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ABSTRACT The use of temporally shaped pump pulses for opti-
cal parametric chirped-pulse amplification can increase the effi-
ciency and suppress possible spectral distortions in this process.
With this goal in mind a novel method for shaping narrowband
picosecond pulses has been developed. The method is based
on the pulse stacking principle, where replicas of the incoming
pulse are created in a specially designed four-beam interfer-
ometer. The replicas are recombined with appropriate relative
delays. The interferometer design allows for a unique flexibility
in varying the pulse shape, since all relevant degrees of freedom,
such as relative intensities and delays between the pulse replicas
are independently adjustable. Here we describe the design of our
device in detail and report on the experimental demonstration of
its pulse-shaping capabilities.

PACS 42.65.Yj; 42.65.Re; 42.81.Gs

1 Introduction

In recent years the technique of optical paramet-
ric amplification (OPA) has opened up a new path towards
generating few-cycle laser pulses with unprecedented peak
powers [1-9]. Such pulses are crucial for the investigation of
laser-driven strong-field phenomena [10], having become an
accessible field of research with the advent of suitable laser
systems.

In the OPA process amplification takes place in a nonlin-
ear optical crystal, where phase-matching in a non-collinear
geometry allows for extremely large amplification band-
widths [1], and thereby enables the amplification of broad-
band seed pulses using relatively narrowband pump pulses
delivered by conventional laser amplification technology. In
order to reach the highest possible peak intensities, OPA is
usually combined with chirped-pulse amplification, called
optical parametric chirped-pulse amplification (OPCPA),
a scheme first proposed by Dubietis et al. [11].

In the OPA process the resulting gain sensitively depends
on the pump intensity [12, 13] and hence on the temporal and
spatial shape of the pump pulse. In most cases a pump pulse
with a Gaussian temporal profile is used. If a uniform gain is to
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be achieved, the pump pulse has to be significantly longer than
the seed in order to keep the pump intensity approximately
constant during amplification. In this case, however, a large
fraction of the pump energy is discarded (cf. Fig. 1a), thereby
lowering the overall efficiency of the OPA process. How-
ever, if the seed and pump pulses are of comparable duration,
generally the gain along the seed pulse will be non-uniform,
resulting in a distortion of the amplified pulse (cf. Fig. 1b).
For a strongly chirped seed pulse this effect can possibly lead
to a significant decrease of the spectral bandwidth. However,
these problems could possibly be avoided by controlling the
temporal shape of the pump pulse, as qualitatively shown in
Fig. 1c. A pump pulse with a rectangular temporal profile and
a duration comparable to that of the seed pulse would provide
a uniform gain of all spectral components, thereby avoiding
spectral distortion and increasing the pump-to-signal conver-
sion efficiency. If the seed profile shows a more complicated
structure, as is often the case in very broadband oscillators,
a shapable pump pulse would allow to compensate for such
structure and to obtain of an amplified pulse as desired. The
advantage of using pump pulses, shaped both in space and
time, on the OPA conversion efficiency has been previously
demonstrated by Waxer et al. [14] in the case of ~ 1-ns pulses
and a relatively narrowband seed signal.

In order to quantitatively assess how the efficiency and
uniformity of the OPA process benefit from temporally
shaped pump pulses, we performed calculations with three
different pump-pulse temporal profiles (Fig. 1d), namely
(i) flat-top profile of 50 ps duration, i.e. constant pump in-
tensity; (ii) Gaussian profile; (iii) a temporally shaped pulse.
This last case corresponds to our experimental situation as
described in Sects. 2 and 3, closely approaching an ideal
square-shaped pulse. In all cases the seed pulse was a rect-
angular 50 ps pulse representing the strongly stretched output
of an ultrabroadband oscillator with a spectrum covering the
gain bandwidth of the OPA crystal. Details of the calcula-
tions are given below!. The resulting gain curves alongside
the respective pump-pulse profiles are shown in Fig. 1d and

"In order to obtain the OPA gain the coupled wave equations (see
e.g. [12]) were solved numerically by neglecting group-velocity disper-
sion effects, which is justified by the strong initial chirp of the seed
pulses. For a simulation as close as possible to a realistic experimental
setup we assumed a system consisting of two OPA stages. The first stage
was operated in the small-signal gain regime, while in the second stage
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wise shape % [Ps] p (mJ] s [mJ] n %] dramatically reduced, due to the small gain at the wings of the
(i) flat top 50 1.06 0352 32 pulse. The; full gain bandw1dth of the crystal can only be re-
(ii) Gaussian 60 1.34 0.280 20.9 stored by increasing the duration of the Gaussian pump pulse
(iii) shaped pulse 65 1.34 0.344 25.7 by more than a factor of two (i.e. 138 ps). This, of course,
(iv) Gaussian 138 3.10 0.338 10.9

TABLE 1  Comparison of OPCPA performance with pump pulses of dif-
ferent temporal shapes. 7, is the pump-pulse duration (intensity FWHM), £,
and Ej are the energies of the pump pulse and the amplified signal, respec-
tively, and 7 is the pump-to-signal conversion efficiency?. The gain curves
corresponding to cases (i)—(iii) are shown in Fig. 1

e, the corresponding conversion efficiencies are summarized
in Table 1. As expected, the best performance both in terms
of amplification bandwidth as well as in conversion efficiency
is achieved with the rectangular pump pulses. Here the gain
bandwidth is only limited by the phase-matching bandwidth
of the crystal. In order to essentially preserve this bandwidth
with the shaped pump pulses of type (iii), the pulse duration
has to be slightly longer, namely 65 ps. This in turn leads
to a drop in the pump-to-signal conversion efficiency. Using
a Gaussian pump pulse (ii) of the same energy further de-

depletion of the pump occurred. The crystal thickness was 4.4 mm in
both stages, the pump energies and the beam diameters were equal, too.
The pump wavelength was 532 nm. For maximum amplification band-
width non-collinear phase matching was assumed in a B-barium-borate
(BBO) crystal for the 850 nm seed central wavelength. The spatial pro-
files of both the seed and the pump beams were Gaussian with 0.7 mm
diameter (at 1/e2 of the maximum intensity). The shaped pump pulse
(iii) was made up of four 19 ps pulses with a relative delay of 20.6 ps be-
tween them, and subsequently frequency doubled with 50% conversion
efficiency. For a good comparison between the differently shaped pump
pulses the peak intensity was 11 GW /cm? in all cases.

requires a lot more pump energy and therefore gives a conver-
sion efficiency which is 2.4 times smaller than with the shaped
pulse (iii).

Having seen the advantages of temporally shaped pump
pulses predicted by simulations we now turn to the question
of how to carry out such shaping on characteristic time scales
of OPCPA systems. In typical ultrabroadband OPCPA sys-
tems the duration of pump pulses, obtained from a Nd:YAG
laser, are usually of the order of 100 ps [7-9]. This time scale
lies below the limits of fast (opto)electronics, which therefore
cannot be used for shaping such pulses. However, the corres-
ponding bandwidth, typically a fraction of a nanometer, is too
narrow to allow for conventional shaping methods based on
spectral filtering, used in the femtosecond regime.

The question of a passive pulse-shaping device in the pi-
cosecond regime has been the subject of a number of ear-
lier studies [15—21], mostly motivated by applications in the
field of laser-induced fusion. While some of these methods
spatially shape the pulses and subsequently transform the ob-
tained structure into the temporal domain [16—18], most ap-
proaches are based on the principle of pulse stacking [19-21].
Here a number of replicas of an input pulse are created, then
delayed with respect to each other, and finally recombined to

2 The values for E,, E and n given in Table 1 correspond to the second
OPA stage. The conversion efficiency in the first stage was very low due
to operation in the small-signal gain regime.
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give an output pulse of the desired shape. The resulting pulse
shape is extremely sensitive to the relative delays and phases
of the replicas on an interferometric scale, thus the realization
of this simple scheme is not straightforward. Several setups
have been designed for this purpose, allowing a composition
of the output pulse from up to 20 individual pulses [19]. It is
clear that the more replicas are used, the finer the final shape
of the pulse can be adjusted. However, in previous designs it
was not possible to vary the degrees of freedom which deter-
mine the resulting pulse shape independently, thereby limiting
the possible output shapes in spite of the large number of pulse
replicas. Therefore, we present a novel setup for the shaping
of picosecond time-scale pulses based on the pulse-stacking
principle, using only four replicas of the input pulse, but al-
lowing for individual adjustment of all possible degrees of
freedom. This enables the synthesis of any pulse shape al-
lowed by the pulse-stacking principle without any additional
constraints.

In the following section we first give details of our ap-
paratus, then we demonstrate its operation by presenting al-
most arbitrarily shaped pulses, and finally we show how pulse
shapes can be chosen to “precompensate”, for instance, for
the non-uniformity of a laser amplifier. We show that in this
way we can obtain laser pulses with shapes, which we believe
would be ideal for pumping OPCPA stages without distort-
ing the seed pulse or discarding a large portion of the pump
energy.

2 Experimental setup

The design of the pulse-stacking interferometer is
shown schematically in Fig. 2. The incoming beam is split
into four replicas using two pairs of birefringent prisms made
of YVOyq crystals. The orientation of the prisms relative to
the polarization of the incoming beam is such that the beam
entering the first prism is split into an ordinary and an extraor-
dinary beam. The propagation directions of these two beams
are made parallel by the second prism of the first pair, which
is placed at some distance. This distance determines the spa-
tial separation of the beam replicas. The second prism pair is
rotated by 90° with respect to the first, and, working on the
same principle, splits the two separated parts of the beam into
two parts each, creating a total of four replicas. A /2 wave-
plate is placed in front of both the first and the second prism

thin-film
polarizer

A2

birefringent prism pairs

/ output optic axis

Photograph of our pulse-stacking setup

pairs, allowing to rotate of the polarization direction so that
the resulting replicas are of equal intensities. In our design
the location of the four beam replicas formed the corners of
a square.

The four parts of the input beam are retroreflected by an
end mirror consisting of four square segments, each mounted
separately. The optical path of each of the pulse replicas can
be chosen independently by changing the positions of these
segments along the beam direction. By delaying the pulses
with respect to each other in this way and recombining the
reflections off the end mirrors in the backward pass (which co-
incides with the path of the input pulse), we obtain the desired
shaped pulse, consisting of the superimposed pulse replicas.
Separating the input pulses from the output pulses is made
possible in the following way. A thin-film polarizer is placed
in front of the first prism pair. The /2 waveplate in front of
the prisms and the orientation of the optical axis of the prism
pairs ensure that the polarization of the output beam is perpen-
dicular to that of the input beam, and therefore the returning
shaped pulse will be coupled out of the shaping device by the
thin-film polarizer.

Four /4 waveplates are inserted into the beam path, one
into the path of each pulse replica, before the reflection off
the end mirror. Each pulse replica double passes this wave-
plate, therefore, by choosing their rotation individually, the
polarization direction and hence the relative amplitude of each
pulse replica can be adjusted independently.

The described degrees of freedom of our design allows us
to synthesize pulses of almost arbitrary temporal shapes. In
the second part of this section the properties of the above de-
scribed design and its output pulse shapes are discussed.

The resulting pulse shapes in a pulse-stacking interferom-
eter depend, in general, very sensitively on the relative phases
between the pulse replicas, i.e. on the delays of the replicas on
the interferometric scale. For long-term stability it is therefore
very important to choose optomechanical components for the
pulse shaper which are stable on such a length scale. After set-
ting the positions of the mounts of the end mirror segments,
the adjustments on the interferometric scale can be carried out
by slightly changing the tilt angle on each segment. It turned
out, however, that two of the three relative phases between the
four replicas can be set in a more convenient way, namely by
moving the second prism of each pair into and out of the beam,
thereby slightly changing the optical path.

segmented
mirror
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FIGURE 3 Effect of input pulse chirp on the shape of the output pulse.
The input pulse duration was 250 fs, the delay between pulse replicas was
1.3 x 250 fs. The chirp values are of the order of that introduced by our pulse
shaping device

Since the long-term stability on the interferometric scale
constitutes one of the main questions to be solved when de-
signing an interferometric pulse stacker, we have applied the
following design features: (i) we minimized the number of
moving parts in the device, making adjustments somewhat
more difficult, but clearly improving the stability; (ii) a solid
aluminium block formed the base of the entire pulse shaper
allowing for a very compact design; (iii) a perspex housing
minimized environmental influences such as air turbulence.
We found that even though such a pulse-shaper device is ex-
pected to be extremely sensitive to temperature fluctuations,
in our case, in anormal laboratory environment, an active ther-
mal stabilization was not necessary.

The throughput of our pulse-shaping device depends on
the actual pulse shape, but varies typically in the range be-
tween 20% and 25%. The losses are mainly due to the gen-

eration of additional beams in the backward pass through the
prism pairs. Since the pulse shaping can be done before boost-
ing the pulse energy (in a conventional laser amplifier) to high
enough values required for OPA pumping, these losses can
usually be easily tolerated.

The limit of our pulse-stacking concept in terms of pulse
duration is set by the material dispersion of the optical com-
ponents. The chirp of the pulse replicas influences the shape
of the stacked output pulse, as can be seen from our calcu-
lation shown in Fig. 3. It is interesting to note that a small
amount of chirp leads to an even better flat-top output pulse
by smoothing ripples present in the unchirped case. However,
further increasing the chirp results in growing intensity modu-
lations and therefore a strongly distorted pulse shape. Accord-
ing to our calculations, input pulses as short as ~200 fs can
be used with our setup without causing significant distortions.
It should also be noted that the concept of our pulse stacker
is not limited to four pulse replicas, and could in principle be
extended to any number. With a larger number of replicas, de-
tails of the shaped pulse could be determined on a finer scale.
However, increasing the number of beam splitters and end-
mirror segments would make the mechanical design much
more complicated.

In the following section we will demonstrate and discuss
the pulse-shaping capabilities of our design by presenting our
experimental investigations.

3 Results and discussion

For testing the capabilities of our pulse-shaping
device we used input pulses from a passively mode-locked
Nd:vanadate oscillator (High Q Laser) with a wavelength of
1064 nm, pulse energy of 6 nJ, and a duration of 19 ps. The
four pulse replicas were delayed with respect to each other by
~ 1.3 times the width of a single pulse, i.e. ~ 25 ps. This re-
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FIGURE 5 Cross correlation of
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sulted in a shaped pulse with an approximate duration of 80 ps
and a pulse energy of about 1 nJ. The energy losses are mainly
due to the relatively low throughput of the pulse stacker.

In order to assess the output pulse shape we performed
cross-correlation measurements, using part of the unshaped
input pulse as a reference pulse. Although such a relatively
long reference pulse limits the scale on which temporal struc-
ture can be resolved by cross correlation, it was still sufficient
for verifying that a large range of different pulse shapes can be
created with our interferometric pulse stacker.

As mentioned in Sect. 1, in most systems the shaped pump
pulses would have to be amplified in a conventional laser am-
plifier prior to their application as pump pulses for an OPCPA
stage. Therefore, we also investigated the behaviour of the
shaped pulses when passing through a two-stage Nd: YAG am-
plifier (EKSPLA). The first stage was a regenerative amplifier
(regen), followed by a double-pass power amplifier. The rela-
tively low seed energy for the regen on the order of about 10 pJ
was due to additional losses (in some low-throughput optics)
between the pulse-shaper output and the amplifier input, but it
was still sufficient for achieving an overall amplification gain
of 107-108 after ~ 35 round trips. The regen output energy
was ~ 2 mJ. These pulses were then amplified to ~ 100 mJ in
the power amplifier.

Our results and findings are summarized in Figs. 4 and 5.
Firstly, we were able to create a large range of different pulse
shapes using our pulse stacker with four pulses. The cross
correlation of one of these shapes is shown in Fig. 4a. Using
a fitting procedure® we extracted the “real” pulse shape, i.e.
by eliminating the effect of convolution with the reference
pulse. The “reconstructed” pulse shape is shown in Fig. 4b.
Secondly, we demonstrated that it is possible to amplify our
shaped pulses. Figure 4c and d show the cross correlation and
the “deconvoluted” pulse shape from the fit for such an ampli-
fied pulse, respectively. It is clear that in both cases, i.e. before
and after amplification, the cross-correlation trace resembles
the shaped pulses in good detail, and can therefore be used to
characterize our pulse-shaping device.

Asdiscussed in Sect. 1 the best results in OPA are obtained
for pump pulses with temporal profiles as close as possible

3 We performed a least-squares fit of a model pulse to the measured cross
correlation. For the model pulse we assumed that it was made up of
four Gaussian pulses with 19 ps duration, variable time delays and am-
plitudes. For the case of amplified pulses we used the Frantz—Nodvik
model [22] for calculating the effect of laser amplification. While this
theory accounts for the effect of gain depletion, it cannot describe the
gain narrowing experienced at high amplification factors.

-100  -50 0 50 100 150

time delay [ps]

to a flat-top shape. Therefore, our aim is to create a tempo-
ral pulse profile which after amplification has a flat top. In the
conventional laser amplification process the temporal shape
of a pulse is distorted in the following ways. Firstly, owing
to gain depletion the rising edge of the pulse will experience
higher amplification than the trailing edge which reaches the
laser medium at a later time. Thus, a flat-top-shaped amplified
pulse requires an input pulse which has a sloping top, similar
to that shown in Fig. 4c, but in the opposite direction. The ca-
pability of our pulse stacker for such precompensation of the
distortions introduced by the amplifier can be seen in Fig. Sa
and b. Here we have measured the cross correlation both be-
fore and after amplification for differently shaped pulses. We
can clearly see that the slope of the pulse tops is altered in
the laser amplifier and that it is possible to choose a set of de-
lays and relative amplitudes in our pulse stacker that allows
to create of a nearly flat-top temporal profile. Furthermore, in
Fig. 5 we can also see that the rise and fall times of the am-
plified pulses appear to have slightly increased in comparison
with the pulses prior to amplification. The reason for this lies
in the so-called gain narrowing of the amplifying medium. For
the high gain obtained in our case the amplification bandwidth
of the Nd: YAG does not support 19 ps pulses. This pulse dis-
tortion effect could, in principle, be overcome by choosing
a different amplifier medium with broader gain bandwidth.

It should be noted that possible ripples on the top of the
stacked pulses may be intolerable in OPCPA stages where the
gain is high and the pump-to-signal conversion efficiency is
low. In this case, the amplified seed spectrum very sensitively
depends on intensity variations of the pump pulse. However,
shaped pump pulses are important in OPCPA stages with high
conversion efficiency and small gain, e.g. in the last stage of
amulti-stage setup. Here the ripples have less influence on the
signal pulse.

In conclusion, we have demonstrated the shaping and am-
plification of picosecond pulses to the 100 mJ level using
a novel pulse-shaping interferometer based on the pulse-
stacking principle. Our shaper design allows for the synthesis
of any pulse shapes possible with pulse stacking. Such pulses
can be used as pump pulses in OPCPA, allowing for optimiza-
tion of this technique.
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