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This paper describes the generation of shaped femtosecond multiple pulses by using the phase-only Dammann

filters in 4f femtosecond shaper and gives the experimental result of femtosecond pulse characterization by the frequency-

resolved optical gating (FROG) technique. With the theoretical simulation, it concludes that the quality of the generated

output array is relevant to the number of pixels and the spacing between the components.
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1. Introduction

As is well known, the ultrafast laser is the short-
est artificial event that cannot be manipulated by re-
sorting to other faster controllable physical effects.
Space-time conversion technique is the unique and the
most-efficient method to manipulate the femtosecond
pulse. The ability of producing temporally ultrashort
laser pulses has long been considered as a topic of
particular interest in different fields of science, such
as the generation of pulse trains for optical fibre com-
munication systems including en- and decrypting of
information,[!! the generation of complex pulse struc-
tures for the coherent control of atomic systems,?
femtosecond chemistry®=¢ and so on. Femtosec-
ond pulse shaping™® is in close analogy with tradi-
tional spatial-domain Fourier processing techniques,
and commonly achieved by placing a phase or intensity
modulator such as a liquid-crystal display (LCD) ar-
ray, moving mirror, deformable mirror, diffractive op-
tical element!®1% and so on. One well-known example
of a phase-only filter is the Dammann grating!*!—13!
which is used to generate large, highly uniform beam
arrays for femtosecond pulse shaping systems.['4] Re-
cently, interest in Dammann gratings has been res-
timulated by new development in optical digital com-
puting, in which arrays of spots have to be generated
to provide optical power supply beams for arrays of
logic device, and in ultrashort laser pulse characteri-
zation with Dammann grating for splitting beam.['?]
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Zou et al have reported femtosecond pattern genera-
tion with a time-to-space conversion technique in de-
tail and give one pulse experimental result for fem-
tosecond pattern recognition with frequency-resolved
optical gating (FROG) technique.[' In this work, we
extend the previous research by analysing the differ-
ent quality of the generated output array with the
influence of the number of pixels and the spacing
between the components, and give two pulse exper-
imental result for femtosecond characterization with
FROG technique. With the most commonly used new
pulse-measurement method, FROG is now possible to
measure pulses over a wide range of wavelengths, pulse
lengths, and complexities.

2. The theory of the femtosecond
pulse shaping

The theory of the femtosecond pulse shaping de-
scribed in this paper is based on the linear and time-
invariant filter. The apparatus of femtosecond pulse
shaping consists of an identical pair of diffraction grat-
ings placed at the outside focal planes of an unit-
magnification confocal lens pair, as depicted in Fig.1.
Spatially patterned masks are inserted midway be-
tween the lenses at the point where the optical spectral
components experience maximal spatial separation.
The second lens and grating reassemble the various
spectral components into a single collimated beam.
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When no mask is presented inside the apparatus, the
incident femtosecond pulse e;, (t) is transmitted with-
out distortion. When patterned mask is presented,
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the output pulse shape eqy:(t) is given by the Fourier
transform of the pattern modified by the masks onto

the spectrum.
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Fig.1. Apparatus of the femtosecond pulse shaping.

The theory of femtosecond pulse shaping can be
written as

cons(t) = €n(t) (1) = [ At esn ()t~ ), (1)
Eout(w) = Eip(w)H (w). (2)
Here

H(w) = / dth(t)e—* 3)

and

1 .
2ﬂ_/de(w)e‘“’t.

h(t) = — (4)

Where * denotes convolution. h(t) is impulse response
function of filter in the time frequency, H(w) is the
effective frequency filter implemented by the mask
within the femtosecond pulse shaper. Where ej,(t),
eout(t), and h(t) and Ei,(w), Eout(w), and H(w), re-
spectively, are Fourier transform pairs.

Therefore, due to the Fourier transform relations,
generation of a desired output waveform can be ac-
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complished by implementing a filter with the required
frequency response.

3. GGaussian spectral optimization

for Dammann grating

We consider the output pulses is relevant to the
pixel number further.['6 We used a phase mask based
on periodic repetition of the so-called a, sequences.
Each period of the mask is divided into N pixels of
width, as determined by a particular a,, sequences
{-:1-1---1—-1---}.
here, we used a 1 x 12 phase mask pattern consisting

In the example considered

of 1200 pixels that are more accurate than Weiner’s
128 pixels.['¥ The calculated output intensity profiles
that were produced from Dammann grating designed
to transform a Gaussian-like input pulse with the dif-
ferent pixel numbers of 132 and 1200, are shown in
Figs.2(a) and 2(b), respectively. From Figs.2(a) and
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Fig.2. Temporal output pulses of a 1 x 12 array (a) with 132 pixels mask, and (b) with 1200 pixels mask

plane in Fig.1.
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2(b), we find that the trains of output pulses for 1200
pixels are more precise than those of 132 pixels. The
spacing of the diffraction peaks becomes larger than
that of 132 pixels in the time domain, in the other
words, the resolution of the output spectra grows
higher than that in 132 pixels mask. Our current
results occupy a broader time window and exhibit a
finer temporal structure because of the larger number
of pixels in the phase mask, in fact, the duration of
each pulse does not change with the pixel number. We
can conclude that the uniformity of generated multi-
ple ultrafast temporal pulse is relevant to the pixel

number.
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4. The effect of spacing between

the components

As is well known, the femtosecond pulse shap-
ing setup consists of an identical pair of diffraction
gratings placed at the outside focal planes of an unit-
magnification confocal lens pair. However, if the spac-
ing of the every two components is longer or shorter
than the focal length, the output pulse will not be reg-
ular. Here we consider that the spacing between the
components had little effect to disturb the spectral
phase but had a strong effect on the output pulse.
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Fig.3. Temporal output pulses of a 1 x 7 array: (a) without consideration of the change of the spacing
between the components, (b) with consideration of the change of spacing between the components. As a

consequence, the output pulses in (b) become unorderly.

The spacing between the components is not equal
to focal length, which will impose a phase modulation
on the output spectrum. We use a 1x7 array to sim-
ulate such effect, which is shown in Fig.3. Figure 3(a)
gives the temporal output pulses without considera-
tion of the change of the spacing between the com-
ponents. From Fig.3(b) we can get that the output
pulses have been disturbed for the accessional mod-
ulated phase. The output pulses have the great side

wings.

5. Characterization of two fem-

tosecond pulse trains

The desired multiple pulse trains can be accom-
plished by implementing the corresponding Dammann
grating with the required frequency response. In this
work, one example that we discussed is the realiza-
tion of 1 x 2 Dammann grating for creating specially

two pulses shaped femtosecond pulse sequences, this
method is also applied for synthesizing arbitrarily de-
sired multiple shaped femtosecond pulse. In this fem-
tosecond shaper, the assumed input spectrum is shown
in Fig.4. Figure 5 shows the theoretical target pulse
trains for 1 x 2 Dammann grating as mask in the
space—time conversion shaper.
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Fig.4. Input power spectrum assumed.
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Fig.5. The theoretical target output pulse trains for 1 x 2
Dammann grating as mask in the space—time conversion
shaper.

input pulse

I

E(t—rT)
E(t)

-

Figure 6 shows the frequency-resolved optical gat-
ing (FROG) which can determine the intensity and
phase evolution of an arbitrary ultrashort pulse on a
single-shot or multishot basis,!'7-18] it consists of two
main parts: first, an experimental apparatus in which
two replicas of the pulse to be measured are mixed in a
nonlinear-optical medium, and one spectrally resolves
the resulting mixing signal as a function of the time
delay between the two replicas to create a so-called
FROG trace, and second, a phase-retrieval-based algo-
rithm that extracts the complete intensity and phase
evolution from the experimentally generated FROG
trace.
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Fig.6. Schematic illustration of experimental setup for implementation of the FROG technique.

With the FROG technique, the two femtosecond
pulses can be measured. Here we record the beam
profile of 72fs Ti:sapphire laser pulse (Coherent Mira
SEED) with a wavelength of 800nm at the target
plane. The laser pulse was split into two pulses, the
distance that two pulses travel can be changed by mov-
ing a micro-motor stage. The two pulses are focused
on the nonlinear beta-barium metaborate (BBO) of
the thick 100 um for crystal by a lens, thus produc-
ing a second harmonic beam. The resulting output
frequency versus time delay of the pulse trace is ac-
quired with a spectrometer (In Spectrum Acton). The
FROG trace for this experiment is shown in Fig.7.
We can find that these three traces are symmetric.
Then applying commercial software to this data to
determine the complete complex envelope, we should
retrieve the intensity and phase of the input pulse,
shown in Fig.8. The generated two pulse trains profile
[Fig.8(a)] matches the desired pulse one [Fig.5] closely.
However, the dispersion, nonlinear optical effects and
the misalignment between the components may alter

the output profile of ultrashort laser pulses, and the
pulse duration time expanded is 140fs. The pulse in-
tensity and phase can be estimated simply by looking
at the experimental trace, or the iterative algorithm
may be used to retrieve the precise intensity and phase
versus time or frequency.
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Fig.7. Experimental FROG trace for two pulses.
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Fig.8. (a) Intensity and phase of the pulse retrieved from the FROG trace, (b) the intensity and phase of

the spectrum.

6. Summary

In summary (this work), we have reported the
generation of shaped femtosecond multiple pulses by
using the phase-only Dammann filters and give the
experimental result of femtosecond pulse characteri-
zation by the FROG technique. With the theoretical
simulation of the Gaussian spectral distribution, we
conclude that the uniformity of generated multiple ul-
trafast temporal pulse is relevant to the pixel number,

and the spacing between the components. Femtosec-
ond pulse shaping has been applied in many fields, so
the subject of femtosecond pulse shaping is a hot topic
in recent years. The character of shaped pulses be-
comes quite indispensable to its efficient applications.
We also give the femtosecond pulse characterization
applying FROG technique. It seems that there is no
doubt that the femtosecond pulse shaper reflects the
trend of ultrafast optics field that should benefit wide
applications in the near future.
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