Atomic and molecular ions produced in the trap were extracted by an
electric field of 40 V/cm and detected on a channeltron. Before the channeltron, a radio frequency (rf) quadrupole filtered the incoming ions according
to their mass (see Fig. 2.4). Alternatively the mass selection could be
operated as a time-of-flight spectrometer. The electronic signals from the
channeltron were high-pass filtered to remove any residual rf signal from
the mass filter before being amplified and digitized by a constant fraction
discriminator. Digital pulses were acquired by a fast counter and integrated
over 100 ms. The dark ion count rate (without lasers and trapped atoms) of
the ion detection system was 0.1 Hz. During pump-probe scans the ion count
rate, trap fluorescence and the actual pump-probe delay were gathered by
18
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the data acquisition computer. The full setup is shown in Fig. 2.7.
Despite blocking the atomic resonances, the femtosecond pulses produce
large numbers of atomic ions by off-resonant pump-probe ionization. Without mass filtering by the rf quadrupole, these would have completely saturated the detection system and prohibited the identification of the (relatively) small rate of molecular ions. Mass spectra of the ions due to the
pump-probe pulses in the trap, taken using the rf quadrupole and suitable
attenuation, showed two peaks at the atomic 85 Rb and the molecular 85 Rb2
masses with resolutions of 4 amu. For all other mass settings only the system’s dark count rate was measured. Hence ion signals measured on the
85 Rb mass represented exclusively rubidium molecular ions and no back2
ground due to different charge states or ion species had to be considered.

2.5

Pump-Probe Scans

Fig. 2.8 shows measured molecular ion count rates as a function of the delay
between a pump-pulse tuned below the D1 asymptote (see “D1 pulse” inset
in Fig. 2.3) as well as below the D2 asymptote (see “D2 pulse” inset in Fig.
2.3) and an ionization probe-pulse. Going from top to bottom, the spectral
cut-off frequency, relative to the corresponding atomic transition frequency,
(i.e. the cut-off detuning) increases from -6 cm−1 to -12 cm−1 (the minus sign
means red to the appropriate transition) in steps of 2 cm−1 . The data were
smoothed by averaging over 10 adjacent points. The dashed lines indicate an
estimate of the background ion rate caused by probe laser ionization of traplight photoassociated molecules (see section 2.6.2). In this particular set of
measurements the background level was not measured, rather it was estimated by extrapolating the power-dependence of the ratio of the negativedelay level to the measured background level of a previously-measured data
set for the D1 data and assumed to be identical to the negative-delay level
for the −26 cm−1 data set for the D2 data.
The data show that the detected molecular ion rate clearly depends on
both the pulse delay and the pump pulse’s spectral cut-off frequency. The
general form of the curves is the following: For negative delays (when the
ionization probe-pulse precedes the pump pulse) a constant rate of molecular
ions is observed above the background level. At ∆t=0 both pulses coincide in
time and the count rate increases drastically, forming a peak of 0.5 ps width.
For positive delays, a clear increase in the molecular ion signal, compared
to negative delays, is observed. Additionally, the signal is modulated by
characteristic oscillations with periods of a few picoseconds, which decrease
to zero after a short time. As the cut-off detuning is reduced (going from
bottom to top in Fig. 2.8) the molecular ion signal also increases for all
delays, as does the modulation period for ∆t>0. Significant pump-probe
signals are only observed in the experiments for cut-off detunings of less
19
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Figure 2.7: The vacuum chamber in situ in Berlin. Reproduced from [57]
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Figure 2.8: Experimental pump-probe traces (black) and the corresponding
simulated excited state populations (gray) for D1 pulses (left) to the 5s +
5p1/2 states and D2 pulses (right) to the 5s + 5p3/2 states, for different cutoff energies from −6 cm−1 to −12 cm−1 . The experimentally determined
background level of molecular ions detected with the probe-only pulse is
indicated by the dashed line and the zero of the simulation traces is adjusted
to coincide with this level.
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than -30 cm−1 .
Except for the overall count rate, which is most likely due to the larger
dipole moment for the D2 transition, quantitatively identical data are obtained on the D2 asymptote as are obtained on the D1 asymptote. For
experiments on the D2 asymptote, the frequencies red to and including the
D1 resonance frequency were additionally blocked as shown in the inset of
Fig. 2.3. This second cut-off frequency was typically 20 cm−1 blue to the
D1 atomic resonance. Interestingly, this suggests that the dynamics of the
process is not sensitively dependent on the form of the addressed potential,
which have different C3 coefficients. This is not expected for an oscillating
nuclear wavepacket.
Simulations are also shown and indicate the total time-dependent population in the excited electronic potentials (summed over all Hund’s case c
potentials), which has been convoluted with a Gaussian, having a FWHMI
equal to the temporal FWHMI of the probe pulse. They have been offset so
that the negative delay level of the simulations coincide with the experimental background level. The agreement between the measurements and the
simulations is very good, implying that the observed dynamics are occurring
within the two-level system and hence can be extracted by a more detailed
investigation of the simulations. The only difference is that the constant
rate of molecular ions for negative delays is not observed in the simulations.
With the setup, observation of a propagating nuclear wave-packet (which
is created by the pump pulse and subsequently oscillates in the excited
state potential well) may be expected, under the assumptions that a) a
well-localized wave-packet is created, b) the dephasing of the wave-packet is
not rapid and c) the appropriate time-scale are investigated. The ionization
pulse would result in a delay-dependent molecular ion signal due to motion
on the internuclear degree of freedom. Based on the spectral components
of the pump-pulse and with knowledge of all the potentials corresponding
to this asymptote, the nuclear oscillation time is expected to be on the order of tens of picoseconds, rather than the few picoseconds observed. Even
pump-probe scans over longer delay ranges do not show oscillations on the
expected time-scales. Since the observed oscillations are therefore not consistent with a vibrational wave-packet, other processes must be considered
in order to explain the observed signals.
To obtain quantitative information from the measurements for further
analysis the characteristic parameters were extracted from the data. The
mean value of molecular ion counts for negative delays by taking an average
of data points for ∆t<-3 ps. The modulation periods at positive delays
were extracted by fitting a damped oscillatory function (for ∆t> 1 ps) to
the data, with a steady-state asymptotic level, a modulation amplitude, a
damping time and an oscillation period and phase relative to ∆t=0.
A correlation plot (see Fig. 2.9) of the fitted modulation frequencies
22
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Figure 2.9: Frequencies of modulations on pump-probe ion signals at ∆t> 0
versus cut-off position for both D1 (black squares) and D2 (red triangles)
pulses.

shows that the modulation frequency matches the cut-off detuning, which
is not expected for a vibrational wave-packet oscillating in an anharmonic
molecular potential. Further investigation is thus required to explain the
observed dynamics.

2.6

Interpretation

In this section the data and the simulations are analysed and compared in
order to elucidate the dynamics observed in the pump-probe scans. Additional processes are considered that may be responsible for the measured
pump-probe signals and are ruled out. The pump-probe traces are then
further analysed for signatures of ground-state molecule formation.

2.6.1

Dynamics of the Pump-Probe Ionization

The observed oscillatory dynamics seen in the previous section can not be
due to nuclear wavepacket motion, as expected from the perturbative approach in section 2.1. The perturbative approach assumes the system is
under investigation at times long after the pulse intensity has effectively
decayed away and no longer influences the system. Fig. 2.10c shows the
simulated temporal electric field amplitude of a cut D1 pulse. It does not
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Figure 2.10: The dipole dynamics for a D1 pulse. a. Black line: instantaneous frequency of the shaped pulse, red line: instantaneous frequency of the
induced dipole. b. Relative phase between dipole and light field. c. Black
line: A(t) for the shaped pulse, red line: simulated population in the excited
0+
u 5s + 5p1/2 state. Reproduced from [57].

decay as fast as a non-shaped pulse, due to the missing spectral components
and the asymmetry of the spectrum. This is further exacerbated in the case
of a D2 pulse, which contains even fewer spectral components. Closer inspection reveals a non-negligible electric field intensity in the time regions
under investigation in the experiment. Hence the perturbative analysis is
not valid for this experiment.
Further investigation reveals that the dynamics are due to the coherent
transients [49, 50, 59] mentioned in section 2.2 instead of nuclear wavepacket
motion. A coherent transient can be thought of as being a coherent energy
exchange between the molecules and the pump-pulse laser field. In this
particular case, the dynamics may also be interpreted as a beating between
the dipole, induced by the high-intensity part of the laser pulse, and the
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residual, decaying electric field in the tails of the pulse at later times. A
detailed theoretical discussion of this, in terms of a two-level dressed state
picture, can be found in [74].
In the dipole picture the electric field induces and drives a dipole, which
is damped due to the spontaneous emission lifetime of the upper electronic
state. Spontaneous emission can be neglected on the time scales of the
experiments, as the lifetime of the upper electronic atomic state is around
26 ns [75]. The resonance frequency of the dipole is determined by the energy
separation between the ground and excited states. For the two level system
the expectation value of the time-dependent dipole is given by the probability
amplitude of the ground and the excited state cg (t) and ce (t):

~
~
hΨ(t)|D|Ψ(t)i
= c∗g (t)ce (t) + cg (t)c∗e (t) he|D|gi.

(2.7)

From Eq. (2.7) a changing dipole comes about due to changing cg and ce .
Since all population is initially in the ground state, increasing the amplitude
of the dipole initially amounts to transferring population from the ground
to the excited state, and vice-versa for decreasing amplitude. Hence, when
the electric field is in phase with the dipole, |ce (t)|2 increases most rapidly
and when the electric field is out of phase with the dipole |ce (t)|2 decreases
most rapidly.
Fig. 2.10a shows the time-dependent instantaneous frequency of the induced dipole and the shaped electric field (cutting out part of the spectrum
results in a time-dependent instantaneous frequency as well as a temporal
broadening and reshaping of the pulse) for a D1 pulse, Fig. 2.10b shows
their relative phase and 2.10c shows the time-dependent amplitude of the
electric field and the time-dependent population of the excited state, |ce (t)|2 .
The high-intensity electric field around t = 0 is the major contributor to the
amplitude of the induced dipole. After the first “kick”, the induced dipole
evolves relatively freely as the pulse’s intensity vanishes rapidly. Hence, after only a short time, the oscillation frequency of the dipole matches the
eigenfrequency of the two level system, which, interestingly, is practically
identical to the atomic resonance frequency (which is given by the asymptotic energy difference between the molecular potentials). The instantaneous
frequency of the electric field in the tails of the pulse is the spectral cut-off
frequency. Since these two frequencies are different, over time the dipole
acquires a phase relative to the electric field. When the dipole and electric
field are in phase, the amplitude of the dipole increases, and the converse
occurs when they are out of phase. Qualitatively similar plots are obtained
for a D2 pulse, except that a second modulation frequency is also present,
due to the second cut, on a time-scale not observable in the experiments.
The modulation of ion signal seen in the experiments can be viewed as a
beating of the transient laser field with the induced dipole (and therefore a
modulation of the excited state population), and the apparent “damping” of
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the modulation is simply caused by the decline in amplitude of the transient
laser field. Hence the linear dependence seen in Fig. 2.9 can be explained.
The only unanswered question about the dynamics is why the eigenfrequency of the induced dipole is determined by the asymptotic energy difference of the potentials. If vibrational states with energy up to and including
the cut-off energy of the pulse spectrum are populated, as predicted by the
perturbative analysis, Eq. (2.3), the energy difference between the ground
state and the populated states should determine the dipole frequency. This
means that the induced dipole should oscillate at a frequency less than or
equal to the spectral cut-off frequency of the pulse, which is not the case according to Fig. 2.10. The population distribution of the different vibrational
levels according to the simulated TDSE, along with the pulse spectrum, is
show in Fig. 2.11.
The figure shows that vibrational states which lie outside the pulse spectrum are highly populated. Since it is not possible to energetically reach
these states with one photon from the ground state, the dynamics must
involve a multi-photon process. This is in agreement with power measurements, which also showed a non-linear dependence. The vibrational states
which have the largest population have the largest free-bound FCFs and are
very weakly bound, therefore having almost the same energy as the atomic
excited state. This elucidates why the molecular dipole eigenfrequency is
practically identical to the atomic case. It also explains why the dynamics
is practically identical for the D1 and D2 pulses: The dynamics of the whole
process stems from the fact that the excitation is off-resonant.
The simulations show that the process is a photoassociative one, i.e. a
continuum ground state is excited to a distribution of excited bound vibrational states. It is, however, desirable to have experimental confirmation of
this, as there are potentially other sources from which the ion signals could
originate, as discussed in the following section.

2.6.2

Competing Processes

The identification of femtosecond photoassociation relies very heavily on understanding alternative sources of the molecular ion signals detected during
the experiments. Two potential alternative pathways exist for producing
Rb+
2 ions - a) excitation of trap-light-produced molecules and b) collisional
autoionization via Rydberg states.
Photoassociation of rubidium atoms can occur due to trap light [76].
These molecules may be consequently ionized by the femtosecond pulses
from the electronic ground- (one pump photon + one probe photon) or
excited- (one probe photon only) state. In a dark SPOT, the efficiency of trap
light photoassociation depends on the atomic population of hyperfine ground
states. This distribution can be characterized by the ratio, p, of atoms in the
upper F=3 state, which participate in the trapping cycle, to the total number
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Figure 2.11: Excited state vibrational population distribution. Red bars
indicate the vibrational population and the black curves indicate the pulse
spectrum, mapped onto the vibrational state energy. a) for a D1 pulse, b)
for a D2 pulse. The insets are zoomed in regions.
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of atoms. The density of atoms varies over about one order of magnitude as p
changes and reaches its maximum around p = 0.1 [68,70]. As p is varied, the
photoassociation rate for both femtosecond and trap light PA changes due
to its dependence on the density squared. Because of the tight bandwidth of
the trapping lasers, photoassociation by trap light is additionally sensitive
to the hyperfine configuration of the colliding pairs [77], which is directly
influenced by p, whereas photoassociation by the broadband femtosecond
pulses is not. The examination of molecular ion rates under variation of the
atomic hyperfine state populations is therefore a good measure to distinguish
trap-light-formed and femtosecond-formed molecules.
The trapping laser photoassociates atom pairs to states below the 5s+5p3/2
potential asymptote. With a 1/e lifetime of ∼ 12 ns they spontaneously
decay to their electronic ground state, thereby populating the uppermost
vibrational levels of the 3 Σ+
u 5s+5s state [76, 78]. The contributions of the
excited state trap-light-formed molecules (1 probe photon) and the ground
state trap-light-formed molecules (1 pump + 1 probe photon) to the molecular ion signal were investigated separately.
For an independent measurement of the dependence of trap-light-formed
ground state molecules on the F=3 population, resonant two-photon excitation (REMPI) was used for state selective detection [78]. A Nd:YAG-pumped
dye laser, operated at 602 nm with 10 mJ pulse energy and a 10 Hz repetition
rate, was focused into the trap. The detected molecular ion rates were on the
order of 0.5 counts per pulse for a trap with a 100% F=3 population (p = 1).
The formation of ground state molecules as a function of the F=3 population is shown in Fig. 2.12a. The molecular signal is low for small values of p,
reaches its maximum at about p = 0.6 and drops again for p = 1. The trap
density has a very different p dependence, and peaks around p = 0.1 [68].
Thus the comparatively slow rise in Fig. 2.12a to p = 0.6 can be attributed
to a photoassociation process that requires at least one of the colliding atoms
to be in the F=3 hyperfine state.
A similar p dependence is observed for the molecular ion signal which
is detected when only the femtosecond probe pulses interact with the trap
(Fig. 2.12b). This signal rises to reach a maximum at around p = 0.5 and
drops again as p approaches unity. The rate of molecular ions which are
detected using this method is up to 500 Hz.
By shuttering both the trapping light and the femtosecond probe beam it
was possible to determine the origin of these ions. In one case the femtosecond probe-pulses were incident on the dark SPOT only when the trap light
was shuttered off (the trapping light had a large on/off duty cycle in order
to avoid density loss). In the other case, the timing of the shuttering of the
femtosecond probe-pulses was shifted so that they were incident on the dark
SPOT when the trap light was on (the trap light had the same duty cycle
as the first case in order to have comparable conditions). The ion signal was
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Figure 2.12: a) Molecules photoassociated by trapping light, ionized from
5s+5s ground state by nanosecond dye laser pulses. b) Molecules produced
by trapping light, ionized from the 5s+5p3/2 excited state by femtosecond
probe pulses. Inset: Relative Rb+
2 rate with and without trapping light
present simultaneously with the femtosecond pulses for p = 0.01.
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strongly correlated to the presence of trapping light, as shown in the inset
of Fig. 2.12b for the two shuttering schemes. If the trapping lasers were off
when the probe-pulses hit the trap, the Rb+
2 signal is only around 10% as
large as if the trapping lasers were on when the probe-pulses hit the trap.
The reason for this is that as soon as the trapping lasers were shuttered off,
no more molecules could be produced in the excited state and the excited
state molecules present at that time decayed with a spontaneous lifetime of
12 ns. After this decay time there were no molecules in the excited state
until the trap light was turned on again. The strong reduction in molecular
signal observed when the molecules were in the ground state shows that the
probe pulses can ionize molecules from the excited 5s+5p state, but only very
inefficiently from the ground 5s+5s state. The signal from Fig. 2.12b can
therefore be attributed to molecules which are photoassociated by trapping
light into the 5s+5p3/2 potential and then ionized by the femtosecond probe
pulses. The similarity of the p dependence found in Figs. 2.12a. and 2.12b.
can be explained, since the 5s+5p3/2 population represents the intermediate
step in the formation process of ground state molecules by trapping light.
In the pump-probe experiments the trapping light was not shuttered, and
therefore there was a steady-state population of trap-light-photoassociated
molecules, which were also ionized by the probe laser and detected, causing a
background molecular ion signal. This background was measured separately
and was corrected for as mentioned in section 2.5.
The second process that can lead to the formation of molecular ions is the
associative autoionization in collisions of Rydberg and ground state atoms
[79]. Rydberg atoms are created from ground state atoms by excitation
with a pump and a probe pulse. The resulting distribution of Rydberg
states should peak at a principal quantum number n=12, given the maxima
of the spectral profiles of the pump and probe pulses. Collisional associative
ionization (CAI) may occur during the spontaneous lifetime of the Rydberg
−
state, following the reaction: Rb(nl)+ Rb(5s) → Rb+
2 + e .

The contribution of this process to the observed molecular ion rate is
estimated from a capture model [80]. The required C6 coefficient was calculated following [81], where the necessary ground state wave functions were
obtained using a model potential described in [82], resulting in a calculated
C6 = 4.9 · 106 atomic units. With this, a CAI rate coefficient for a 5s atom
and a Rydberg atom k = σ · v = 8 · 10−10 cm3 /s is estimated for atoms with
an average kinetic energy corresponding to the trap temperature of 100 µK.
Using the measured atomic density of n0 = 1011 cm−3 and an average
lifetime of the addressed Rydberg levels of τav = 1.5 µs (calculated from
[83] and limited to Rydberg states with n< 50, due to field ionization) the
reaction probability between a Rydberg atom and the 5s atoms in the dark
SPOT is P = k · n0 · τav = 1.7 · 10−4 . Multiplying this probability by the
Rydberg atom production rate results in the overall formation rate of Rb+
2
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Figure 2.13: Pump-probe mean molecular ion signal at ∆t≫ 0 as function
of dark SPOT F=3 population for a D1 pulse. A similar curve is obtained
for the D2 pulse.

due to CAI. An upper limit on the CAI rate can be estimated by attributing
the total atomic trap-loss rate at positive pump-probe delays (106 Hz) to the
excitation of atoms to Rydberg states. In reality, trap-loss involves many
processes (for example atomic ionization) and so the actual rate is expected
to be much lower than this. This estimate of the maximum contribution of
the CAI process is 170 Hz - i.e. less than 20% of the molecular ion signal
detected in the pump-probe experiments. Furthermore, this CAI can only
occur at positive delays (pump before probe) when the first step in the
Rydberg excitation proceeds via the pump pulse. At negative delays, where
significant numbers of molecular ions are also detected (see section 2.5), the
Rydberg excitation would have to proceed via an initial excitation by the
probe pulses, however no appropriate atomic transitions are available for
such a process. CAI can therefore not explain the observed molecular ion
signals.
In order to confirm that the pump-probe molecular ion signal at positive
delays originates from the excitation of free atom pairs by the femtosecond
laser and not from trap-light photoassociated ground state molecules, pumpprobe scans were performed at different configurations of the dark SPOT i.e. different values of the parameter p. These measurements are shown in
Fig. 2.13 and can be compared to those found in Fig. 2.12. The steady-state
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asymptotic values at positive delays were obtained using the fit discussed at
the end of section 2.5. The signal shows a steep increase from p = 0, reaches
its maximum at about p = 0.2 and drops for p approaching unity. This curve
looks very similar to the atomic density curve in a dark SPOT [68] and so
it can be inferred that the pump-probe signals only seem to be sensitive to
the change in density as p rises and not the population in the F=3 state consistent with photoassociation from the femtosecond laser. This can be
contrasted with the measurements presented in Fig. 2.12, showing photoassociation by trap light, where the much slower rise for small p indicates a
process which requires at least one of the colliding atoms to be in the F=3
state.
It is therefore concluded that the molecular ion signals from the pumpprobe scans must predominantly originate from the photoassociation of colliding atom pairs by the femtosecond pump pulses. In light of this, the
pump-probe data presented in this work were taken at p = 0.1 where the
highest trap densities were measured and trap light photoassociation rates
are low, according to Fig. 2.12a., so that their contribution is, if present, of
minor importance.

2.6.3

Ground State Molecules

Asymptotic molecular ion levels for positive and negative delays show highly
correlated behavior over a broad range of cut-off detunings and pump-pulse
energies. The ratios of asymptotic levels of molecular ion rates for positive
and negative delays as the cut-off detuning and the pump-pulse energy is
varied is fairly constant at 0.3 for both cases. It is therefore possible that
the ions detected at positive delays and negative delays have a similar origin,
with just a different overall ionization efficiency. PA due to the probe-pulses
is not expected to take place, due to the lack of a suitable transition for
ground state pairs and can be therefore ruled out. The signals at positive
and negative delays are clearly different in that no oscillations are seen for
negative delays, which in itself suggests a possible mechanism which is consistent with the observed behavior: The molecular ions which are detected
at negative delays must be first photoassociated into the 5s+5p state by the
pump-pulse before undergoing further transitions and ending up as molecular ions. At negative delays the probe- precedes the pump-pulse, so any
signal related to a 5s+5p excitation must be due to a previous pair of pulses.
The temporal separation between pulse pairs of 10 µs is much longer than
the 12 ns spontaneous lifetime of the 5s+5p state. Therefore, any population
in the first excited state, created by a pump pulse, will have decayed before
a probe pulse of a successive pair of pulses interacts with the trap.
The ionization of residual population in the excited state can therefore
be excluded as the origin of the negative delay signal. However, the negative
delay signal can be attributed to molecules in the electronic ground state.
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These are formed by spontaneous decay from bound excited states, previously photoassociated by a pump-pulse. The pump-pulse excitation results
in a considerable population in bound vibrational states, as shown in Fig
2.11. Upon decay these may either dissociate or end up in bound molecular
states. Vibrational ground states are populated according to their FranckCondon overlaps with the 5s+5p vibrational states. As the 5s+5p molecules
are loosely bound and of long range character, ground state molecules can
also be expected to populate the uppermost vibrational states in the ground
state potential. In CW-photoassociation experiments [78, 84] this process is
well known and the major formation process of ultracold molecules in their
electronic ground state. In these experiments, ground state molecules could
be detected by excitation to an intermediate state below the 5s+4d or 5s+6s
asymptotes by a probe-pulse and subsequently ionized by a pump-pulse. The
ratio of 0.3 between the asymptotic levels at positive and negative delays is
the relative efficiency for direct pump-probe ionization versus the second
channel of pump excitation, followed by decay into ground state molecules
and their consecutive ionization. The lack of oscillations on this signal is
due to the long time between formation and ionization with an incoherent
spontaneous emission step in between.

2.7

Coherent Control

Now that the dynamics of the interaction is understood and has been shown
to be photoassociative, the question of coherent control arises. This has previously only been considered for perturbative interactions. The application
of linear chirp, for example, is expected to increase the excitation efficiency of
the free bound transition in the perturbative regime [36,40,44,85,86] by adiabatic transfer. Also the nuclear dynamics can be influenced by imprinting
the field’s phase onto a coherent vibrational wavepacket in the excitation: As
theoretically demonstrated by Koch et al. [39] or Poschinger et al. [41] this
may allow optimization of the coherent formation of bound ground states in
pump-dump experiments. Its application to this multi-photon non-resonant
process is unclear and was therefore also investigated.
Quadratic phases (see section 3.1.1) were imparted to the pump pulses
using the LC-SLM, in addition to cutting the spectrum, and pump-probe
scans were performed, just as for the unchirped pump pulses. The quadratic
phase, in combination with the spectral cut-off, causes strong distortions of
the pulse’s amplitude and frequency behavior during the pulse maximum.
Compared to an unchirped pump-pulse, the maximum field strength is reduced by a factor of ∼2 for a chirp of b2 = 25000 fs2 and its duration is
increased to ∼ 1.2 ps FWHM. The instantaneous frequency varies strongly
due to the combination of spectral cut and additional quadratic phase modulation.
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Figure 2.14: Measured (black) and simulated (red) pump-probe Rb+
2 traces
−1
for chirped and cut pulses with spectral cut-off at -8 cm . The linear chirp
coefficients are: top, -25000 fs2 , middle no chirp, and bottom +25000 fs2 .
The background molecular count rate of 350 Hz was subtracted from the
data. Reproduced from [57].
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Selected measured pump-probe scans are shown in Fig. 2.14 for b2 =
−25000 fs2 , b2 = 0 fs2 and b2 = 25000 fs2 , with a D1 pulse, along with simulations. The major effect of the quadratic phases on the photoassociation
was a strong reduction of the excited state population (and hence the molecular ion signal). For both positive and negative chirps of b2 = ±25 000 fs2
the steady-state molecular ion rate drops below 25% of the zero-chirp level.
A strong reduction in ion rate supports the argument that photoassociation into the 5s + 5p asymptote outside of the perturbative regime is taking
place, since non-linear processes require high peak intensities during the
pulse maximum. The dynamics is almost identical to the unchirped case:
The modulations are observable even for large values of b2 , decreasing only
in amplitude whereas their period remains unchanged. The main difference
in the dynamics is a phase-shift between the peak at zero delay and the oscillations. The phase-shift is chirp-dependent and originates from the relative
phase between the induced dipole and the electric field at early times [57].
Hence a degree of coherent control over the dynamics in this process is possible .
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Chapter 3

Shaping of femtosecond laser
pulses
The results from the previous chapter indicate the need for a device capable
of shaping small-bandwidth picosecond optical pulses. Due to the MIRA
laser system in the group being capable of producing both femtosecond and
picosecond pulses, the device has the additional requirement of being able to
shape standard femtosecond pulses for other coherent control experiments.
The aspects of the femtosecond shaper are discussed in this chapter (the
picosecond setup will be discussed in chapter 4), beginning with section 3.1,
giving a general mathematical description of laser pulses, in both the temporal domain as well as the spectral domain, followed by the introduction of
the concept of spatial light modulation in a 4-f setup and a discussion of all
important concepts and parameters. The design criteria for the femtosecond
shaper are presented in section 3.2 and a description of the femtosecond design and methods used to characterize the pulses it produced are presented in
section 3.3. Finally, characterization measurements are presented in section
3.4.

3.1

General Considerations for Shaping of Femtosecond Pulses

In this section a mathematical framework is described, in which shaping
of laser pulses is most easily understood. The time-dependent laser field,
along with its complementary description in frequency space, is presented.
The real electric field is much simpler to handle when considering its complex components, where the phase is more easily visualized and hence this
complex description is derived from the real electric field and discussed and
some effects of simple temporal and spectral phases are investigated. Linear
systems theory, the framework in which the shaping of laser pulses is eas37
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Figure 3.1: The electric field of a laser pulse with
√ a carrier frequency of
ν0 = 384 THz and a Gaussian envelope (FWHM of 2 · 5 fs). a. and b. have
a constant instantaneous frequency (i.e. they are Fourier-limited), whereas
c. and d. are chirped with a2 = 0.4 fs−2 . b. and d. have a π/2 carrier
envelope phase offset. Thick black lines represent the envelope, ±A(t − t0 ),
and thin blue lines represent the real electric field, E(t − t0 ).
ily understood, is briefly described, followed by a description of a standard
pulse shaping setup (spatial light modulation) and its individual components. The latter is presented in the form of simple ABCD matrices, from
which almost all important properties of such a pulse shaper can be derived.
Finally, the transfer function (the mathematical description of the system
in linear systems theory) is presented and discussed. For readers not familiar with linear systems theory, Tan [87] is an excellent reference and, as a
more specific reference for shaping of laser pulses, Wollenhaupt et al. [88] is
recommended.

3.1.1

Mathematical Description of Laser Pulses

At a specific, fixed point in space, the time-dependent amplitude of a linearlypolarized electric field, whose frequency is not time-dependent, can be de38
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scribed mathematically by:
E(t − t0 ) = A(t − t0 ) cos (2πν0 · (t − t0 ) + Φ0 ),

(3.1)

where t0 is the reference zero time, which is typically the time at which the
peak of the envelope reaches the reference point in space, Φ0 is the carrierenvelope (CE) phase-offset, A(t−t0 ) the time-dependent amplitude envelope
of the electric field, and ν0 the carrier frequency of the electric field. The
electric field, E(t − t0 ) (which is always a real function), with Φ0 = π/2 is
shown in Fig. 3.1b. The (generally) time-dependent intensity of such an
electric field is given by:
I(t − t0 ) =

ǫ0 cn
A(t − t0 )2 ,
2

(3.2)

where ǫ0 is the vacuum permittivity, c the speed of light and n the refractive
index. The electric field of a continuous-wave (CW) laser is a special case of
Eq. (3.1) with A(t − t0 ) = constant. In the most general case, the frequency
of the electric field is time-dependent and the electric field can be written
as:
E(t − t0 ) = A(t − t0 ) cos [2πν0 · (t − t0 ) + Φ(t − t0 )]
A(t − t0 ) i[2πν0 ·(t−t0 )+Φ(t−t0 )]
=
e
+ c.c.
2
= E + (t − t0 ) + E − (t − t0 ),

(3.3a)
(3.3b)
(3.3c)

where, as will shortly be seen, under the appropriate conditions E + (t − t0 )
and E − (t − t0 ) are the electric fields of the positive and negative frequency
components, respectively. The time-dependent frequency (the instaneous
frequency) of Eqs. (3.3) is related to the time derivative of the argument of
the cosine function:
νinst. (t − t0 ) = ν0 +

1 dΦ(t − t0 )
.
2π
dt

(3.4)

Figs. 3.1c and 3.1d show linear chirped electric fields for zero and π/2
CE phase-offset, respectively. Both cases correspond to νinst. (t − t0 ) = ν0 +
a2 (t−t0 )/(2π), with ν0 = 384 THz and a2 = 0.4 fs−2 . Since the instantaneous
frequency increases with time this is known as “up-chirp” or “positive chirp”,
whereas a decrease of the the instantaneous frequency is known as “downchirp” or “negative chirp”.
A complementary description of the time-dependent electric field can be
made in the frequency domain via its Fourier decomposition into monochromatic waves:
Z ∞
E(t − t0 ) =
Ẽ(ν)ei2πν(t−t0 ) dν,
(3.5)
−∞
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and therefore by the Fourier inversion theorem:
Z ∞
E(t − t0 )e−i2πν(t−t0 ) dt,
Ẽ(ν) =

(3.6)

−∞

where Ẽ(ν) is the spectrum of E(t − t0 ). Since E(t − t0 ) is real, its complex spectrum, Ẽ(ν) (which is not necessarily a real function), is Hermitian
(Ẽ(ν) = Ẽ ∗ (−ν)). Hence knowledge about the positive frequency components is sufficient to fully characterize the electric field. Defining:

Ẽ(ν) for ν ≥ 0
+
,
(3.7)
Ẽ (ν) =
0
for ν < 0
and:
−

Ẽ (ν) =



0
for ν ≥ 0
,
Ẽ(ν) for ν < 0

(3.8)

the complete spectrum may be written as Ẽ(ν) = Ẽ + (ν) + Ẽ − (ν). Due to
the Fourier shifting theorem, the Fourier transform of E + (t − t0 ) will be the
0 ) iΦ(t−t0 )
e
, shifted, by ν0 , to positive frequencies.
Fourier transform of A(t−t
2
0 ) −iΦ(t−t0 )
−
Similarly E (t−t0 ) will be the Fourier transform of A(t−t
e
, shifted,
2
by −ν0 , to negative frequencies. If ν0 is much larger than both the width
0)
and any frequencies contained within
of the Fourier transform of A(t−t
2
Φ(t − t0 ) (as will always be the case for the laser pulses under consideration
in this thesis), then:
Z ∞
+
Ẽ (ν) =
E + (t − t0 )e−i2πν(t−t0 ) dt
(3.9a)
−∞
Z ∞
E + (t − t0 ) =
Ẽ + (ν)ei2πν(t−t0 ) dν,
(3.9b)
−∞

and:
Ẽ − (ν) =
E − (t − t0 ) =

Z

∞

Z−∞
∞

E − (t − t0 )e−i2πν(t−t0 ) dt

(3.10a)

Ẽ − (ν)ei2πν(t−t0 ) dν.

(3.10b)

−∞

Due to Eqs. (3.3) and (3.9), only E + (t − t0 ), also known as the analytic
signal, or its Fourier transform, Ẽ + (ν), is usually considered, as each is
individually sufficient to completely describe the electric field.
To elucidate some of the interplay between E + (t − t0 ) and Ẽ + (ν) (and
hence between E(t − t0 ) and Ẽ(ν)), Ẽ + (ν) can be decomposed into its amplitude and phase:
Ẽ + (ν) = B(ν)e−iφ(ν) .
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The spectral phase, φ(ν), can now be expanded in a Taylor series if the
pulses are “well-behaved” enough:
φ(ν) = b0 + 2πb1 (ν − ν0 ) +

1
(2π)2 b2 (ν − ν0 )2 + · · · .
2!

(3.12)

Describing the spectral phase of a laser pulse as a Taylor expansion, as in Eq.
(3.12), is common in the literature (the quadratic term is most discussed,
although on occasion terms up to fourth order can be of interest) and it is
therefore important to understand the effect of the different terms.
The first two terms in Eq. (3.12) are the simplest to analyse: Ẽ + (ν) can
be Fourier transformed to find that:
Z

∞

B(ν)e−i(b0 +2πb1 (ν−ν0 )) ei2πν(t−t0 ) dν
−∞
Z ∞
−ib0 i2πb1 ν0
e
B(ν)ei2πν(t−tb1 ) dν
= e
−∞

A(t − tb1 ) i(2πν0 (t−tb )+Φ(t−tb ))
1
1
e
2
= E + (t − tb1 )ei(2πb1 ν0 −b0 ) ,
= e−ib0 ei2πb1 ν0

(3.13)

where the Fourier shifting theorem has again be utilized along with the
relationship in Eq. (3.9a) and tb1 = t0 + b1 . According to Eq. (3.13), the
effect of b0 is a simple CE phase shift in the time domain and b1 results in
a temporal shift of the envelope of the pulse relative to the time reference,
t0 (and hence also a CE phase shift of 2πb1 ν0 ). For a given value of b1 ,
b0 may be chosen such that the overall temporal result is identical to an
interferometric shift of the pulse (both the envelope and the carrier wave are
shifted by the same amount): b0 = (2πb1 ν0 ) mod (2π).
The third term in Eq. (3.12) will be analysed separately, but in a similar
manner (i.e. all terms in Eq. (3.12) will be set to zero except the quadratic
coefficient, b2 ). It will turn out that the exact form of the temporal electric
field depends on the envelope, and not just the phase of the spectral field.
For calculation purposes, a Gaussian envelope will be assumed with the form:
B(ν) =

A0 TI
2

r

2 2

(2π) TI
π
−
e 8 ln (2)
2 ln (2)

(ν−ν0 )2

,

A0 −2 ln (2)
2 e

(3.14)
(t−t0 )2
T1

the Fourier transform of which is:
ei2πν0 (t−t0 ) , i.e. a Gaussian with amplitude A0 , an envelope full-width at half maximum intensity
(FWHMI) of T1 and a constant instantaneous frequency, ν0 . This is the form
E + (t − t0 ) would have were the spectral phase, φ(ν), zero. However, when
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1
2
2! (2π) b2 (ν

− ν0 )2 a very different temporal electric field results [88]:
Z ∞
+
Ẽ(ν)ei2πνt dν
E (t − t0 ) =
−∞
#
Z ∞"
r
(2π)2 TI2
2
1
A0 TI
π
2
2
−
(ν−ν0 ) −i (2π) b2 (ν−ν0 )
e 2
=
e 8 ln (2)
ei2πνt dν
2
2 ln (2)
−∞

φ(ν) =

=

A0
2γ

1
4



e

−(t−t0 )2
4ζγ



1

2 −ǫ)

ei2πν0 (t−t0 ) ei( 2 a2 (t−t0 )

,

(3.15)

where:
b2
,
4ζ 2 γ
b2
γ = 1 + 22 ,
4ζ
TI2
ζ =
,
8 ln (2)
 
1
b2
ǫ =
arctan
.
2
2ζ

a2 =

(3.16)
(3.17)
(3.18)
(3.19)

√
The temporal FWHMI is given by TI γ, i.e.:
TI,b2 =

s

TI2



b2
+ 4 ln (2)
TI

2

,

(3.20)

which is longer than it would have been if the spectral phase were zero.
Additionally, the peak intensity of a pulse with such a quadratic phase is
lower than that obtained with φ(ν) = 0. The relative decrease in peak
intensity is given by:
√
I0rel = 1/ γ = r

1
1+



4 ln (2)b2
TI2

2 .

(3.21)

Furthermore, the instantaneous frequency is now time-dependent and, according to Eq. (3.4), is:
νinst. (t) = ν0 +

a2 t
t

,
= ν0 +
4
T
2π
I
2π (4 ln (2))
+
b
2
2
b

(3.22)

2

and varies linearly with time. For this reason this type of phase is known
as “linear chirp”. Although the peak intensity of the pulse is decreased
and the pulse is broadened in time, the overall energy of the pulse is not
changed. This type of chirp is very important for, amongst others, the
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Figure 3.2: The electric field of a laser pulse with
√ a carrier frequency of ν0 =
384 THz and a Gaussian envelope (FWHM of 2 · 5 fs) with φ(ν) = −π/2.
a. Ẽ + (ν), b. E + (t − t0 ), c. Ẽ(ν) and d. E(t − t0 ). Black lines are complex
amplitudes, red lines are complex phases (as defined in the main text) and
the blue line is the real electric field.
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Figure 3.3: The electric field of a laser pulse with √
a carrier frequency of
ν0 = 384 THz and a Gaussian envelope (FWHM of 2 · 5 fs) with φ(ν) =
−1 fs × 2π(ν − ν0 ). a. Ẽ + (ν), b. E + (t − t0 ), c. Ẽ(ν) and d. E(t − t0 ). Black
lines are complex amplitudes, red lines are complex phases (as defined in the
main text) and the blue line is the real electric field.
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Figure 3.4: The electric field of a laser pulse with √
a carrier frequency of
ν0 = 384 THz and a Gaussian envelope (FWHM of 2 · 5 fs) with φ(ν) =
10 fs2 × (2π)2 (ν − ν0 )2 . a. Ẽ + (ν), b. E + (t − t0 ), c. Ẽ(ν) and d. E(t − t0 ).
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amplification of ultrashort laser pulses as the decrease in peak intensity allow
large amplification without damaging optical elements [89, 90].
To visualise the effect of the various Taylor phases in Eq. (3.12), Fig.
3.2 shows the effect of φ(ν) = b0 , where b0 = π/2 rad, Fig. 3.3 shows the
effect of φ(ν) = 2πb1 (ν − ν0 ), where b1 = −1 fs and Fig. 3.4 shows the effect
of φ(ν) = 1/2(2π)2 b2 (ν − ν0 )2 , where b2 = 10 fs2 , all for the same Gaussian
shaped spectrum with B(ν) given by Eq. (3.14), TI = 5 fs, and A0 = 1 V/m.
Notice in Fig. 3.2d. that the carrier wave is shifted relative to the reference
zero time by t = b0 /(2πν0 ), but the envelope is not and hence E(t − t0 )
has a CE phase offset. In Fig. 3.3d., the envelope is shifted relative to the
reference zero time by t = b1 but the carrier wave is not and hence, once
again, E(t − t0 ) has a CE phase offset. In Fig. 3.4d., the envelope is not
shifted relative to the reference zero time, but is broader (as per Eq. (3.20))
and its peak value is smaller (as per Eq. (3.21)), but remains Gaussian
shaped. The carrier wave’s frequency changes with time (although this is
somewhat difficult to see here and is easier seen in Fig. 3.1c. or 3.1d., which
also have a quadratic phase), as per Eq. (3.22) and it also has a CE phase
offset, due to the ǫ term in Eq. (3.15).
The higher order terms in Eq. (3.12) are progressively called “quadratic
chirp” (third order phase), “cubic chirp” (fourth order phase), and so on,
and all modify the temporal pulse envelope in some way. Although a Taylor
expansion is not always the most efficient method of describing the spectral
phase (see section 3.4.5, where a sinusoidal phase is discussed) it is applicable
to many situations and is hence widely used.

3.1.2

General Shaping of Laser Pulses

Given an initial input laser pulse what sort of manipulation is required to
achieve a desired final output pulse? This depends, of course, on how exactly the pulse is manipulated. As shown in section 3.1.1, any laser pulse
can be explicitly described either in the time domain (by E + (t − t0 )) or in
the frequency domain (by Ẽ + (ν)). Therefore any method of manipulation
will act directly on one of these functions, and indirectly on the other. Hence
it is useful to have a general understanding of both the direct and indirect
effects of any manipulation. This is not a trivial task in general, but can
be made much simpler by considering only linear manipulations. With this
restriction in place the well-understood mathematical framework of linear
systems theory can be called upon. An excellent reference for linear systems theory is [87] and is highly recommended for anyone who wishes to
familiarize themselves with the subject, including distribution theory and
its applications. A brief summary of some pertinent aspects is given here.
In short, a linear system is something that takes an input f (t), changes
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Figure 3.5: Black-box diagram of a linear system.

it in a linear 1 sense, and gives an output, g(t), which may be (but is not
necessarily) different to the input. The effect of the entire system can be
described by the impulse response of the system, h(t). The impulse response
completely describes how the system reacts to a delta function input. Once
the impulse response of the system is known, any details of the system are
irrelevant and it can be treated as a “black-box”. The output of the system
is given by:
g(t) = (f ∗ h)(t),

(3.23)

where ∗ denotes convolution. A diagrammatic representation of a linear
system is given in Fig. 3.5. It can be shown that if the Fourier transforms
G(ν), F (ν) and H(ν) of g(t), f (t) and h(t), respectively, are known, then
the following expression is also true:
G(ν) = F (ν)H(ν),

(3.24)

where H(ν) is known as the transfer function of the system. Eqs. (3.23)
and (3.24) can be rewritten in terms of the temporal and spectral electric
fields sent into a pulse shaper, using Eqs. (3.9) (assuming from now on that
t0 = 0 for notational convenience):
+
+
Eout
(t) = (Ein
∗ h)(t)

+
Ẽout
(ν)

=

+
Ẽin
(ν)H(ν).

(3.25a)
(3.25b)

Hence, regardless of the chosen manipulation method, Eqs. (3.25) can be
used in general to describe the manipulation. All that is required is the
determination of h(t) or H(ν) for the shaping system.

3.1.3

Spatial Light Modulation

Spatial light modulation is probably the most common method used to shape
laser pulses. The setup was originally analysed by Thurston et al. [91] and
1

The reader is referred to [87] for a detailed discussion of what this means.
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Figure 3.6: Standard linear 4-f setup. The double lines for each colour
represent ± the beam radius from the centre of the beam.
first realized experimentally by Weiner et al. [92]. Various papers have been
devoted to calculating both the temporal and the spatial effects of the transfer functions of different systems. Probably the most comprehensive analysis is to be found in [93], where a full Fourier treatment of a spatial light
modulation using a 4-f setup is presented. The full Fourier treatment is
rather long-winded and mathematically intensive and therefore not suitable
for presentation in this thesis. Instead, a geometrical optics analysis will
be performed using the ABCD matrices, which is also suitable for Gaussian beam propagation. All important parameters can be derived using the
ABCD matrix approach, with the exception of spatial beam profile deviations from TEM00 (i.e. space-time coupling). Any results not obtainable
with the ABCD method will simply be quoted from the relevant sources and
discussed.
A standard linear 4-f setup, suitable for shaping femtosecond pulses, is
shown in Fig. 3.6. The input beam is incident on grating G1, where the
different wavelength components of the pulse are spatially dispersed before
being incident on lens L1. The setup is usually mirror symmetric about the
Fourier plane (i.e. the distances and properties of the optics after the Fourier
plane are identical to those before the Fourier plane). The 3x3 matrix for a
diffraction grating can be used to calculate the full propagation, as in [94],
or a 4x4 matrix, as in [95]. However, for simplicity, the grating angles can be
calculated separately and the rest of the setup calculated using the familiar
2x2 ABCD matrices (assuming paraxial rays) for the lenses. The grating
equation is:
mλg = (sin α + sin β) cos δ,

(3.26)

where g is the grating frequency, m is the diffraction order, λ the wavelength,
δ the incident vertical angle of the beam (i.e. the angle that the projection
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Figure 3.7: Grating with incident beam (red) along with its projections
(black) onto mutually orthogonal planes which are parallel and perpendicular
to the grating lines. Angles are measured with respect to the surface normal.

of the incident k-vector onto the plane parallel to the grating lines and
containing the grating normal makes with respect to the grating normal),
and α and β are the incident and diffracted azimuthal angles, respectively, of
the beam (i.e. the angles that the projections of the incident and diffracted
k-vectors onto the plane normal to the grating lines make relative to the
grating surface normal). The angles α and δ are depicted in Fig. 3.7. From
Eq. (3.26), θ0 (λ) = β(λ) − β(λ0 ), the diffraction angle relative to the optic
plane of the lenses (which both have focal length f1 ), can be calculated. This
angle may be used to calculate the beam propagation for each wavelength
up to the Fourier plane:







1 0
xfs (λ)
1 f1
1 f1
x0
=
−1
1
θfs (λ)
0 1
0 1
θ0 (λ)
f1



0 f1
x0
=
,
(3.27)
−1
0
θ
(λ)
0
f1
where the subscript fs denotes “femtosecond setup” (later an identical analysis will be performed for the picosecond setup and the subscript distinguishes
the two parameter sets). It is clear from Eq. (3.27) that θfs (λ) is identically
zero for all λ when x0 = 0, i.e. when the position on the grating surface
where the ingoing beam is incident upon coincides with the focal point of the
lens. Therefore all wavelength components propagate perpendicularly to the
Fourier plane. Using Eq. (3.26), for m = 1 the exact transverse geometric
position of each wavelength at L1 is given by: x′fs (λ) = f tan [θ0 (λ)]. Since
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the transverse position of each wavelength at the lens will be the same as its
transverse position in the Fourier plane, when the distance between G1 and
L1 is f1 :
xfs (λ) = f1 tan [θ0 (λ)].

(3.28)

According to Eq. (3.27) (which is obtained under the paraxial approximation), the wavelength distribution in the Fourier plane is given by:
xfs (λ) = f1 θ0 (λ),

(3.29)

Under the paraxial approximation (tan x ≈ x for small x), Eq. (3.28) becomes identical to Eq. (3.29). To find an expression for θ0 (λ) under the
paraxial approximation, it is useful to expand Eq. (3.28) as a Taylor series
around the central wavelength, λ0 , resulting in:
"
#
∂β
1 ∂2β
2
xfs (λ) = f1
(λ − λ0 ) +
(λ − λ0 ) + ... .
(3.30)
∂λ λ0
2 ∂λ2 λ0
The paraxial approximation amounts to keeping only the linear term in this
expansion: The second order term is around 5% as large as the first order
term for typical setups. Keeping only the first order term (calculated by
differentiation of the grating equation) results in:
xfs (λ) ≈

gf1
(λ − λ0 ).
cos (δ) cos (β(λ0 ))

(3.31)

This gives an analytical frequency-space mapping for the positions of the
frequency components making up the pulse and will be crucial for calculation
of the spectral transfer function of the 4-f system. From equation (3.31), the
linear dispersion can be calculated:
dxfs
gf1
=
,
dλ
cos (δ) cos (β(λ0 ))
and the spatial dispersion [92] is given by:


−λ2 dλ −1
ξfs =
2πc dxfs
−λ2 gf1
=
.
2πc cos (δ) cos (β(λ0 ))

(3.32)

(3.33)

The spot size of a single wavelength component in the Fourier plane will
limit the spectral resolution and is therefore an important parameter which
will have to be included in the transfer function of the system. Assuming
a Gaussian beam, the beam radius in the Fourier plane can be calculated
by considering propagation of the complex beam parameter with the ABCD
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matrix in equation (3.27). Assuming plane waves at the input immediately
before G1, the initial complex beam parameter, qin , is given by:
−iλ
1
=
′ ,
qin
πωin

(3.34)

′ is the 1/e2 intensity radius of the beam immediately after the gratwhere ωin
′ is related to ω , the 1/e2 intensity radius of the beam immediately
ing. ωin
in
′ = ω cos (β(λ))/ cos (α), where the cosine terms
before the grating, by ωin
in
account for anamorphic magnification due to the grating. The resulting 1/e2
intensity radius in the Fourier plane is given by [96]:


cos (α)
f1 λ
fs
ω0 =
,
(3.35)
cos (β(λ)) πωin

Strictly speaking, ω0fs is different for each wavelength component of the pulse.
However, if the bandwidth of the laser is not too large, this can be well
approximated by the spot size of the central wavelength in the Fourier plane.
If the frequency components of the pulse are allowed to freely propagate through the Fourier plane without modification, the ABCD matrices
for the remaining optics will be the inverse of those calculated up to the
Fourier plane. Hence the pulse will be in no way modified from its original state (within the constraints made so far) and no pulse shaping occurs.
By misaligning some of the optical elements it is possible to modify the
pulse [90, 94, 97], however, for general pulse shaping, this is usually undesirable and care is taken to optimally align the optics so that the optical elements themselves have as small an effect on the pulse as possible. Any shaping should come from acting on the wavelength components in the Fourier
plane (where the best spectral separation is available) in a well-defined way.
It is therefore common to have an optical device situated in the Fourier plane
which is able to modify some property or properties of the (now spatially
dispersed) pulse. Such a device is commonly known as a spatial light modulator (SLM). There are various types, but the most commonly used device
is a liquid crystal based SLM.
A small diversion will now be taken to discuss the physics of a liquid
crystal SLM (LC-SLM). An LC-SLM is a 1D array of pixels, where each
pixel consists of a small orthorhombic volume of liquid crystal to which a
well-defined voltage may be applied along one dimension of the orthorhombe.
Fig. 3.8 shows a sketch of an LCD array. Liquid crystals are long, essentially
cylindrically shaped optically active molecules. The birefringence depends on
the relative orientation between the electric field polarisation and the long
axis of the molecules, with maximum birefringence occurring when they
are parallel. When no voltage is present, brushed etchings on the glass
substrate cause all the molecules to align in a defined orientation parallel to
the glass surface (see Fig. 3.9). When a voltage is applied across a pixel,
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Figure 3.8: Sketch of an LCD array reproduced from the Jenoptik SLMS640d manual.
molecules begin to align with the resulting electric field and with a high
enough voltage the molecules will be oriented perpendicular to the glass
surface. Hence, an ingoing electric field will receive a phase shift, depending
on its polarisation relative to the optic axes of the pixel, the thickness of
the pixel and the voltage applied across it, when passing through the pixel.
The phase retardation between ordinary and extraordinary polarized waves
is given by:
∆ψ(λ, U ) =

2π(ne (U ) − no )dLC
,
λ

(3.36)

where no and ne (U ) are the ordinary and extraordinary refractive indices of
the liquid crystal and dLC the thickness of the pixel. Note that the phase
retardation is dependent on both the wavelength of the incident light, as
well as the voltage applied across the pixel.
If a well-collimated beam of linearly polarized light is incident on an LCSLM pixel, as shown in Fig. 3.10, its polarisation will be changed into elliptic
polarisation, due to the phase retardation of the LC pixel. Hence an LCSLM pixel can be simply viewed as a voltage-dependent waveplate. Using
the Jones matrices, the electric field, after additionally passing through a
polarizer, can be calculated:
+
E~out
(t, z) =



1
0



cos




∆ψ i ∆ψ +
e 2 Ein (t, z),
2

(3.37)

where the input electric field is given by:
+
E~in
(t, z) =

52



1
0



+
Ein
(t)e−ikz .

(3.38)
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Figure 3.9: One LCD pixel under different electric fields. The thickness of
the LC layer is approximately 9 µm. Reproduced from the Jenoptik SLMS640d manual.
and both the amplitude and phase of the outgoing electric field are modified
and coupled.
If a second LC array is placed between the first LC array and the polarizer, as in Fig. 3.11, the output electric field can again be calculated:
 


∆ψ1 − ∆ψ2 i ∆ψ1 +∆ψ2 +
1
+
2
(t, z) =
cos
e
Ein (t, z),
(3.39)
E~out
0
2
where ∆ψ1 and ∆ψ2 are the phase retardation of the first and second LC
pixels, respectively. Eq. (3.39) shows that with this setup it is possible to
independently shape both the amplitude and phase of light using the setup
in Fig. 3.11. If the polarizer were not in the setup, the result would be that
the polarisation and phase may be independently shaped. Hence two LC
arrays of such pixels, placed back-to-back in the Fourier plane (technically
this means the thickness of the LC-SLM must be small compared to the
fs = π(ω fs )2 /λ, of the beam), allow independent
Rayleigh range, given by zR
0
control over the polarisation and phase (or amplitude and phase if a polarizer
is placed after the setup) of the frequency components of the pulse. Since the
voltage across individual pixels can be controlled independently, this results
in great freedom for manipulation of Ẽ + (ν).

3.1.4

Transfer Function for a 4-f Setup with an LC-SLM

The point has now been reached where all that remains is to calculate the
transfer function or the impulse response function for the 4-f setup. Although
this sounds simple, if it is attempted using the most physically rigorous
analysis, the mathematics rapidly becomes almost intractable and physical
insight is somewhat difficult. For completeness, and also to motivate the
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Figure 3.10: Linearly polarized light incident on an LC-SLM pixel with
polarisation 45◦ to the optical axis of the LC molecules. The electric field
after the LC-SLM pixel is elliptically polarized in general. If the light then
passes through a polarizing element, oriented in the same direction as the
ingoing electric field polarisation, the effect will be coupled attenuation and
phase-retardation of the outgoing light after the polarizer. Reproduced from
the Jenoptik SLM-S640d manual.

simpler approach about to be taken, the most complete impulse response
function from the literature for a dual LC-SLM with ±45◦ extraordinary
axes will first be given. A Fourier analysis for a TEM00 ingoing beam (taking
into account pixel-gaps and including spatial effects) results in [93]:
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Figure 3.11: Linearly polarized light incident on two LC-SLM pixels from
two arrays positioned one behind the other with polarisation mutually 45◦ to
the optical axis of the LC molecules. After the polarizer, the amplitude and
phase-retardation are uncoupled. Reproduced from the Jenoptik SLM-S640d
manual.
where N is the total number of pixels on the mask, ∆x the distance between
(1,2)
pixel centres, Ω = cos (α)/ cos (β), z0
is the position of array 1 (array
2), relative to the Fourier plane, along the beam propagation axis, Tfs =
2πξfs /(N ∆x), χfs = Ωλf1 /(N ∆x) and:
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where x0
is the spatial offset between the central wavelength and the
(1,2)
centre of array 1 (array 2), An
the discrete Fourier transform of the N
(1,2)
(1,2)
length sequence Bj
(where Bj
is the complex filter for pixel j of array
1 (array 2)), ∂a,b the Kroenecker delta function and r the pixel width divided
by the pixel width plus the pixel-gap width, i.e. the pixel width divided by
the distance between pixel centres, ∆x. Keeping only the TEM00 spatial
(2)
(1)
component of this outgoing beam and assuming z0 = −z0 = z̄/2 results
in:
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The analysis required to reach Eqs. (3.40) and (3.42) is somewhat involved, as is the end result itself. For clarity and to ease physical understanding, a slightly simplified picture will be considered, which will result in
an almost identical impulse response function to that in Eq. (3.42) under
the appropriate assumptions.
(1,2)
= 0, i.e. both LC
First of all, it will be assumed that z̄ = 0 and x0
arrays sit exactly in the Fourier plane (technically this means the Rayleigh
fs is much larger than z (1,2) ) and are perfectly centred with respect
range, zR
0
to the central wavelength of the incoming pulse. It will also be assumed that
space-time coupling is not present, i.e. spatial properties are ignored and
the output beam is assumed to have a TEM00 profile. Finally, the width
of a pixel will be assumed to be the same as the distance between pixel
centres, i.e. there are no pixel gaps and r = 1. With these assumptions in
place, the simplest approach is to consider what happens in frequency space
with the space-frequency mapping already given by Eq. (3.31) (a similar
approach is taken in [92]). The effect of the dual LC-SLM is to multiply the
electric field by the factors shown in Eq. (3.39). The ideal transfer function
(infinite resolution) for the dual LC-SLM, M (ν) = K(ν)e−iµ(ν) , is a complex
function. The actual transfer function is a sampled version of this and may
be written:


N/2−1
 ν 
X
∂((ν − ν0 ) − n∆ν) ∗ Π
,
(3.43)
Meff (ν) = M (ν)
∆ν
−N/2

where N is the total number of pixel in each LC array, ∂(x) the Dirac
delta function, Π(x) the top-hat function (with value 1 for |x| < 1/2, 1/2
for |x| = 1/2 and 0 for |x| > 1/2) and ∆ν the frequency change between
pixel centres, which can be obtained from Eq. (3.32) or (3.33). Meff (ν) is a
continuous function, consisting of N complex values within a range ∼ ±N/2,
centred around the central frequency, ν0 , and is zero everywhere else. The
amplitude and phase of the nth complex value is given by Eq. (3.39):


∆ψ1 (Un , νn ) − ∆ψ2 (Un , νn )
Cn = cos
(3.44a)
2
e−iρn

= ei

∆ψ1 (Un ,νn )+∆ψ2 (Un ,νn )
2

(3.44b)

where νn is the frequency incident on pixel n. Strictly speaking, there is a
slight variation of Cn and ρn across one pixel, as, due to the finite size of
both the pixel and ω0fs , there will be more than one frequency component
incident on it. This is a negligible effect, since ψ varies slowly as a function
of λ, and hence the variation is simply ignored.
As previously mentioned, the finite beam radius in the Fourier plane
must be taken into account to get the overall transfer function for the 4-f
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setup. It is given by:
H(ν) = (Meff ∗ G)(ν),

(3.45)

where G(ν) is a Gaussian function representing the spatial intensity profile
of the beam [91], mapped to frequency space and is therefore related to the
physical beam radius, ω0fs :
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The electric field after the shaper can now be written:
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where a slightly loose convolution notation has been used on the second line
of Eq. (3.48). If the bandwidth of the laser pulse is spread over an area
that is smaller
P than the LC-SLM (i.e. the laser bandwidth is smaller than
N ∆ν), the
sinc term may be replaced by a sum of delta functions. This
is equivalent to assuming that the LC-SLM contains infinitely many pixels
and therefore does not impose a limit on the spectral bandwidth of the 4-f
setup. In this case Eq. (3.48) can be rewritten:
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2
8ξfs
which is the final result for the simplified picture and after some mathematical manipulation, the similarity between Eq. (3.49) and Eq. (3.42) becomes
apparent. The first term in Eq. (3.49) shows that replica of the desired
shaped pulse appear periodically in time [98] as well as being responsible
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for temporal aliasing of the output pulse. The amplitude of these replica is
attenuated by the sinc and exponential terms. The sinc term comes from
the rectangular shape of the pixels, whereas the Gaussian term comes from
the finite beam width and shape in the Fourier plane. The Gaussian term
is useful, as it strongly attenuates replica pulses, which are usually undesirable in the shaped pulse. The sinc and exponential terms together define
a “time-window” in which shaping is possible. The sinc component of the
time-window, which can be viewed as stemming from the Nyquist sampling
theorem, can be characterized by its limits [87]:
T pix = ±

1
.
2∆ν

(3.50)

The Gaussian component of the time-window can be characterized by its
half-width at half maximum intensity (HWHMI):
√
2ξ ln 2
spot
T
=±
,
(3.51)
ω0
The time-windows from Eqns. (3.50) and (3.51) are related to the two
aspects contributing to the spectral resolution of the system and they show
that the time-window can be increased by increasing the spectral resolution
of the 4-f system (smaller ∆ν) and by decreasing the beam radius in the
Fourier plane (decreasing ω0fs ). The latter can be done by increasing ωin ,
according to Eq. (3.35). However, to ensure sufficient attenuation of replica
pulses, care must be taken that ω0fs does not become too small. The best
method for increasing the resolution is to keep the spot size in the Fourier
plane constant and decrease ∆ν (increase the spatial dispersion).

3.2

Design Criteria

The first important consideration for the design of a pulse shaper is the bandwidth of the input pulses. When using a 4-f setup the frequency components
will be spatially spread in the Fourier plane in a manner that is determined
by the grating frequency, ingoing angle to the first grating, central wavelength and focal length of the lenses, as can be seen from Eq. (3.33). If the
spatial dispersion is so large that the frequency components are spatially
spread over an area that is larger than the SLM or any optical component
before or after the Fourier plane, then the approximation to get to Eq. (3.49)
(i.e. that the laser bandwidth is the limiting factor) no longer holds. In this
case a non-negligible portion of the spectrum will be clipped and the output of the shaper will be sinc pulses when no shaping is desired, i.e. when
m(t) = 1, and in general will have the form given in Eq. (3.48). Additionally, the outgoing angles from the grating, β(λ), can also become complex,
even for the first order diffracted light (i.e. light is only present in the zeroth
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order), if the grating frequency is too large and the wavelengths are too long,
causing partial or complete attenuation of the wavelength components of the
pulse. In order to avoid these problems, the bandwidth of the shaper must
be larger than the bandwidth of the laser (in this case ∼ 10 nm FWHMI),
and the spatial dispersion (which depends on the grating frequency and the
wavelength) must therefore not be too large.
Spectral resolution must also be considered, as a higher spectral resolution allows not only better spectral shaping, it also results in more temporal
shaping freedom, as can be seen from Eq. (3.50), provided no clipping of the
spectral components results. Essentially this means the spatial dispersion
should be as large as possible and clearly a trade-off between this requirement and the previous must be found.
The spatial intensity of light at the Fourier plane is very important for an
LC-SLM, as at high enough intensities it can become damaged (the LC-SLM
functions normally at 800 nm and CW intensities up to around 250 mW [99]).
Care must be taken to keep the spatial intensity below the damage threshold
and a very good way to do this is to use cylindrical lenses instead of spherical
ones. As a 4-f setup only requires dispersion and focusing in one dimension,
this in no way affects the function of the 4-f shaper setup.
In order for the LC-SLM to produce the impulse response function in
Eq. (3.44), the ingoing polarisation must be linear and either horizontal
or vertical, with respect to the LC-SLM. The polarisation out of the laser
is linear and horizontal. As long as it remains pure up to the SLM this
should not become an issue. The efficiency of the gratings for different
polarisations must be taken into account for this reason. If polarisation
and phase shaping is desired, the efficiency of the gratings needs to be as
polarisation independent as possible. This is not the case for most gratings,
and only recently have transmission gratings been successfully employed for
this purpose [100]. If amplitude and phase shaping is desired, the gratings
must have a high efficiency for the appropriate polarisation (horizontal in
this case) and the polarisation-selective element after the shaper setup must
additionally produce as pure a polarisation as possible.
Chromatic aberrations in the lenses can cause unwanted temporal chirp,
as bluer wavelengths have different effective path-lengths to redder wavelengths. A work-around for this is to use mirrors instead of lenses, requiring
a modification to the linear 4-f design. Such designs do exist, and [101]
contains a particularly compact folded design, which was implemented during this thesis. When using such a design, additional constraints are imposed: The out-of-plane reflection from the grating can cause polarisation
issues [102,103] and conical diffraction (see [104–107] and references therein),
which can lead to spatial chirp [108]. These two effects can be minimized if
the out-of-plane angles are small. However they should not be too small, otherwise the reflected light may spatially overlap with the incoming light and
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spatial separation would not be possible. This means that enough distance is
required between the optical elements to allow a geometric separation with
small angles, essentially restricting the focal length of the lenses to be larger
than a minimum value that depends on the ingoing beam diameter.
The spot size in the Fourier plane is also important, as seen from Eq.
(3.51), as is the Rayleigh range, previously mentioned during the LC-SLM
discussion in section 3.1.3. Ideally, light directly from the laser should be
able to be directed into the shaper without prior modification for ease of
use. This means the 4-f optics should ideally match the ingoing measured
beam size of 1.5 mm FWHMI.
Consideration must also be given to the optical elements themselves.
They should operate over a wavelength range similar to that of the laser
(750 − 950 nm) and should have a coating that is as reflective as possible
over as large a range as possible. Typically silver or gold is used, as they
remain reflective over an enormous wavelength range, however the reflection
efficiency is not particularly high - typically only ∼ 98%. Ultrafast-suitable
dielectric mirrors were chosen, as the anticipated required working wavelength range of operation of the shaper was between ∼ 750 nm and ∼ 850 nm
(for Rubidium or Caesium atomic or weakly bound molecular samples) and
a high reflectivity of > 99% was available for the range λ = 650 − 1000 nm.
If other wavelength ranges are required then the mirrors can simply be exchanged with mirrors having a identical focal lengths and dimensions (other
gratings will probably also be required). Mechanical stability was of utmost
importance, as moving/vibrating optics cause a transient misalignment of
the shaper and hence incorrect pulse manipulation.

3.3

Setup and Diagnostics

In this section the physical setup for generation, shaping and characterization of femtosecond laser pulses is described. For both design and characterization of the pulse shaper setup, the previous derivation of the impulse
response function (Eq. (3.49)) was very important, as it, in conjunction
with the ingoing pulse parameters, determined the choice of optics as well
as predicting how the final setup should function. Certain characteristics of
the impulse response function were ultimately used to test that the pulse
shaper performed as expected.

3.3.1

The Femtosecond Setup

The complete experimental setup is shown in Fig. 3.12. A MIRA 900D
passively mode-locked Ti:Sa laser, pumped with 10 W of 532 nm light from
a Verdi V10, produced near Fourier-limited pulses of duration ∼ 100 fs
FWHMI, with a repetition rate of 76 MHz, typical power of ∼ 1.7 W and
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Figure 3.12: A schematic diagram of the complete experimental setup.
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horizontal linear polarisation when operated in femtosecond mode. The
light emerging from the laser output was slightly divergent and has an M2
value specified to be better than 1.1. Before being directed into the shaper
setup, 45% of the power was split off for diagnostic purposes, such as crosscorrelation measurements or as a reference for spectral or autocorrelation
measurements, using a 2 µm thick pellicle beam-splitter.
The diagnostic beam was collimated using a telescope and the distance
it travelled was set up to be the same as the distance travelled by the beam
passing through the shaper setup, with fine adjustments possible by using
a high precision, motorized linear delay stage with a cat’s-eye mirror setup.
After the delay stage, the beam was incident on a 40/60 beam splitter (in
an attempt to counter intensity losses incurred as the shaper beam passed
through the shaper), where it was spatially overlapped with the shaper beam
and further transported to either the SHG setup, shown in detail in Fig.
3.16, to the autocorrelator, shown in Fig. 3.17, or to the SD2000 fibre
spectrometer (not shown in Fig. 3.12 as it was not fixed to the table). If
this beam was not required for a particular diagnostic, it was simply blocked
with an aluminium beam blocker before the second beam splitter.
After passing through the pellicle, the shaper beam was collimated using
a telescope, passed through a polarisation-preserving periscope to adjust it
to the correct height for the shaper input, and directed through the shaper.
After passing through a polarizing beam splitter cube (p.b.s.) at the output
of the shaper setup, it was adjusted back to its original height using a second
polarisation-preserving periscope, before being incident on the 40/60 beam
splitter and spatially overlapped with the diagnostic beam for transport to
the diagnostics.
The femtosecond shaper setup follows along the same lines as [101] and
is shown schematically in Figs. 3.13a and 3.13b and in 3D in Fig. 3.14.
The pulses enter the shaper setup parallel to the optical table with horizontal polarisation. Their wavelengths are spatially dispersed by grating G
(2000 lines/mm), which is adjusted to pseudo-littrow configuration for the
central wavelength of 780 nm (the ingoing and outgoing beams do not spatially overlap as they have a vertical angle with respect to each other). After
reflection from cylindrical mirror M1 (f1 = 400 mm), placed 400 mm from
G, the light is once again parallel to the optical table and is reflected off
planar mirror M2, placed ∼ 200 mm from M1, into the Fourier plane. The
optical system is described by the same ABCD matrix as a standard 4-f
setup, namely Eq. (3.27), as long as care is taken to correctly determine
the direction of positive x in the Fourier plane. An SLM (Jenoptik SLMS640D) with two LCD arrays (each containing 640 pixels of 97 µm width,
with 3 µm pixel-gaps) is situated in the Fourier plane, allowing independent
control over the spectral amplitude and phase of the outgoing pulses when
a polarization-selective element is placed after the shaper, as explained in
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Figure 3.13: A schematic diagram of the femtosecond shaper setup from
Zeemax. Only the first half of the setup is shown (up to the Fourier plane)
for clarity. The actual setup contains identical optics, mirrored through the
Fourier plane, as can be seen in Fig. 3.14. a) side view, b) top view. G is
the grating, M1 is the focusing mirror and M2 is the planar mirror.

sections 3.1.3 and 3.1.4. The mirror image of the optics is found on the other
side of the Fourier plane.
Zeemax was used to fine tune the design parameters, with particular
attention being paid to spatial chirp, which primarily came from conical
diffraction from the first grating. The spatial distribution of three wavelength components after passing through the femtosecond setup is shown in
Fig. 3.15. Clearly some spatial chirp is evident, however it is only a small
amount and it’s distribution is consistent with that expected from conical
diffraction from the first grating. If spherical mirrors were used instead of
cylindrical ones, this effect would not be so pronounced: Conical diffraction
essentially imparts a wavelength-dependent vertical angle onto the diffracted
light. If the optical elements before the second grating only change horizontal angles (cylindrical mirrors), there will be a (primarily) vertical spatial
distribution at the second grating (which will itself exacerbate the problem),
however if the vertical angles are also changed (spherical mirrors), this can
be compensated for to a degree. Since the spatial chirp should not be very
large, and since the intensity at the LC-SLM should be as low as possible, it
63

3.3. Setup and Diagnostics

M1´
M2´
G´

M1
M2
G

Figure 3.14: A 3D Solidworks rendering of the femtosecond shaper setup,
including the SLM. On the input side: G is the grating, M1 the concave
mirror and M2 the planar mirror. On the outgoing side: G’ is the grating,
M1’ the concave mirror and M2’ the planar mirror.
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Figure 3.15: Cross-section of the Zeemax-calculated spatial beam profile for
three wavelength components of the pulse. Wavelengths are: green crosses,
765 nm, blue plus symbols, 780 nm (the central wavelength), red squares,
795 nm. Vertical in the figure is vertical in the laboratory and horizontal in
the figure is horizontal in the laboratory. The area shown is 1 mm × 1 mm.

was decided that the benefits of using cylindrical mirrors was an acceptable
trade-off for the spatial chirp.
A challenge of the design in [101] is that all three spatial angles of the
grating must be re-adjusted when a different centre wavelength is used, compared to just one for a standard 4-f setup, and hence the alignment is very
sensitive to the grating orientation. It is very important that the grating
grooves are not tilted with respect to the yz-plane (the vertical plane, i.e.
perpendicular to the optical table), as this will not only affect the spatial
distribution of the frequency components, but may additionally alter the
polarisation of the light, and hence the impulse response function of the
LC-SLM will no longer be as expected. To minimize polarisation and conical diffraction effects, the out-of-plane angles were kept as small (2◦ ) as the
avoidance of clipping would reasonably allow. Removable masks were made
to facilitate an accurate and reproducible alignment, but construction imperfections ultimately limited the setup and alignment tweaks were necessary
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Figure 3.16: A schematic of the setup for producing and measuring the
frequency-doubled intensity.

to obtain cleaner output pulses.
All important parameters may now be calculated for the femtosecond
setup: From Eq. (3.32) the linear dispersion is 1.27 mm/nm (an LC-SLM
pixel-to-pixel wavelength change of 0.078 nm), from Eq. (3.33) the spatial
dispersion is ξfs = 4.10 × 10−13 mm s and from Eq. (3.35) the
p beam radius
in the Fourier plane is ω0fs = 76 µm, with ωin = 1.5 mm/ 2 ln (2). The
calculated time-window due to pixellation alone is T pix = ±13 ps, and due
to the beam radius in the Fourier plane is T spot = ±9 ps. The Rayleigh
fs = 2.3 cm, and this is much larger than the
range can be calculated to be zR
(1,2)
displacement of the LC arrays in the SLM from the Fourier plane (z0
∼
(+, −)1.5 mm), as required for the “simple” analysis resulting in Eq. (3.49).
Various methods were used to characterize the output pulses from the
pulse shaper, so that any weaknesses contained in any one method do not
cause misleading results. These are presented in the following sections.

3.3.2

Second Harmonic Generation

If light passes through a birefringent medium with the correct symmetry, its
second harmonic can be produced, as was first demonstrated in [109]. The
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physics of second harmonic generation can be quite detailed and will not be
explained here. Details of the process can be found in [110], where, assuming
negligible loss of the fundamental, the amplitude of the frequency-doubled
light is given as:
sin (∆kℓ)
,
(3.52)
∆kℓ
where AFUN is the amplitude of the fundamental, κ the coupling coefficient,
ℓ the thickness of the crystal, and ∆k = k2k − kk = 2πν
c (n(θ, 2ν) − n(θ, ν)),
with n being the (wavelength- and crystal-angle-dependent) refractive index,
is the phase mismatch. Its intensity is given by:
ASHG = κℓA2FUN ei∆kℓ/2

2
ISHG = Γ2 ℓ2 IFUN

sin2 (∆kℓ)
.
(∆kℓ)2

(3.53)

The value of ∆k can be very large for some frequency components if the
bandwidth of the laser pulse is large enough, and therefore not all frequency
components will be frequency-doubled with the same efficiency if the crystal
is too thick, as can be seen from the last term of Eq. (3.53).
For the experiments in this thesis, second harmonic generation was simply used as a non-linear process to measure the electric field strength for
characterization of a laser pulse. Since it is non-linear, it is very sensitive
to small changes in the electric field. This is desirable when investigating,
for example, the effect of pixel gaps on the shaped pulses, where deviations
from an “ideal” pulse shape may be small. A 500 µm thick BBO crystal was
used to frequency-double the pulses. For the ∼ 100 fs pulses, such a thick
crystal may cause phase-matching issues, as BBO crystals should not be
thicker than about ∼ 100 µm with this bandwidth [88, 111]. A thinner crystal was not available (the thin autocorrelator BBO crystal is not removable)
and for this reason, care must be taken in interpreting measurements of the
femtosecond pulses with this crystal. Depletion of the fundamental was not
2
measured and is assumed to be negligible, and therefore that ISHG ∝ IFUN
from Eq. (3.53). If this is not true then Eq. (3.53) no longer holds.
The experimental setup is shown in Fig. 3.16. Incoming light was focused
onto the BBO crystal using a lens with focal a length of 30 mm. The fundamental and frequency doubled light coming out of the BBO crystal were
divergent and were, for all practical purposes, spatially overlapped. For this
reason they were incident on a grating (g = 1800 lines/mm), which gave a
pure frequency-doubled beam in the first diffracted order for 390 nm. This
beam was focussed onto a photodiode, which is sensitive to the intensity of
the beam.

3.3.3

Autocorrelation

Autocorrelation traces [112] were taken using a commercial APE Mini autocorrelator, with a scan range from 150 fs up to 15 ps, digitized into 256 delay
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Figure 3.17: A schematic of the autocorrelator setup. Reproduced from the
APE Mini manual.
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bins. A schematic of the setup is shown in Fig. 3.17. The interferometric
SHG autocorrelation of E(t) is given by:
Z ∞
2
AC
S (τ ) =
[E(t) + E(t − τ )]2 dt
(3.54)
−∞

Due to spatial averaging and momentum considerations, the autocorrelation trace reduces to the background-free intensity autocorrelation if the
two beams in the autocorrelator are no longer collinear, but rather cross at
the SHG crystal:
Z ∞
A2 (t)A2 (t − τ )dt.
(3.55)
S AC (τ ) ∝
−∞

It is the intensity autocorrelation that is measured for pulse characterization in this thesis. The intensity autocorrelation is useful for measuring the
relative time between peaks of a shaped pulse that are sufficiently well separated in time. Additionally, the autocorrelation width has a well-defined
relationship to the actual pulse-width for certain pulse shapes, such as linearly chirped pulses. However, no information can be obtained about the
time direction. It should be mentioned that there has been some concern
in the literature as to how far an autocorrelation measurement can be used
to reconstruct the complete electric field of a pulse [113]. The autocorrelator has an internal doubling crystal that is thin enough not to cause any
phase-matching issues.

3.3.4

Cross-correlation

Collinear intensity cross-correlation traces of the shaped pulse with a variabledelay unshaped pulse were taken using the BBO crystal and setup shown in
section 3.3.2. A Michaelson-type interferometer was built, with the shaper
in one arm and a variable delay stage (Newport ILS250CCL) in the other, as
depicted in Fig. 3.12. The BBO crystal was situated directly after the second beam-splitter and the frequency-doubled light was incident on a grating,
to remove the fundamental, and detected on a photodiode. The positioning
resolution of the delay stage is approximately 5 µm and is therefore not sufficient to resolve interference fringes. For this reason, care was taken not to
make the interferometer setup too stable, so that vibrations would cause a
slight scanning of the delay and result in the full collinear amplitude being
visible, although not fringe-resolved, in the traces. The collinear SHG crosscorrelation of two pulses of the form E1 (t) = 12 A1 (t)ei(2πνc t+Φ1 (t)) + c.c. and
E2 (t) = 12 A2 (t)ei(2πνc t+Φ2 (t)) + c.c. is given by:
Z ∞
2
XC
S (τ ) =
[E1 (t) + E2 (t − τ )]2 dt
−∞




= D0 (τ ) + ℜ D1 (τ )ei2πνc τ + ℜ D2 (τ )ei4πνc τ ,
(3.56)
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where:
D0 (τ ) = 2
D1 (τ ) = 4

Z

∞

Z−∞
∞
−∞




A41 (t) + A42 (t − τ ) + 4A21 (t)A22 (t − τ ) dt,



A1 (t)A2 (t − τ ) A21 (t) + A22 (t − τ )

×ei[Φ1 (t)−Φ2 (t−τ )] dt,
Z ∞
D2 (τ ) = 2
A21 (t)A22 (t − τ )e2i[Φ1 (t)−Φ2 (t−τ )] dt.
−∞

The maximum and minimum envelopes of equation (3.56) are given by:
S XC (τ )
S

XC

(τ )

max
min

= D0 (τ ) + |D1 (τ )| + |D2 (τ )|

= D0 (τ ) − |D1 (τ )| + |D2 (τ )| .

(3.57a)
(3.57b)

The measured signal is sensitive to the total beam overlap, i.e. to the
spatial beam path as well as spatial beam profile of the two pulses, although
this spatial dependence is not included in equation (3.56). If the two pulses
have differing beam profiles, all cross-terms will be scaled relative to A41 (t)
and A42 (t) in D0 (τ ), i.e. the size of the signal relative to the background will
decrease. This measurement is also sensitive to the direction of time and
can not only determine the time-shift of a pulse, but can also distinguish
between pulses which are shifted forwards and those which are shifted backwards in time. This is therefore an important measurement as it is the only
measurement technique employed that is able to do so.

3.4

Characterization of the System

In this section the individual SLM amplitude and phase test transfer functions will be presented and measurements of the resulting temporal electric
+
+
(t), compared to expectations from knowledge of Ein
(t) and the
field, Eout
impulse response function, h(t), and discussed. Assuming a correctly calibrated LC-SLM (calibration methods may be found in, for example, [92]),
it is the parameters given in section 3.3.1 that need to be checked in order
to determine whether the shaper performs as expected. Additionally, some
standard pulse were produced and measured to check whether the impulse
response function in Eq. (3.49) (or more correctly Eq. (3.42)) is applicable
to the system, or whether misalignment and spatial effects also need to be
included, as per Eq. (3.40).

3.4.1

Pulses Without Spatial Light Modulation

The very first test that should be performed for a pulse shaper after align+
ment is whether the outgoing pulse, Eout
(t), is identical to the ingoing pulse,
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Figure 3.18: AC of a pulse after the shaper without compensation (dotted
line) and a pulse directly from the MIRA (solid line).

+
Ein
(t), when the transfer function is unity, M (ν) = 1. This can first be tested
with the LC-SLM removed from the shaper and also with it inserted, but
set to M (ν) = 1. The only difference between these two cases is that with
the LC-SLM in place, light passes through approximately 6 mm of glass in
addition to the liquid crystal, and hence the effective path-length between
the two lenses is different. In theory, the setup may therefore need to be
adjusted to account for this difference. In practise, no significant difference
was observed between the two cases.
An autocorrelation measurement of an output pulse is shown in Fig.
3.18, along with an autocorrelation measurement of a pulse that did not
first go through the shaper setup. The output pulses were checked on a regular basis, but their autocorrelations were not always saved. The pulse from
the shaper whose autocorrelation is shown in Fig. 3.18 was not particularly
good and much better pulses were regularly obtained. The autocorrelation
is not symmetric, which is a result of imperfect coupling into the autocorrelator, although the asymmetry is not particularly large. A small amount
of phase was clearly imparted to the pulse that went through the shaper
setup, which can be seen as what look like multiple side peaks in the auto-
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Figure 3.19: AC of an unshaped, uncompensated pulse (dotted line) and a
pulse with phase compensation found by a GA (solid line).

correlation traces. Although not ideal, a small amount of residual chirp is
not uncommon, due to the practical difficulty of perfectly aligning the pulse
shaper optics. A small amount of chirp is not of huge concern as it can be
removed via active pulse shaping.
The normal procedure to remove additional phase imparted by the shaper
setup is to compensate it by applying a transfer function with the LC-SLM
which is the inverse of that from the shaper setup. This method works well
if only a small amount of chirp is imparted to the pulse due to misalignment.
The appropriate transfer function is typically either found via a frequencyresolved optical gating (FROG) measurement of the output pulse (and the
inverse transfer function must be retrieved) or by applying a genetic algorithm (GA) (see, for example, [7]) to the frequency-doubled integral pulse
intensity [92, 114], which will eventually find the best available compensation (at least it will find a local optimum). The second method (GA) was
employed (utilizing the BBO crystal mentioned in section 3.3.2), due to lack
of a suitable FROG crystal, and the comparison between an uncompensated
output pulse and a compensated output pulse is shown in Fig. 3.19. The
GA was only allowed to modify the phase of the pulse and not the ampli72
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Figure 3.20: Spectra of output pulses with amplitude attenuation.

tude. Although the output pulse before compensation was not particularly
good, applying the phase from the GA clearly made a marked improvement
to the pulse, after which it was once again near Fourier-limited. Although
the compensated output pulse was clearly still not perfect (small side peaks
can be seen and it was slightly longer), this is primarily a question of how
long the genetic algorithm is allowed to run: Similarly to a minimization
algorithm, the end result of a GA improves the longer the algorithm is allowed to run for. The residual phase is, in most cases, well-modelled by a
small additional sinusoidal phase (see section 3.4.5), which is added to all
calculations presented in this chapter.

3.4.2

Spectra

The next most simple test is measurement of the spectral intensity of the
output pulse when varying the amplitude of M (ν) - i.e. varying the Cn
coefficients for the different pixels. One such type of amplitude shaping is
uniform attenuation across all frequency components, i.e. Cn = const. for
all n, as shown in Figs. 3.20 and 3.21.
There are various features of note in both figures. Fig. 3.20 clearly shows
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Figure 3.21: Normalised spectra of output pulses with amplitude attenuation.

that all frequency components are attenuated by the shaper. Fig. 3.21 shows
that, except perhaps for the case where Cn = 0, all spectra have the same
shape within the noise, and therefore not only are all frequencies attenuated,
but they are all uniformly attenuated. Closer inspection of Fig. 3.20 reveals
that frequencies are not completely attenuated even for Cn = 0. The reason
for this is most likely the pixel gaps: The transfer function for the pixel gaps
is not so well defined, as the magnitude and direction of the electric field
in the gaps is not well defined (the field is determined by edge fields from
adjacent pixels), and any light passing through the gaps will therefore not
be attenuated as expected. The pixel gaps account for a total of 3% of the
area of the LC arrays and hence 3% of the intensity passes through pixel
gaps and will behave in a somewhat unpredictable fashion. The spectrum
for Cn = 0 is approximately 5% as large as for Cn = 1, which is consistent
with what would be observed when light which passes through the pixel
gaps is not attenuated, especially when the polarizing beam splitter after
the shaper is considered (the output from this p.b.s. (which transmits light
with horizontal polarisation) is ∼ 1% pure). These “leakage pulses” are a
well-known phenomenon when dealing with LC-SLMs.
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Figure 3.22: Spectra of output pulses with amplitude various pixel transmitting. The legend describes which pixels are transmitting (na , na+1 ), while
all other pixels are set to zero transmission. Expected positions of spectral
peaks are shown and have been calculated using Eq. (3.32) (dashed lines)
and the exact expression from Eq. (3.28) (solid lines).

As a second check, various neighbouring pixel pairs were set to have their
transmission equal to one while all other pixels had their transmission set to
zero:

1 for n = na , na + 1
Cn =
,
(3.58)
0 otherwise
for some pixel pair na and na + 1. The spectra were measured and are
shown in Fig. 3.22. The dashed spectrum is measured with all pixels set
to Cn = 1 and represents the complete spectrum, whereas the other spectra have only a small bandwidth transmitted. The positions of the various
peaks should be in accordance with the expected wavelength distribution in
the Fourier plane. Vertical lines show theoretical values for the position of
the peaks of the transmitted spectra using first Eq. (3.32) (i.e. utilizing
the paraxial approximation) as well as for the exact distribution from Eq.
(3.28). The measurements agree well with expectations from the exact the75

3.4. Characterization of the System

oretical distribution. The paraxial result holds very well in most regions,
but deviates slightly for wavelengths further from the central wavelength
of 780 nm. For this reason, the software controlling the LC-SLM calculates
the wavelength distribution using the exact expression in Eq. (3.28) (this
avoids chirping that would otherwise occur [115]). The shape of the spectra
for small bandwidths is determined by the resolution of the spectrometer
and not the actual transmitted spectrum (which ideally should be rectangular), as the spectral resolution of the spectrometer is significantly worse
than the expected spectral resolution of the pulse shaper and hence the measured spectra essentially have the same shape as the impulse response of the
spectrometer. This impulse response function is convoluted with the actual
spectrum, which is also why the spectrum with all pixels transmitting seems
to have a much larger amplitude than the other spectra: It is simply because its spectrum is broader and nearby spectral components “leak” and
contribute to the measured signal for other wavelengths, as well as for its
own.
These measurements show that amplitude shaping works and that the
frequency distribution in the Fourier plane agrees with theoretical expectations. They also show that the resolution of the shaper has an upper bound
of around 1 nm FWHMI. No information is obtained about the spectral
phase, however, which must also be characterized, and more exact information about the spectral phase is also required.
By scanning a 10 µm pinhole through the beam and measuring the spectra of transmitted light, spectra of pulses both before and after the shaper
were taken as a function of position of the pinhole, i.e. the spatial distribution of the frequency components of the pulse can be measured. Fig. 3.23
(Fig. 3.24) shows spectra taken by scanning the pinhole horizontally (vertically) through the beam along a line that passes approximately through the
centre of the beam in the vertical (horizontal) direction. According to the
figures, the beam before the shaper is essentially unchirped spatially, i.e. all
wavelengths are spatially well-overlapped with each other. The beam after
the shaper, however, does exhibit some spatial chirp. A small amount of
spatial chirp was expected from the Zeemax simulations (see. Fig. 3.15),
but the amount expected was almost negligible. Depending on the intended
application of the shaped pulses, this may not be important (in most of
the literature it is ignored when interpreting experimental results). If the
exact spatial distribution of the frequency components of the pulse in the
lateral and/or longitudinal beam propagation direction is important, then
additional imaging elements may be used to transport the pulses to the
target region/interaction area, as recommended in [114]. In this thesis, no
spatial effects are accounted for either in calculations, or by using additional
imaging elements for compensation.
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Figure 3.23: Horizontal spatial and spectral distribution of output pulses.
Top: before the shaper, bottom: after the shaper.

3.4.3

Linear Phase

As already explain in section 3.1.4, the two main factors that limit the shaping resolution are the finite pixel-size of the SLM (due to the Nyquist criterion) and the spatial profile of the beam in the Fourier plane. Due to these
two effects, the intensity of the shaped pulse away from from the temporal
zero point, t0 , is progressively attenuated in amplitude. The exact shape
of this temporal attenuation (the overall time-window), which is theoretically described by the product of Eq. (3.50) and Eq. (3.51), gives indirect
information on the spectral resolution, a quantity of great interest. Since
spectrometers with high enough resolution to characterize a pulse shaper
with a theoretical resolution of better than 0.078 nm are either expensive
or unwieldy or both, measuring the attenuation is a highly convenient alternative to measure the spectral resolution and uses simple, inexpensive
techniques, requiring only small and realistic assumptions about the exact
form of the time-window. All that is required to is to measure the timewindow by using the pulse shaper to shift the pulse around in time, without
changing the shape of its envelope, and measure the intensity of the TEM00
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Figure 3.24: Vertical spatial and spectral distribution of output pulses. Top:
before the shaper, bottom: after the shaper.

component of the output pulse.
To do this, the SLM was used to apply a series of linear spectral phases
to the input pulses of the form:
µ(ν) = 2πb1 (ν − ν0 ),

(3.59)

to shift the pulse envelope in time, but not change its shape (see section
3.1.1). Fig. 3.25 shows the pulse intensity for different linear phases for
the femtosecond setup with a central wavelength of λ0 = 780 nm. The
relative integral intensity is calculated by taking the square root of the AC
signal at zero delay (equivalent to measuring the frequency-doubled signal
with a slow photodiode) after shaping using an aperture of ∼ 2 mm diameter
directly before the autocorrelator to block spatial modes of higher order than
TEM00 . Using a Fourier filter with a pinhole to obtain a very clean TEM00
output spatial profile is not practical for such high power and high intensity
laser pulses. The BBO crystal described in section 3.3.2 was not used so as to
avoid any phase matching complications, which may have caused uncertainty
in interpretation of the results. In principle, the intensity could have simply
been measured with a suitable photodiode, however it was desirable to see
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Figure 3.25: Intensity of shaped pulse for various linear phases with the
femtosecond setup. The parameter b1 is the gradient of the linear phase
applied in frequency space by the LC-SLM and is equivalent to the timeshift of the pulse envelope. Crosses: measurements, solid lines: calculations.
Left inset: Cross-correlation measurements for various linear phases. Right
inset: Scaled autocorrelation measurements for various linear phases ranging
from b1 = −9 ps to b1 = 9 ps.

the effect of pixel gaps in the measurement, and SHG is more sensitive to
small intensity changes of a few percent that may be caused by interference
between light which went through the pixels and light which passed through
the pixel gaps. Measured autocorrelation traces (see inset Fig. 3.25) for
different linear phases all have an identical shape, indicating that a pure
linear phase is imparted to the pulse by the LC-SLM and hence the peak
intensity is directly proportional to the integral intensity of the pulses, as
required. Cross-correlation traces (this time using the BBO crystal described
in section 3.3.2) were also measured (see second inset Fig. 3.25) and show
that the time shift’s magnitude and direction are correct. Hence purely
linear phases with the correct gradient were imparted onto the pulses by the
shaper (within the constraints imposed by discretization). No effects of pixel
gaps can be conclusively identified in the traces. This is most likely due to
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the sparse sampling of b1 values, imposed by the time-consuming readout of
the autocorrelator.
Simulations, which were performed using self-written Matlab code, are
also shown and include pixellation effects, pixel gap effects and finite beamsize effects of the transfer function, following Eq. (3.42) from [93]. They
do not include non-linear spatial dispersion effects from the grating, i.e.
the frequency difference between two pixels is assumed to be independent of
their spatial position, although, as previously mentioned, this was accounted
for experimentally in the LC-SLM software. In a simulation, a Gaussian
spectrum with the appropriate width and zero phase was assumed as the
+
(ν). The desired shaping transfer function was
input pulse spectrum, Ẽin
discretized similarly to Eq. (3.43), but with an extra term to account for
pixel-gaps, and then applied to the input spectrum, as in Eq. (3.24). The
resulting electric field spectrum was Fourier transformed to its time domain
equivalent using a Fast Fourier Transform (FFT) [87] and the effect of the
+
finite beam size was then incorporated via a convolution, resulting in Eout
(t).
+
Eout (t) and its autocorrelation, cross-correlation with an unshaped pulse and
+
Ẽout
(ν) are output from the simulation.
From Fig. 3.25 an experimentally determined overall spectral resolution
of 0.14 nm is obtained (a FWHMI time-window of 15 ps), in good agreement
with simulations.

3.4.4

Quadratic Phase

Of particular interest for many experiments is the production of linearly
chirped pulses (see section 3.1.4), for example see [49, 50]. Attempting to
produce linearly chirped pulses with the SLM is therefore an interesting test
of the control of the phase of the output pulses by the pulse shaper. The
spectral phase of a linearly chirped pulse has the form:
1
φ(ν) = (2π)2 b2 (ν − ν0 )2 ,
2

(3.60)

and the LC-SLM was therefore used to apply a phase with:
µ(ν) =

1
(2π)2 b2 (ν − ν0 )2 .
2

(3.61)

Just as for linear phase, the Nyquist criterion imposes a limit on the absolute
value of b2 due to pixellation. Differentiating Eq. (3.61) gives:
dµ(ν)
= 4π 2 b2 (ν − ν0 ).
dν

(3.62)

The phase change across the outermost pixels (where |(ν − ν0 )| is largest)
is clearly larger than anywhere else on the SLM, according to Eq. (3.62),
and will therefore determine when the Nyquist limit is reached. Setting
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(ν − ν0 ) = ± N2 dν, where N is the total number of SLM pixels and dν is the
frequency difference between two pixels (i.e. to the two frequencies at the
outer pixels under the paraxial approximation), the phase change across the
outermost pixels of the SLM can be calculated:
N
dµ
= ±4π 2 b2 dν.
dν
2

(3.63)

Rearranging this allows the calculation of the values of b2 required to produce
the given phase change across the outermost pixels:
b2 = ±

dµ
2π 2 N (dν)2

.

(3.64)

The Nyquist limit is strictly reached when a ±π phase change across the
outermost pixels occurs. Substituting |dµ| = π into equation (3.64) gives:
|bNy
2 |=

π
.
2π 2 N (dν)2

(3.65)

Note that the Nyquist limit for quadratic phase goes as the square of the
spectral resolution of the pulse shaper. Substituting the appropriate values into equation (3.65) (dνfs = 38.5GHz), the Nyquist criterion limits the
5 2
maximum linear chirp to |bNy
2 |fs = 1.68 × 10 fs . This can be compared
5
2
to a Nyquist limit of 2.8 × 10 fs for the high-resolution system in [116].
Strictly speaking, |b2 | should not be larger than bNy
2 to avoid sampling issues. However, chirp values even larger than the limit given by equation
(3.65) are possible: Phase functions with a steeper gradient can be applied
without major pulse distortions when the laser bandwidth is smaller than
the pulse shaper bandwidth, as the spectral intensity at the edges of the
LC-SLM is very small, and therefore any distortions due to this region are
also small [115, 117]. The finite value of ω0fs will additionally have an effect
+
on |Eout
(t)| which will progressively become more evident for values of b2
approaching bNy
2 .
In Fig. 3.26, measured and simulated autocorrelation traces of linearly
chirped pulses are shown. The agreement between measurements and simulations is overall good. A slight asymmetry, due to imperfect autocorrelator in-coupling, is apparent in the measured autocorrelation traces and the
residual phase, due to misalignment of the shaper optics, clearly distorted
the measured pulses, with a similar distortion seen in the simulations. For
the largest chirp there is a noticeable difference between the measurement
and simulation. To accurately model the pulses, the exact residual phase
needs to be included in the simulations, rather than the simple sinusoidal
phase used. Since no direct or reconstructed measurement of the residual
phase is available, this is not possible. Additionally, the exact shape of the
+
input pulse, Ein
(t), can make a significant difference to the spectrum of a
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Figure 3.26: Autocorrelation measurements for various applied quadratic
phases. Solid lines: measurements, dotted lines: calculations.

+
pulse, Ẽin
(ν), and hence to the temporal profile of a chirped pulse. This
becomes particularly evident for highly chirped pulses, where the resulting
+
temporal envelope shape |Eout
(t)| is essentially determined by the envelope
of the input spectrum B(ν). Gaussian pulse forms were used in the calculations for simplicity, whereas a sech2 (a squared hyperbolic secant) profile is
actually expected from the laser [2].
If the GA to compensate the residual phase were to run for long enough,
the residual phase would be better compensated and cleaner linearly chirped
output pulses would be produced. Ultimately, the required quality of output
pulses strongly depends on the experimental application of the pulses.

3.4.5

Sinusoidal Phase

Another pulse shape of particular interest is the production of well-defined
pulse-trains [12,118]. One method to produce such pulse-trains is via spectral
phase modulation of a pulse. The cosine-modulated spectral phase of a pulse
has the form:
φ(ν) = Γ cos (2π(ν − ν0 )T + Λ0 ),
82
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Figure 3.27: Measured autocorrelation traces for various T with constant
Γ = 0.7 rad and Λ0 = 0 rad.

and the LC-SLM was therefore used to apply a phase with:
µ(ν) = Γ cos (2π(ν − ν0 )T + Λ0 ).

(3.67)

The resulting temporally shaped output is a train of pulses, which, assuming
infinite spectral resolution, has the form [88]:
+
Eout
(t) = ei2πν0 t

∞
X

l=−∞

+
Jl (Γ)Ein
(t − lT )eil(Λ0 − 2 ) ,
π

(3.68)

where Jl are the Bessel functions of the first kind and order l. From equation
(3.68) it can be seen that Γ determines the relative heights of the sub-pulses
in the pulse-train, T is the time between sub-pulses and Λ0 is a carrierenvlope (CE) phase-offset that affects the relative CE phase of the subpulses. If T is small enough so that sub-pulses partially overlap they will
interfere in a manner that depends on their CE phase.
The phase function shown in equation (3.67) was applied with the LCSLM and Fig. 3.27 shows measured autocorrelation traces of the resulting
shaped pulses for fixed Γ and Λ0 and various values of T . There is a slight
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Figure 3.28: Measured time between sub-pulses in the pulse-train versus T
for the femtosecond setup with Γ = 0.7 rad and Λ0 = 0 rad. Error bars
are not shown as they are so small. Plus symbols indicate measured values, whereas the solid line indicates the theoretical linear dependence with
gradient 1.

asymmetry in the AC traces, due to imperfect coupling into the autocorrelator. Except for their height, all peaks in an autocorrelation trace for a given
Γ and T look identical, indicating that all sub-pulses are (scaled) replicas of
the original input, as is expected from Eq. (3.68) when the sub-pulses are
well-separated.
The peak-to-peak temporal spacing of sub-pulses in the train can be
extracted from such a series of autocorrelation measurements with varying
T. A Gaussian function was fitted to both the central peak and the first
adjacent peaks of the autocorrelation traces, and the difference between the
fitted delay times is shown in Fig. 3.28 as a function of the expected time
between sub-pulses. As can be seen, the data agrees exceptionally well with
the theoretical prediction of a straight line with unity gradient and support
the findings from section 3.4.2 that the frequency spread in the Fourier plane
is in agreement with theoretical predictions. It should be noted that pulsetrains with a larger T than those shown in Fig. 3.28 can be produced with
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traces for various values of Γ with T = 1 ps and Λ0 = 0 rad. Crosses indicate
measured values, whereas the solid line comes from simulations.

the femtosecond shaper setup, depending on the chosen value of Γ: When
sub-pulses in the pulse-train approach the edges of the time-window they will
be heavily attenuated and extra sub-pulses will eventually become evident,
due to aliasing.
The relative heights of the peaks in the autocorrelation traces are related
to the relative intensities of sub-pulses in the pulse-train, and hence to Γ, the
amplitude of the applied spectral phase. Autocorrelation traces for constant
T , but varying Γ were taken and fitted in the same manner as above. The
resulting fitted relative heights of the first adjacent peaks (the mean of the
first peaks at positive and negative delay) to the central peak are shown in
Fig. 3.29, where the experimental values have been shifted along the x-axis
by 0.1 rad to match the simulated curve better. Neglecting this small shift
(which is not understood, but may come from a varying thickness of the LC
medium along the LC-array resulting in a sinusoidal spectral modulation),
the agreement is good to within a few percent and shows that well-defined
pulse-trains may be produced with this setup. It also implies that the phase
control of the output pulses is correct to within a few percent. The shape
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of the theoretical curve shown in Fig. 3.29 depends on many parameters
+
of the system: the input temporal pulse form, Ein
(t), the ingoing beam
radius, ωin , the spatial dispersion of the system, ξfs (which in turn depends
on the central wavelength, λ0 , grating period, g, ingoing angle, α and the
focal length of the lens, f1 ), the exact transfer function of the pixel-gaps
and the LC-SLM calibration. Even though the simulations are only valid if
the shaper alignment is perfect (which was not the case according to section
3.4.1), the agreement is overall very good and therefore suggests that the
actual parameters of the shaper system are close to their expected values,
i.e. that the actual impulse response function of the shaper system is close
to the expected transfer function from Eq. (3.42).

3.4.6

Square Pulses

As a more challenging test of both amplitude and phase shaping, a sinc
transfer function was written with the LC-SLM to create a quasi-square
temporal pulse. The appropriate infinite resolution transfer function has the
form:
M (ν) =

sin (π(ν − ν0 )η)
,
π(ν − ν0 )η

(3.69)

i.e.:
Cn =
ρn =

sin (π(νn − ν0 )η)
,
π(νn − ν0 )η



π
sin (π(νn − ν0 )η)
1 + sgn
.
2
π(νn − ν0 )η

(3.70)
(3.71)

+
+
where η is the FWHM of Eout
(t) (or just the width, if Eout
(t) is a perfect
top-hat function, which will occur only if B(ν) = const.). Note that since
the input spectrum is not corrected for (B(ν) 6= const.), the output pulse’s
temporal form will not be a sharp top-hat function, rather it is a top-hat
function convoluted with the unshaped pulse’s temporal form.
Fig. 3.30 shows spectra with such a transfer function applied. From the
spectra, it becomes clear that although the shaper was aligned to expect a
central wavelength of 780 mn, the laser’s central wavelength had drifted from
this value by ∼ 0.2 nm, which can be seen by comparison with the spectrum
for η = 0 fs. The result is a slight asymmetry in all the output spectra with
+
η > 0, i.e. an slightly asymmetric |Ẽout
(ν)| and may affect the shape of
+
|Eout (t)|.
Fig. 3.31 shows collinear cross-correlation (XC) measurements of shaped
pulses with the transfer function described in Eq. (3.69) for several values of
η. The cross-correlation traces show various features: The main contribution
to the traces comes from a large peak, centred around zero delay. Ideally
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Figure 3.30: Output spectra of sinc transfer function for several values of η.

this is the only peak that would be observed for this transfer function. In
reality multiple pulses are seen, due to the residual phase from the shaper.
For larger values of η, the pulses become more asymmetric and this effect is
also reproduced in the simulations. The origin is, once again, the residual
phase from the shaper, which, as was previously mentioned, is modelled by
a sinusoidal phase. A sinusoidal phase results in a train of pulses, as already
seen in section 3.4.5. The CE phase of each of the sub-pulses in the train
is determined by the parameter Λ0 in Eq. (3.67). When, in addition to
this sinusoidal phase, the transfer function from Eq. (3.69) is applied, the
result is a train of quasi-square pulses. When η becomes large enough so
that these quasi-square sub-pulses overlap in time (when η > T ), they can
interfere with each other, leading to a deformation of the temporal pulse
shape in the regions where they overlap. Similar effect have previous been
observed in [119]. Although the parameter Λ0 used to model the residual
phase was not known, it was taken as a free parameter and adjusted so that
the simulated cross-correlation traces have a shape that is similar to the
measured cross-correlation traces.
The effect of pixel gaps can also be seen as a dip at zero delay. This is due
to destructive interference between the leakage pulse through the pixel gaps
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Figure 3.31: Collinear cross-correlation measurements with sinc transfer
function for various values of η. Grey dots are measurements and the solid
lines are S XC (τ ) max and S XC (τ ) min . a. η = 0 fs, b. η = 800 fs, c.
η = 700 fs and d. η = 1000 fs.

and the resulting shaped pulse from the transfer function in Eq. (3.69) and
the residual phase from the shaper. The transfer function for the pixel gaps
is included in the simulations by applying a simple spectral π phase shift
for light passing through the pixel gaps. This very simple phase is applied,
rather than a more complicated function, since the actual transfer function
for the pixel gaps is unknown and is notoriously problematic to measure. It
was treated as a free parameter and was given a value of π to reproduce the
measurements as well as possible. With these unknown parameters appropriately adjusted, the agreement between the measurements and simulations
is quite reasonable, indicating that complicated pulse shapes can be created
by this pulse shaper setup.
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Chapter 4

Shaping of picosecond laser
pulses
In this chapter, picosecond shaping capability is added to the femtosecond
shaper setup presented in the previous chapter, resulting in a dual femtosecond/picosecond shaper. General considerations and the resulting difficulties
of shaping picosecond pulses with a grating-based 4-f setup are discussed in
section 4.1 and a multi-f design presented, which overcomes these problems.
The design criteria for the picosecond shaper are presented in section 4.2 and
for the dual setup in section 4.3. The experimental setup for the dual shaper
is presented in section 4.4 as is the optical pulse measurement technique of
frequency-resolved optical gating. Finally, characterization measurements of
the picosecond setup are presented in section 4.5.

4.1

General Considerations for Shaping of Picosecond Pulses

A grating-based pulse shaper for small-bandwidth picosecond laser pulses is
described in this section. The theoretical concepts are essentially identical
to those for the femtosecond shaper, and the mathematical description only
differs in that additional optical components are necessary to attain the
high-resolution required for shaping picosecond pulses.

4.1.1

Spatial Light Modulation for Picosecond Pulses

The spectral resolution of a 4-f setup, such as that for the femtosecond setup,
is ultimately limited by the grating frequency. On one hand, the highest possible grating frequency is desirable in order to maximize the spatial dispersion. On the other hand, the diffraction angle, β(λ), must also be considered,
as it will eventually become complex (i.e. only specular reflection from the
grating occurs and no diffraction) when the grating frequency is too high.
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For example, for a centre wavelength of 780 nm and focal length of 0.4 m,
β = 90◦ when g = 2565 lines/mm. A grating frequency of g = 2000 lines/mm
was chosen for the femtosecond setup, which is already close to this limit.
Therefore increasing g will not increase the spectral resolution very much
before causing clipping of wavelength components of a pulse. Clearly a
modification is required to overcome this grating problem.
The chosen solution is to introduce additional optical elements to a standard 4-f setup, as shown in Fig. 4.1. For this multi-f or “picosecond” setup,
ideas from [120] have been utilized. Essentially, a telescope is built into the
setup on either side of the Fourier plane to increase the angular dispersion
and better separate the wavelengths in the Fourier plane. The effect of this
telescope setup can be analysed once again using the ABCD matrix for ray
propagation through all optics after the grating up to the Fourier plane. For
simplicity reasons, and to be comparable with the configuration that was
ultimately chosen for the picosecond shaper, L1 and L3 will have identical
focal lengths (f3 = f1 ):


xps (λ)
θps (λ)



=






=

1
−1
f2

1
0
0
f2
f12






1 f1 + f2
−1
0
1
f1



1 0
0
1 f1 + f2
−1
1
1
0
1
f1


x0
f1
1
θ0 (λ)
!

−f12
x0
f2
.
θ0 (λ)
0

1 f1
0 1

1

0
1

(4.1)

Eq. (4.1) shows that, once again, θps (λ) is identically zero for all λ when
x0 = 0, i.e. when the position on the grating surface where the ingoing
beam is incident upon coincides with the focal point of the lens. Therefore
all wavelength components propagate perpendicularly to the Fourier plane,
just as in the case for the femtosecond setup.
The wavelength distribution in the Fourier plane is given by:

xps (λ) =
=

−f12
θ0 (λ)
f2
−f1
xfs (λ).
f2

(4.2)
(4.3)

which, similarly to in section 3.1.3, can be used to calculate the linear and
spatial dispersion:
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Figure 4.1: Modified linear setup with larger spatial dispersion (multi-f
setup). The double lines for each colour represent ± the beam radius from
the centre of the beam.
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dxps
−f1 dxfs
=
,
dλ
f2 dλ

(4.4)

and:

ξps =

−f1
ξfs .
f2

(4.5)

As can be seen from equations (4.3) and (4.4), this telescope setup effectively increases the angular dispersion for the different wavelengths, thereby
spreading them out further in the Fourier plane compared to the standard 4f setup. The factor by which the wavelength components are further spread
is exactly the magnification factor of the telescope, −f1 /f2 .

Because the telescope decreases the beam-width before it passes through
L3, the spot size of the frequency components in the Fourier plane will
increase compared to that for a standard 4-f setup with the same ingoing
beam radius. Again, this can be seen by propagation of the complex beam
parameter through the optical system using the ABCD matrix from equation
(4.1), resulting in:

ω0ps

=
=

−f1 cos (α)
f2 cos (β(λ))
−f1 fs
ω
f2 0



f1 λ
πωin


(4.6)

Hence the input beam size, ωin , must be adjusted so that the CW beam
waist in the Fourier plane remains approximately the same size as one SLM
pixel, just as in a standard 4-f setup. As long as the input beam radius is
appropriately adjusted, this setup overcomes the grating problem associated
with a standard 4-f setup and has an increased resolution due to a larger
spatial dispersion.
With these parameters, the impulse response of the picosecond shaper
can by written by direct analogy with Eq. (3.49):
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(4.7)

where ∆ν should now be extracted from Eq. (4.4). This equation describes
how the picosecond shaper is expected to behave and can be compared to
measurements of the output pulse shapes.

4.2

Design Criteria

The fundamental considerations for picosecond shaping are identical to those
for femtosecond shaping and all the points mentioned in section 3.2 apply
once again. The only relevant difference between femtosecond pulses and
picosecond pulses is that the bandwidth of the picosecond pulses is smaller
than for femtosecond pulses. Thus all of the points mentioned in section
3.2 were also considered for the picosecond setup, with the value of any
parameter that depends on the bandwidth suitably modified.
Essentially, these requirements for picosecond shaping amount to: an increase of the required spatial dispersion, while keeping the grating frequency,
g, and the spot size, ω0ps , the same as for the femtosecond setup. This condition is fulfilled by using the multi-f design, with the ingoing beam size
increased by the magnification factor of the telescope.

4.3

Design Criteria for Combined Femtosecond/
Picosecond Setup

Ideally, the same pulse shaper setup would be able to shape both the femtosecond and the picosecond pulses output from the MIRA 900D. The chosen
femtosecond setup described in chapter 3 is a folded design, using mirrors
as shown in Fig. 3.13. Using a multi-f design to shape the picosecond pulses
is a good solution, however Fig. 4.1 is a linear design, using lenses, which is
not directly compatible with the folded femtosecond design. The aim was to
modify the linear design and incorporate as many of the components from
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the femtosecond setup into the folded picosecond design while still being
able to use the setup to shape larger bandwidth (femtosecond) pulses, if so
desired.
The femtosecond setup in Figs. 3.13 and 3.14 lends itself naturally to the
insertion of additional optics into the beam path. Clearly mirrors, and not
lenses, must be used due to the folded design and these mirrors should be
either movable or easily removable and replaceable without causing misalignment or dilatory procedures. Alignment strategies should also be considered,
as the sensitivity of a system to small misalignments generally increases when
more optical components are involved. For this reason, any chance to decrease the number of optical components or their degrees of freedom should
be advantageous.
The bandwidth ranges of the shaper must also be considered. Since fixed
optics is used, only fixed bandwidths for the shaper are possible. The multi-f
setup has an increase of spatial dispersion and resolution given by the magnification of the telescope, namely −f1 /f2 , compared to the 4-f setup, but also
a corresponding bandwidth decrease. Since f1 has already been chosen to be
400 mm for the femtosecond setup, f2 should be chosen such that an acceptable resolution increase is obtained and the shaper bandwidth decrease is not
too large. The picosecond pulses from the MIRA 900D have a bandwidth
that is approximately a factor of 10 smaller than for the femtosecond pulses
from the MIRA 900D. Ideally this would mean that −f1 /f2 = 10 and hence
f2 = −40 mm. For practical purposes this focal length is too small, since the
spacing between optical elements must be sufficient once the physical size
of the optics themselves as well as their mounts and any adjustment screws,
etc., is taken into account. For this reason a slightly longer focal length of
f2 = −100 mm was chosen as a trade-off, resulting in −f1 /f2 = 4. With
more space-efficient mounts a larger value of −f1 /f2 would be possible, resulting in an even higher spectral resolution than obtained with the optics
used in this thesis.

4.4

Setup and Diagnostics for the Combined Femtosecond/Picosecond Setup

The complete experimental setup is shown in Fig. 4.2. A MIRA 900D
passively mode-locked Ti:Sa laser, pumped with 10 W of 532 nm light from a
Verdi V10, produced near Fourier-limited pulses of duration ∼ 1 ps FWHMI,
with a repetition rate of 76 MHz, typical power of ∼ 1.9 W and horizontal
linear polarisation when operated in picosecond mode. The light emerging
from the laser output was slightly divergent and has an M2 value specified
to be better than 1.1. The experimental setup was essentially identical to
that for testing the femtosecond shaper, with three exceptions: The lenses in
the previously 1:1 collimation telescope for the shaped beam were changed
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Figure 4.2: A schematic diagram of the complete experimental setup.
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Figure 4.3: A schematic diagram of the femtosecond/picosecond shaper
setup from Zeemax. Only the first half of the setup is shown (up to the
Fourier plane) for clarity. The actual setup contains identical optics, mirrored through the Fourier plane, as can be seen in Fig. 4.4. a. side view, b.
top view.

to give a 1:3 magnification, the shaper was operated in picosecond mode
(explained below), and the path length of the diagnostic beam was increased,
as the path length of the shaper beam was longer when the shaper was in
picosecond mode. The collimating telescope for the diagnostic beam was not
changed, and hence the two beams had different 1/e2 radii by a factor of 3.
The dual femtosecond/picosecond shaper setup is shown schematically in
Figs. 4.3a and 4.3b and in 3D in Fig. 4.4. Operation in femtosecond mode
has already been explained in the previous chapter. The practical change
from the femtosecond setup is that that M2 is lowered (translated vertically)
by a small amount so that the light is no longer incident on it after the first
reflection from M1 (f1 = 400 mm) and another mirror M3 (f1 = −100 mm)
has been added. The mirror M3 does not have to be removed from the setup
when operating in femtosecond mode, as it “hides” behind M2 when M2 is
sitting in its correct height for the femtosecond setup.
The complete beam path is the following: The pulses enter the shaper
setup parallel to the optical table with horizontal polarisation. Their wavelengths are spatially dispersed by grating G (2000 lines/mm), which is ad96
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G

Figure 4.4: A 3D Solidworks rendering of the dual femtosecond/picosecond
shaper setup, including the SLM. On the input side: G is the grating, M1
the concave mirror, M2 the planar mirror, and M3 the convex mirror for the
telescope. On the outgoing side: G’ is the grating, M1’ the concave mirror,
M2’ the planar mirror and M3’ the convex mirror for the telescope.

Figure 4.5: A photo of the dual femtosecond/picosecond shaper setup.
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justed to pseudo-littrow configuration for the central wavelength of 780 nm
(the ingoing and outgoing beams do not spatially overlap as they have a
vertical angle with respect to each other). After reflection from cylindrical
mirror M1 (f1 = 400 mm), placed 400 mm from G, the light is once again
parallel to the optical table and is reflected off M3 (f2 = −100 mm), placed
∼ 300 mm from M1, under the same vertical angle as from the grating. The
light is then once again reflected from M1, after which the light is once
again parallel to the optical table and is finally reflected off planar mirror
M2, placed ∼ 200 mm from M1, into the Fourier plane. The optical system is
described by the same ABCD matrix as a multi-f setup, namely Eq. (4.1), as
long as care is taken to correctly determine the direction of positive x in the
Fourier plane. The SLM is once again situated in the Fourier plane. When
the picosecond shaper is used, the SLM must be vertically lowered, as, due
to the extra reflections, the beam height in the Fourier plane is lower than
for the femtosecond setup. This is achieved by simply removing a spacing
plate from under the SLM. The mirror image of the optics is found on the
other side of the Fourier plane.
The multiple use of M1 is advantageous as it reduces alignment time and
complexity as well as the overall cost of the dual shaper (two extra mirrors would otherwise be required). The design has an additional advantage
which is that any shaper based on the design in [101] can be relatively simply modified to a multi-f design, with the corresponding spectral resolution
increase.
The spatial distribution of three wavelength components after passing
through the femtosecond setup is shown in Fig. 4.6. In contrast to the
femtosecond setup, very little spatial chirp is evident. This is primarily
due to the smaller bandwidth of the picosecond pulses, and hence conical
diffraction plays a smaller role. There is slight asymmetry imparted to the
beam profile however, which presumably originates from astigmatic effects
due to the small tilting of the lenses of the telescope with respect to the
beam path of the light.
In principle, the ingoing beam radius should be increased by a factor of
4 in the horizontal direction (for example by using a telescope consisting
of cylindrical achromatic lenses or mirrors) prior to being shot through the
shaper. The lenses available in the lab were spherical lenses and could only
be combined into a telescope with a magnification factor of 3 and not 4. The
only drawback to this is a slight decrease in the width of the time-window,
but it is fine for a proof of principle. A different telescope could be used in
the future to achieve an even better resolution.
All important parameters may now be calculated for the picosecond
setup: From Eq. (4.4) the linear dispersion is 5.08 mm/nm (an LC-SLM
pixel-to-pixel wavelength change of 0.020 nm), from Eq. (4.5) the spatial
dispersion is ξps = 16.4 × 10−13 mm s and from Eq. (4.6) the beam radius in
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Figure 4.6: Cross-section of the Zeemax-calculated spatial beam profile for
three wavelength components of the pulse. Wavelengths are: blue plus symbols, 775 nm, green crosses, 780 nm (the central wavelength), red squares,
785 nm. Vertical in the figure is vertical in the laboratory and horizontal in
the figure is horizontal in the laboratory. The area shown is 3 mm × 3 mm.

p
the Fourier plane is ω0ps = 102 µm, with ωin = 4.5 mm/ 2 ln (2). The calculated time-window due to pixellation alone is T pix = ±52 ps, and due to the
beam radius in the Fourier plane is T spot = ±26 ps. The Rayleigh range can
ps
be calculated to be zR
= π(ω0ps )2 /λ = 4.2 cm, which is, once again, much
larger than the ±1.5 mm displacement of the LC arrays in the SLM from the
Fourier plane.
The diagnostics for the picosecond shaper setup were identical to those
for the femtosecond setup, with the exception of two methods: The FWHMI
bandwidth of the picosecond pulses from the MIRA is ∼ 1 nm and the spectral resolution of the Ocean Optics SD2000 spectrometer was 0.5 nm. Using
this spectrometer to characterize the picosecond shaper therefore does not
make very much sense. A Varian Cary 219 spectrometer, with a measured
spectral resolution of ∼ 0.03 nm, was reconditioned for this purpose. Unfortunately, due to its age, mechanical failure set in during the first spectrum
measurements of the shaped pulses and hence no spectra for the picosecond
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setup were taken. One additional diagnostic was performed: Frequencyresolved optical gating (FROG) measurements were available for the smaller
bandwidth pulses used with the picosecond setup.

4.4.1

Frequency-resolved optical gating

An APE Pulse Check autocorrelator with FROG option was used to take
FROG traces [121–123], using a thick nonlinear crystal as a spectrometer as in [124], whose angle is scanned to produce the FROG trace. The
setup is essentially the same as in Fig. 3.17, but now the SHG crystal is
thick, and its angle is varied throughout a measurement, i.e. an autocorrelation trace is taken for every crystal angle to produce the FROG trace. An
autocorrelation-based SHG FROG trace is a spectrogram of the form [121]:

S

FROG

(ν, τ ) =

Z

2

∞

−∞

E(t)E(t − τ )e(−i2πνt)dt

(4.8)

Many papers have been written about the retrieval of E(t) from spectrogram traces having the form of S FROG (ν, τ ), which is a special case of the
two-dimensional phase retrieval problem. These will not be discussed here,
other than to mention that a self-written algorithm, based on that of [125]
and involving, amongst other things, a singular value decomposition, was
used to do the reconstruction (i.e. to extract the best E + (t) from the measured FROG trace). Propagation of the pulse through the thick crystal itself
can cause a certain amount of chirp if the crystal is too thick. For the smallbandwidth picosecond pulses and the extremely thick crystal available this
was negligible; not so for the femtosecond pulses in the previous chapter,
which is why no FROG traces were available for the shaped femtosecond
pulses. The SHG FROG traces are not sensitive to the carrier-envelope
phase, a linear phase or the sign of time (i.e. positive or negative chirp).
The lowest order Taylor phase to which an SHG FROG is sensitive is the
quadratic phase (linear chirp). The FROG was used for exactly this purpose
in the characterization as a verification of other measurements.

4.5

Characterization of the System

In this section the individual SLM amplitude and phase test transfer functions will be presented and measurements of the resulting temporal electric
+
+
field, Eout
(t), compared to expectations from knowledge of Ein
(t) and the
transfer function, H(ν), and discussed.
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Figure 4.7: AC of a pulse after the shaper without compensation (dotted
line) and a pulse directly from the MIRA (solid line).

4.5.1

Pulses Without Spatial Light Modulation

+
The first test is whether the outgoing pulse, Eout
(t), is identical to the in+
going pulse, Ein (t), with M (ν) = 1. An autocorrelation measurement of
an typical output pulse is shown in Fig. 4.7, along with an autocorrelation
measurement of a pulse that did not first go through the shaper setup. The
autocorrelation is not quite symmetric, which is a result of the inevitable
imperfect coupling into the autocorrelator, although the asymmetry is not
particularly large. As for the femtosecond case, a small amount of phase
was imparted to the pulse that went through the shaper setup, which can
be seen as what look like multiple side peaks in the autocorrelation traces.
Just as for the femtosecond setup, the residual phase due to misalignment
can be compensated with the SLM. Fig. 4.8 shows a comparison between an
uncompensated output pulse and an output pulse whose residual phase was
compensated utilizing a transfer function that was found with a GA using
the SHG signal as feedback, as described in section 3.4.1. Once again, the
GA was only allowed to modify the phase of the pulse and not the amplitude
when searching for an optimum. The compensated pulse is close to Fourier-
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Figure 4.8: AC of an unshaped, uncompensated pulse (dotted line) and a
pulse with phase compensation found by a GA (solid line).

limited, with only small side peaks, which are well-modelled by the addition
of a sinusoidal phase to all simulations presented in this chapter.

4.5.2

Linear Phase

Now the time-window can be measured by using the pulse shaper to shift
the pulse in time, without changing the shape of its envelope, and measuring
the intensity of the TEM00 component of the output pulse. Once again, the
SLM was used to apply a series of linear spectral phases to the input pulses
of the form:
µ(ν) = 2πb1 (ν − ν0 ).

(4.9)

Fig. 4.9 shows the pulse intensity for different linear phases (without the
residual phase correction by the LC-SLM) for the femtosecond setup with a
central wavelength of λ0 = 780 nm. The relative integral intensity is calculated by taking the square root of the frequency-doubled signal (using the
BBO setup in section 3.3.2), measured with a slow photodiode, after shaping
using an aperture of ∼ 4 mm diameter. Measured autocorrelation traces (see
102

Chapter 4. Shaping of picosecond laser pulses

1

Relative Intensity (arb. untis)

0.9
0.8
0.7
0.6

−20

0

20

−5 −2.5

Delay (ps)

0

2.5

5

Delay (ps)

0.5
0.4
0.3
0.2
0.1
0
−6

−4

−2

0

b1 (fs)

2

4

6
4

x 10

Figure 4.9: Intensity of shaped pulse for various linear phases with the picosecond setup. The parameter b1 is the gradient of the linear phase applied
in frequency space by the SLM and is equivalent to the time-shift of the
pulse. Crosses: measurements, solid lines: simulations. Left inset: Crosscorrelation measurements for various linear phases. Right inset: Scaled autocorrelation measurements for various linear phases ranging from b1 = −20 ps
to b1 = 20 ps.

right inset Fig. 4.9) for different linear phases all have an identical shape, indicating that, just as for the femtosecond setup, a pure linear phase is written
to the pulse by the LC-SLM and the peak intensity is directly proportional
to the integral intensity of the pulses, as required. Cross-correlation traces
(again using the BBO crystal described in section 3.3.2) were also measured
(see left inset Fig. 4.9) and show that the time shift’s magnitude and direction are correct. Hence purely linear phases with the correct gradient
were imparted onto the pulses by the shaper. No effects of pixel gaps can
be conclusively identified in the traces.
From Fig. 4.9 an experimentally determined overall spectral resolution of
0.041 nm is obtained (a FWHMI time-window of 50 ps), in good agreement
with simulations. The time window for the picosecond setup is superior to
existent pulse shaper setups and can be compared favourably to other high103
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Figure 4.10: Intensity of shaped pulse for various linear phases with the
picosecond setup. The parameter b1 is the gradient of the linear phase
applied in frequency space by the SLM and is equivalent to the time-shift of
the pulse. Crosses: measurements, solid lines: simulations.

resolution SLM-based systems such as that from Monmayrant et al. [116],
where a measured time-window of 28 ps was reported, and even to the recently measured 40 ps time-window reported in Thomas et al. [126] with
phase-only filtering using dispersive optical fibres and electro-optic modulation. This currently makes it the highest-resolution amplitude and phase
pulse shaper for ultrashort pulses in existence.
Fig. 4.10 shows the same measurement, but with residual phase compensation by the LC-SLM. The experimental trace looks to be somewhat
asymmetric around zero delay, but its width is similar to the trace in Fig.
4.10. The origin of the asymmetry is not precisely understood, but is probably related to space-time coupling effects: The aperture after the shaper
was centred symmetrically around the centre of the output beam when no
residual phase correction was applied with the LC-SLM. According to Eq.
(3.40), a temporal modification of a pulse will also modify its spatial profile.
Hence any phase applied with the LC-SLM (including residual phase compensation) will modify the spatial profile of the output beam. It is likely
104

Relative AC signal (arb. units)

Chapter 4. Shaping of picosecond laser pulses

−5

1600000 fs 2
1200000 fs 2
800000 fs 2
400000 fs 2

−2.5

0

2.5

5

Delay (ps)

Figure 4.11: Autocorrelation measurements for various applied quadratic
phases. Solid lines: measurements, dotted lines: calculations.

that the output beam with residual phase compensation was slightly offset
compared to the beam without residual phase compensation (this was not
checked during the measurement), causing an asymmetry in the measurement. In addition to the asymmetry, an effect of the pixel gaps can be seen
as an additional peak around zero delay. The peak can be easily reproduced
in the simulations, by applying the appropriate constant phase shift to light
passing through the pixel gaps.

4.5.3

Quadratic Phase

Linearly chirped pulses were created by writing a spectral phase to the pulse
of the form:
1
µ(ν) = (2π)2 b2 (ν − ν0 )2 .
2

(4.10)

The theoretical Nyquist limit for the picosecond shaper can be calculated
6 2
from Eq. (3.65), with (dνps = 9.6GHz), to be |bNy
2 | = 2.7 × 10 fs . This can
5
2
be compared to a Nyquist limit of 2.8× 10 fs for the high-resolution system
in [116]. The picosecond setup is capable of writing larger chirps than the
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Figure 4.12: Measured FROG trace (left) and theoretical FROG trace from
the reconstructed E + (t) (right) for b2 = 1.4 × 106 fs2 .

femtosecond setup, and hence sweep the frequency faster (see equation 3.22),
solely due to its improved spectral resolution.
In Fig. 4.11, measured and simulated autocorrelation traces of linearly
chirped pulses are shown. The agreement between measurements and simulations is overall good. The assumed spectral shape in the simulations
+
was Gaussian and, as the resulting temporal envelope shape |Eout
(t)| is essentially determined by the envelope of the input spectrum B(ν), perfect
agreement between theory and calculations would only be possible if the experimental pulses also had a Gaussian spectrum (they are actually expected
to have a sech2 profile). The relative peak intensity of the pulses for different
chirps decreases in accordance with expectations.
More information on the actual phase written to the pulses can be obtained via FROG measurements, especially since no spectral form must be
assumed in order to extract phase information from the FROG traces. A
measured FROG trace of an output pulse from the shaper and its reconstructed trace is shown in Fig. 4.12 when writing a quadratic phase with
b2 = 1.4 × 106 fs2 to the pulse with the SLM. The spectral reconstruction
is shown in Fig. 4.13. The spectrum of the reconstruction is shifted relative to ν0 by ∼ 300 GHz. This is due to an error in an input parameter
for the FROG software (the software requires the user to tell it what the
frequency is for the current central crystal angle, however the relative frequency is well calibrated), which only results in a spectral offset (and hence
also a linear phase in the reconstructed temporal pulse, which is arbitrary in
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Figure 4.13: Reconstructed Ẽ + (ν) for b2 = 1.4 × 106 fs2 . Black: B(ν − ν0 ),
Red: φ(ν − ν0 ). Dashed lines with dots: reconstruction, solid line: quadratic
fit to the reconstructed phase.

any case) and in no way affects the quality or accuracy of the reconstructed
spectral phase. As can be seen, the reconstructed phase is well-modelled
by a quadratic function, which is fit to the reconstructed phase (weighted
by the reconstructed spectral intensity) to determine the value of b2 for the
chirped output pulse. Various fitted b2 values are shown versus the expected
b2 coefficients in Fig. 4.14.
No errorbars have been included, as the determination of errors must
first take into account the quality of the measured FROG trace (which may
contain asymmetries or noise and power fluctuations), the quality of the reconstruction (which may or may not have reached its optimum chi-squared
value), and finally the applicability of the fitted quadratic function to the
reconstructed phase as well as the error from this fit. Taking account of
all such sources of error is somewhat difficult. That being said, the overall
agreement between the reconstructed b2 values and the expected b2 values
is very good. As FROG measurements are only sensitive to the magnitude
SLM |. Indeed
of bSLM
, not its sign, such a plot should have the form bfit
2
2 = |b2
the data in 4.14 agree with this. The reconstructed values would, however,
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Figure 4.14: Fitted b2 values from FROG reconstructions versus expected b2
value. Plus symbols: fitted values, solid line: expected trend, dashed line:
expected trend with offset of 66400 fs2 .

agree with the expected values (solid line) slightly better if they all had an
additional offset of ∼ 66400 fs2 (as indicated by the dashed line), suggesting
that a pulse with no extra phase added to it by the LC-SLM would have a
chirp of ∼ 66400 fs2 . The origin of this additional phase could be the imperfect shaper alignment discussed earlier. This is consistent with what can
be seen by comparing the widths of the MIRA pulse from Fig. 4.7 to that
in Fig. 4.8 and is also in agreement with the AC traces in Fig. 4.11, which
consistently show a slightly wider measured AC trace than theoretically predicted. Taking this into account, the agreement can be said to be very good
and hence the shaper does indeed write the expected spectral phase to the
pulses.

4.5.4

Sinusoidal Phase

In order to produce temporal pulse-trains, the LC-SLM was used to write a
spectral phase of the form:
µ(ν) = Γ cos (2π(ν − ν0 )T + Λ0 ).
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Figure 4.15: Measured autocorrelation traces for various T with constant
Γ = 1 rad and Λ0 = 0 rad.

Fig. 4.15 shows measured autocorrelation traces of the resulting shaped
pulses for fixed Γ and Λ0 and various values of T . A slight asymmetry due
to imperfect autocorrelator in-coupling is visible. The time between peaks
seem to also match expectations quite well. Just as for the femtosecond
setup (in fact even more so), pulse-trains with a much larger T than that
shown in figure 4.15 can be produced, but the scanning range of the autocorrelator limited the measurement range. Since the pulses are reasonably
long, the sub-pulses in the resulting pulse train overlap. This does not alter
the principle of the measurement, other than that the exact CE phase of the
sub-pulses (determined by Λ0 in Eq. (4.11)) may produce a slightly altered
pulse shape in the regions where the sub-pulses overlap and hence the envelope of each sub-pulse may not necessarily be just a scaled replica of the
envelope of the input pulse.
The peak-to-peak temporal spacing of sub-pulses in the train can be
extracted from the data in Fig. 4.15. Just as in the previous chapter, a
Gaussian function was fitted to both the central peak and the first adjacent
peaks of the autocorrelation traces, and the difference between the fitted
delay times is shown in Fig. 4.16 as a function of the expected time between
109
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Figure 4.16: Measured time between sub-pulses in the pulse-train versus
T with Γ = 1 rad and Λ0 = 0 rad. Error bars are given by the fit to the
data. Crosses indicate measured values, whereas the solid line indicates the
theoretical straight line dependence.

sub-pulses. As can be seen, the data agrees well within the error with the
theoretical prediction of a straight line with unity gradient. Hence it can be
inferred that the frequency spread in the Fourier plane is in agreement with
theoretical predictions. Since no spectrometer with high enough resolution
was available to measure the spatial frequency distribution in the Fourier
plane (i.e. ξps ), the agreement between the measured and expected values
of T is especially important, as the spatial period of the sinusoidal phase
modulation must match the expected spatial period of the modulation in
order for the measured and expected values of T to agree.
Autocorrelation traces for constant T , but varying Γ were taken and
fitted in the same manner as for the periods. The resulting fitted relative
heights of the first adjacent peaks (the mean of the first peaks at positive
and negative delay) to the central peak are shown in Fig. 4.17, where the
experimental values have been shifted along the x-axis by 0.1 rad to match
calculations better, just as for the femtosecond setup. Once again, neglecting
this (not understood) small shift, the agreement is good to within a few
110
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Figure 4.17: Relative amplitude of central and first peak of autocorrelation
traces for various values of Γ with T = 3 ps and Λ0 = 0 rad. Crosses indicate
measured values, whereas the solid line comes from calculations.

percent and shows that well-defined pulse-trains may be produced with this
setup. Hence, overall it can be said that the actual parameters of the shaper
system are close to their expected values, as described by Eq. (4.7).

4.5.5

Square Pulses

A sinc transfer function was written with the LC-SLM to create a quasisquare temporal pulse. The appropriate infinite resolution transfer function
has the form:
M (ν) =

sin (π(ν − ν0 )η)
,
π(ν − ν0 )η

(4.12)

i.e.:
Cn =
ρn =

sin (π(νn − ν0 )η)
,
π(νn − ν0 )η



π
sin (π(νn − ν0 )η)
1 + sgn
.
2
π(νn − ν0 )η

(4.13)
(4.14)
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Figure 4.18: Collinear cross-correlation measurements with sinc transfer
function for η = 8 ps. Grey dots are measurements and the solid lines are
S XC (τ ) max and S XC (τ ) min .

Due to the insufficient resolution of the spectrometer, spectra were not
able to be measured for this transfer function. However, collinear crosscorrelation measurements were not hindered by the small bandwidth of the
pulses.
Fig. 4.18 shows a collinear cross-correlation measurement of a shaped
pulse with the transfer function described in Eq. (4.12) with η = 8 ps.
The cross-correlation trace show various features: The main contribution
to the traces comes from a large peak, centred around zero delay with an
8 ps FWHM. Ideally this is the only peak that would be observed for this
transfer function. Just as for the femtosecond setup, multiple pulses are
seen, due to the residual phase from imperfect shaper alignment. There
is a slight asymmetry in the shape of the pulse, the origin of which is the
residual phase due to the imperfect alignment of the shaper optics, which, as
was previously mentioned, is well-modelled by a sinusoidal phase. Since the
parameter Λ0 , the offset of the sinusoidal phase used to model the residual
phase, was not known, it was taken as a free parameter and adjusted so
that the calculations have a similar shape to the measured cross-correlation
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traces. The explanation for the asymmetry can be found in section 3.4.6.
The effect of pixel gaps can also be seen as a dip at zero delay. This is
due to destructive interference between: the leakage pulse through the pixel
gaps, the resulting shaped pulse from the transfer function in Eq. (4.12), and
the residual phase from imperfect alignment. The transfer function for the
pixel gaps is included in the calculations by applying a simple spectral phase
shift for light passing through the pixel gaps. This phase was treated as a
free parameter and was given a value of 35 π to reproduce the measurements
as well as possible.
There is a discrepancy between the measured trace and the calculated
XC
S (τ ) min . For an unknown reason, the apparent amplitude of the measured trace does not decrease down quite as far expected, even though it
matches quite well with the calculated S XC (τ ) max . It is difficult to imagine
why this should be so, as any spatial or misalignment effects should alter
S XC (τ ) max as well as S XC (τ ) min and the two envelopes are separated in
delay by only half of the optical period of the electric field (see Eq. (3.56)),
which amounts to 1.3 fs. Neglecting this discrepancy, the pulses produced
by the shaper setup are very close to expectations and show that the shaper
setup is capable of producing complicated pulse shapes.
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Chapter 5

Conclusion and Outlook
The state of the art of producing ultracold molecules with shaped ultrashort
pulses has been advanced far enough so that the light at the end of the tunnel
is visible. A great deal is now known about the type of pulses required to
create ultracold molecules. For the first time ultracold molecules have been
created from colliding atoms in an ultracold gas using a shaped femtosecond
laser pulse. The molecular bond-formation dynamics is understood in detail,
with some degree of coherent control demonstrated. Simulations show the
same dynamics as is seen in experiment, a confirmation of their validity.
They indicate that due to the off-resonant nature of the interaction, the
photoassociated molecules were formed in very high-lying vibrational states,
with very little binding energy, resulting in the weakly bound molecules
exhibiting coherent electronic dynamics instead of the expected vibrational
wavepacket dynamics. The off-resonant excitation occurs due to the large
peak intensity of the femtosecond pulses. To avoid off-resonant excitation,
a lower peak intensity pulse can be implemented, without losing spectral
intensity at transition frequencies resonant with target vibrational states
(a gain in spectral intensity should even possible) with smaller bandwidth
picosecond pulses.
The use of picosecond pulses assumes a method for manipulating them to
take advantage of coherent control methods and to avoid the atomic density
decrease due to atomic resonance frequencies contained within the pulse’s
spectrum, which was also important for the experiments in this thesis. A
dual femtosecond/picosecond pulse shaper has now been realized by an innovative modification of a standard femtosecond pulse shaping design, resulting
in unparalleled spectral resolution. This high-resolution shaper is of particular use when a system with energetically dense states is under investigation,
as the phase can vary rapidly across the spectrum, allowing improved control
over the phase of the quantum states of the system. It is also ideal for investigating processes which occur over an interaction energy range comparable
with the bandwidth of the shaper or on interaction time-scales comparable
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Figure 5.1: Motion of a vibrational wavepacket in the 0+
u state (shown at the
very top) correlating to the 5s + 5p1/2 asymptote, created with an unshaped
1 ps long pulse. From top to bottom, the times are −0.3 ps, 2.5 ps, 5 ps,
7.2 ps and 8.5 ps, relative to the arrival time of the peak of the pulse.

The first natural extension to the work presented in this thesis would
be to investigate the photoassociation of ultracold atoms using picosecond
116
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F

Figure 5.2: Franck-Condon factors for transitions between a ground electronic and excited electronic potential for incoherent vibrational pumping
in Cs2 . The vibrational eigenstates in the ground state are labelled VX and
those in the excited state are labelled VB . The shaded area represents the region where no excitation or stimulated emission is possible, only spontaneous
emission, due to spectral shaping of the pulse. Adapted from [127].

pulses shaped with the dual shaper, in high-resolution mode, presented in
this thesis. The bandwidth of a 1 ps long Fourier-limited pulse is ideally
suited to resonantly excite ultracold atoms to many electronically excited,
bound vibrational states with large free-bound Franck-Condon factors within
the perturbative regime and hence create a wavepacket suitable for manipulation with theoretically proposed coherent control schemes. Fig. 5.1 shows
vibrational wavepacket dynamics in the 0+
u state correlating to the 5s+5p1/2
asymptote, which was simulated using the program used in this thesis, validated by its good agreement with experiment, assuming a 1 ps long unshaped
pulse. A spatially well-localized wavepacket is observed for a number of oscillations within the potential, available for manipulation in a pump-dump
scheme to create deeply bound ground state molecules using coherent control
schemes combined with a genetic algorithm. Such an experiment is already
planned in the group of Kenji Ohmori at the Institute for Molecular Sciences
in Okazaki.
Another potential application is the use of ultrashort pulses to influence
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Figure 5.3: Incoherent vibrational pumping into the VX = 0 state. Reproduced from [127].

the dynamics of ultracold molecules, already formed by another process such
as CW PA or magnetoassociation. An experiment demonstrating the incoherent vibrational cooling of ultracold Cs molecules was performed in the
group of Pierre Pillet at the Laboratoire Aimé Cotton in Orsay [127–129].
The idea is illustrated in Fig. 5.2. The concept of such an experiment is the
following: Molecules are initially vibrationally excited in the ground electronic potential (the exact formation process is irrelevant), in one or many
VX states. A laser pulse is incident, which has been spectrally cut in such a
way as to exclude frequency components which can depopulate the VX = 0
state, but can excite all other VX states to some VB states. The excited
VB states decay by spontaneous emission into a distribution of VX states,
with a probability determined by the Franck-Condon factors between each
of the VB and the VX . For favourable electronic potentials, and after sufficiently many excitation and spontaneous emission events, the population is
eventually pumped into the VX = 0 state, as depicted in Fig. 5.3.
Furthermore, the coherent vibrational cooling of weakly bound ultracold
molecules was proposed by Shapiro et al. using shaped pulse-trains [130].
In this scheme pre-existing molecules in a well-defined vibrationally-exited
state (prepared, for example, using magnetoassociation) interact with a train
of low-intensity pump-dump laser pulses as depicted in Fig. 5.4. During
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Figure 5.4: Proposed scheme coherent vibrational cooling of molecules. Population is transferred from the input vibrational level near the dissociation
limit to a deeply bound level, mediated via a broadband wave packet in the
excited electronic potential. (b) Time-domain picture. A train of phasecoherent pump-dump pulse pairs is shaped to achieve efficient population
transfer. The intra-pair time is half the vibration time of the intermediate wave packet. (c) Frequency domain picture, showing a tooth-to-tooth
match between the pump and the dump frequency combs, with frep equal to
a subharmonic of the net Raman energy difference. Reproduced from [130].

interaction with the first pulse pair, a small fraction of the population is
coherently transferred to a more deeply-bound vibrational level in the ground
electronic state, via a Raman process. The temporal spacing of the pumpdump pairs should be half the round trip time of the intermediate wavepacket
in the excited electronic manifold. During the time between pulses, a phase
accumulates between the wavefunction of the molecules left in the initial
state, and that for molecules coherently transferred into the more deeply
bound state. To enable coherent accumulation of population at the target
state, the temporal phase difference between pulse pairs should match the
phase of the free evolving Raman coherence. This scheme results in an
extremely high transfer efficiency of > 0.999, if the phase of the pulse-pairs
remains stable enough. As a new experiment is currently being built-up in
this group at the University of Heidelberg, capable of producing a dense gas
of LiCs molecules using the scheme shown in Fig. 5.5, implementation of
the two vibrational cooling schemes could soon be possible.
The bandwidth of a picosecond pulse lends itself naturally to the investigation of the dynamics of cold atom interactions. The atom-atom interaction in magneto-optical traps is essentially determined by the C-coefficients
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Figure 5.5: Proposed scheme for producing a dense gas of LiCs.
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Figure 5.6: Schematic of ultracold collisions induced with frequency-chirped
light. The ground- and excited-state molecular potentials are shown at long
range, as well as the excited wave packet and the range of R (shaded region) excited by the chirp. (a) Positive (red-to-blue) chirp. The resonance
condition for excitation (upward arrow) moves outward with time, while the
excited wave packet moves inward. (b) Negative (blue-to-red) chirp. The
resonance condition and the wave packet both move inward with time. Multiple interactions can return a portion of the wave packet to the ground state
(downward arrow), leading to interference. Reproduced from [44].

of the long-range interaction potentials for the colliding atom pair. Similar
experiments on ultracold atom collisions have already been performed in the
group of Phil Gould at the University of Connecticut using linearly chirped
nanosecond pulses [43, 44]. The concept is shown in Fig. 5.6. Atoms in a
trapped ultracold gas are excited by chirped laser light. In the excited state
the long-range atom-atom interaction is stronger and atoms are accelerated
towards each other, gaining kinetic energy. As they move towards each other,
the resonance frequency for stimulated emission back to the ground state decreases. Hence with a negatively chirped pulse (decreasing frequency) it is
possible for the wavepacket in the excited state to resonantly interact with
the laser for a long time, resulting in Rabi-cycling back to the ground state,
whereas a positively chirped pulse will rapidly become non-resonant and
therefore only interact for short times. If the atoms spend enough time in
the excited state, they gain enough kinetic energy to be ejected from the
trap. The larger bandwidth of picosecond pulses make them suitable for
study of collisions over a larger internuclear range and the great pulse shaping freedom facilitated by the high-resolution shaper presented in this thesis
offers the option of detailed control over the process.
Finally, high-resolution pulse shaping has applications in the field of optical communications. The transmission of light pulses via optical fibres
121

results in dispersion of the pulses. Due to their smaller bandwidth, picosecond pulses are more robust again this dispersion than femtosecond pulses,
while still being short enough to enable a high data transfer rate [55]. Complex phase shaping of ultrashort pulses has already been demonstrated to
enable encoding of information in optical communication systems [131].
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Roland Wester, and Matthias Weidemüller. The interaction of a spectrally cut laser-pulse with a two-level atom. Journal of Modern Optics,
55:3359–3368, 2008.
[75] B. E. Schultz, H. Ming, G. A. Moble, and W. A. Wijngaarden. Measurement of the rb d2 transition linewidth at ultralow temperature.
European Physics Journal D, 48:171–176, 2008.
[76] A. R. L. Caires, V. A. Nascimento, D. C. J. Rezende, V. S. Bagnato,
and L. G. Marcassa. Atomic density and light intensity dependences
of rb2 molecule formation rate constant in a magneto-optical trap.
Physical Review A, 71:043403, 2005.
[77] M. Kemmann, I. Mistric, S. Nussmann, and H. Helm. Near-threshold
photoassociation of 87rb2. Physical Review A, 69:022715, 2004.
[78] C. Gabbanini, A. Fioretti, A. Luchesini, S. Gozzini, and M. Mazzoni.
Cold rubidium molecules formed in a magneto-optical trap. Physical
Review Letters, 84:2814, 2000.
129

Bibliography

[79] L. Barbier and M. Cheret. Experiemtal study of penning and hornbeckmolnar ionization of rubidium atoms excited in a high s or d level.
Journal of Physics B, 20:1229–1248, 1987.
[80] Raphael D. Levine. Molecular reaction dynamics. Cambridge University Press, Cambridge,UK; New York; Port Melbourne, Madrid, Cape
Town, 2005.
[81] M. Marinescu. Dispersion coefficients for the np-np asymptote of
homonuclear alkali-metal dimers. Physical Review A, 56:4764, 1997.
[82] M. Marinescu, H. R. Sadeghpour, and A. Dalgarno. Dispersion coefficients for alkali-metal dimers. Physical Review A, 49:982, 1994.
[83] T. F. Gallagher. Rydberg Atoms. Cambridge University Press, 1994.
[84] J. Lozeille, A. Fioretti, C. Gabbanini, Y. Huang, H. K. Pechkis,
D. Wang, P. L. Gould, E. E. Eyler, W. C. Stwalley, M. Aymar, and
O. Dulieu. Detection by two-photon ionization and magnetic trapping
of cold rb2 triplet state molecules. The European Physical Journal D,
39:264, 2006.
[85] E. Luc-Koenig, R. Kosloff, F. Masnou-Seeuws, and M. Vatasescu. Photoassociation of cold atoms with chirped laser pulses: Time-dependent
calculations and analysis of the adiabatic transfer within a two-state
model. Physical Review A, 70:033414, 2004.
[86] Evgeny A. Shapiro, Moshe Shapiro, Avi Peer, and Jun Ye. Photoassociation adiabatic passage of ultracold rb atoms to form ultracold rb2
molecules. Physical Review A, 75:013405, 2007.
[87] Sze Tan. Physics 701: Linear systems , course notes. Department of
Physics, University of Auckland.
[88] M. Wollenhaupt, A. Assion, and T. Baumert. Springer Handbook of
Lasers and Optics. Springer Science and Business Media, LLC New
York, 2007.
[89] Edmond B. Treacy. Optical pulse compression with diffraction gratings. IEEE Journal of Quantum Electronics, 5:454–458, 1969.
[90] O. E. Martinez, J. P. Gordon, and R. L. Fock. Negative group-velocity
dispersion using refraction. Journal of the Optical Society of America
A, 1:1003–1006, 1984.
[91] Robert N. Thurston, Jonathan P. Heritage, Andrew M. Weiner, and
W. J. Tomlinson. Analysis of picosecond pulse shape synthesis by spectral masking in a grating pulse compressor. IEEE Journal of Quantum
Electronics, QE-22:682–969, 1986.
130

Bibliography

[92] Andrew M. Weiner, Daniel E Leaird, J. S. Patel, and John R. Wullert.
Programmable shaping of femtosecond optical pulses by use of 128element liquid crystal phase modulator. Journal of Quantum Electronics, 28:908–920, 1992.
[93] Marc M. Wefers and Keith A. Nelson. Analysis of programmable ultrashort waveform generation using liquid-crystal spatial light modulators. Journal of the Optical Society of America B, 12:1343–1362,
1995.
[94] Oscar Martinez. Matrix formalism for pulse compressors. IEEE Journal of Quantum Electronics, 24:2530–2536, 1988.
[95] A. G. Kostenbauder. Ray-pulse matrices: A rational treatment for
dispersive optical systems. IEEE Journal of Quantum Electronics,
26:1148–1157, 1990.
[96] H. Wang, Z. Zheng, D. E. Laird, A. M. Weiner, T. A. Dorschner, L. J.
Friedman, and H. Q. Nguyen andL. A. Palmaccio. 20-fs pulse shaping
with a 512-element phse-only liquid crystal modulator. IEEE Journal
on selected topics in Quantum Electronics, 7:718–727, 2001.
[97] O. E. Matrinez. Grating and prism compressors in the case of finite
beam size. Journal of the Optical Society of America B, 3:929–934,
1986.
[98] Joshua C. Vaughan, T. Feurer, Katherine W. Stone, and Keith A.
Nelson. Analysis of replica pulses in femtosecond pulse shaping with
pixelated devices. Optics Express, 14:1314– 1314–1328, 2006.
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