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Fig. 1. (Color available online) (a) Dispersion curves of FS and BK7, per mm. (b) Schematic of cascaded setup: nonlinear broadening (NL) alter-
nates with dispersion compensation (DC). (c) Simulations of spectral broadening: here for three passes through FS and BK7 plates with dispersion
compensation, versus variations of material thickness.

2. MATERIAL AND DISPERSION MANAGEMENT

The cascading of nonlinear broadening and dispersion compen-
sation stages makes use of the successively higher peak powers
in the individual broadening stages. Several effects, which
we address below, play a significant role in the compression
result; among other effects count nonlinear spectral broaden-
ing, dispersion management, and/or spatial pulse breakdown
(modulation instability and filamentation). In order to maintain
a usable spatial profile, the latter should be avoided.

Our setup is designed to compress near-infrared (NIR)
pulses in the order of 100 µJ level. The broadening step relies
mainly on SPM. As the beam will be transmitted through the
broadening material in each step, it needs to have a good trans-
mission. In addition, materials with a relatively low nonlinear
refractive index and high damage threshold advantageously
support relatively small beam diameters, thus mitigating the
risk of beam breakup and avoiding white-light generation. We
chose fused silica (FS) and borosilicate glass (BK7) substrates
for their Kerr-nonlinear refractive indices of 3 × 10−16 cm2/W
and 3.5 × 10−16 cm2/W, respectively, as well as low absorption.
Their dispersion curves [including group delay (GD), group
delay dispersion (GDD), and third-order dispersion (TOD)]
are shown in Fig. 1(a) for reference.

The general schematic of the cascading is shown in Fig. 1(b).
The dispersion compensation after a pass through the material
is realized with double-chirped mirrors (DCMs). To find appro-
priate starting parameters for our experiment, we simulated the
pulse broadening in bulk by SPM using the split-step method.
The limited number of immediately available optics (DCMs
and substrates) restricted the possible combinations and the
fine-tuning of the dispersion management. Based on this sim-
ulation and this constraint, we chose to design the cascading
scheme with three stages of transmission through the substrate
and compression as a good compromise between experimental
complexity and total nonlinear broadening. These three passes
through nonlinear and dispersion-compensating stages mitigate
the accumulation of dispersion mismatch.

Figure 1(c) illustrates the simulated behavior of the spectral
broadening in FS and BK7 as a function of substrate thickness.
The characteristics of the input pulse are close to the experi-
mental ones, with 200 µJ pulse energy and 30 fs compressed
initial pulse duration. With three passes in 1.1-mm-thick FS
or 0.9-mm-thick BK7 substrates, the spectrum broadens up to
160 nm or 200 nm (foot-to-foot) respectively, with a possible
compression down to 10 fs or 8.5 fs.

3. DESCRIPTION OF THE EXPERIMENTAL

SETUP

The experimental setup is laid out in Fig. 2(a). A commercial
Ti:sapphire laser system based on chirped pulse amplification,
delivering nominally 5 mJ, 30-fs-long pulses at a repetition
rate of 3 kHz, is used in this experiment. The distance between
the two compressor gratings is remotely adjustable. Two beam
splitters composed of a half-wave plate (HWP) and a thin-film
polarizer (TFP) are used first to split the beam between different
experiments, and second to attenuate the energy at the entrance
of the pulse compression setup; both TFPs reflect the beam,
avoiding the additional dispersion through the FS substrates.
The energy in the compression setup is limited to 300 µJ. The
beam size is reduced from ∼7 × 6 mm2 to ∼1.5 mm diameter
with two successive telescopes in reflection, minimizing thus the
distortions of the spatial profile.

The beam passes three times through a 1-mm-thick,
uncoated BK7 or a 2-mm-thick, uncoated FS plate, and is
reflected after each pass off DCMs (model UMC10-15FS
from Thorlabs) for dispersion compensation. These DCMs

are designed to compensate 1.5 mm of FS (54 fs2) within one
bounce. The fine-tuning of the remaining dispersion was real-
ized with supplementary DCMs available in the lab, designed by
pair as published by Birge et al . [10], compensating nominally

∼52 fs2 per pair. These DCMs offer a discrete variation in the
dispersion management. The incidence angles on the DCMs
are minimized. Adjusting slightly the distance between the
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Fig. 3. Typical measurement of daily results with the BK7 substrate. Spectrum: measurement, dotted line; retrieved, plain line.

Fig. 4. Typical measurement of daily results with the FS substrate. Spectrum: measurement, dotted line; retrieved, plain line.

Fig. 5. Day-to-day reproducibility of the (a) spectral and (b) temporal intensity of the pulses.

compressed laser output led to the best results. The calculation

of the accumulated dispersion of material and DCMs exhibits a

relatively flat profile between 780 nm and 820 nm. Adding three

or five more DCMs has been found as optimal dispersion man-

agement with the BK7 or FS plate, respectively. Furthermore, in

the first run, we optimized the pulse compression setup in two

different ways. In the first one, we looked at the shortest achiev-

able pulse duration with this method, pushing the experiment

at its limit, which is discussed later in Section 5. For our appli-

cation, however, day-to-day reproducibility and some margin

in the parameter space are required; hence, we optimized for

reproducibility at the expense of a slightly longer pulse duration.

The second run was only optimized for daily reproducibility.

The experimental results of both runs are presented in Figs. 3–5.

4. DAY-TO-DAY RESULTS

The typical results in daily operation are shown in Fig. 3 with
the BK7 plate and Fig. 4 with the FS substrate. In both configu-
rations, 200 µJ are used. In the configuration with BK7, the
compressor is slightly detuned, so that the entrance pulses are
stretched to 54 fs at the entrance of the setup. Three additional
DCMs were then needed after the cascading to compress the
pulses. The spectrum is broadened in the BK7 substrate to 54
nm (FWHM) and the pulses shortened to 20 fs (FWHM).

The remaining parabolic phase amounts to |0.7| rad (or |4| fs2

curvature).
In the second configuration, with results shown in Fig. 4,

the compressor is kept aligned for the shortest possible laser
output pulses. After the cascading, four more DCMs have been
needed to best compress the spectrally broadened pulses: in
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Fig. 6. Shortest pulse duration measured, with 305µJ input energy. Spectrum: measurement, dotted line; retrieved, plain line.

total there are now five DCMs compensating 1.5 mm of FS,
and two DCMs from [10]. The spectrum is broadened to 53

nm (FWHM) and the pulses shortened to 21 fs, with 10 fs2

uncompensated remaining parabolic phase. This duration is
close to the 19 fs transform-limited value.

To demonstrate the day-to-day reproducibility of the pulse
parameters, we acquired over several days the FROG data of
the uncompressed and compressed pulses, and reconstructed
them. This measurement with the BK7 substrate is shown in
Fig. 5. Although the spectrum exhibited a repeatable shape, it
happened that the shoulder at 840 nm grew more than the main
peak at 800 nm even though the pulse duration was typically
∼20 fs.

5. SHORTEST ACHIEVABLE PULSES

The spectral broadening can be extended by increasing the
energy of the incoming pulses. When we increased the energy
up to 305 µJ, we were able to compress the pulses down to 11
fs, with a remaining uncompensated phase of |0.55| rad (or

|3| fs2 curvature), as shown in Fig. 6. This result was, however,
not stable over time, and too much depends on the alignment of
the laser compressor and consequently on the fine-tuning of the
dispersion management to be obtainable daily. Also the noise
of the surroundings of the experiment might have an influence
on the stability: vibrations induced by vacuum pumps, long and
uncovered optical paths, and stress of the breadboard where the
setup is mounted.

6. APPLICATION

We apply these compressed pulses to EOS [11] of THz single-
cycle pulses emitted by spin emitters (SEs) [12]; see Fig. 2(a).
The part of the (uncompressed) beam labeled as “pump for
application” hits a SE sample, which is a stack of non-magnetic
and magnetic thin films. The pump leads to local heating within
the stack, generating a spin current from the ferromagnetic layer
into the external non-magnetic layers, where it is transformed
into a charge current via the inverse Spin Hall effect. This charge
current radiates in the THz range. An external magnetic field
aligns the magnetic domains of the ferromagnetic layer. The

Fig. 7. Electro-optical sampling of a single-cycle THz pulse cen-
tered at 1.4 THz, extending up to 4 THz and generated with a spin
emitter pumped by the uncompressed part of the Ti:sapphire pulses.

sample used here consists of a Pt (2.1 nm)/Py (1.8 nm)/W (2.0
nm) layer stack on a 0.65-mm-thick sapphire substrate [13].
The EOS detection crystal is a 200-µm-thick ZnTe crystal.

The EOS trace displayed in Fig. 7 shows a single-cycle THz
waveform followed by ringing of the EOS crystal. It is decon-
voluted to remove different effects (Fabry–Perot interference as
well as absorption and dispersion of the THz in the EOS crystal,
frequency and orientation dependences of the latter, resolution
of the probe and pump–probe overlap) [14,15]. The resulting
spectrum extends up to 3 THz (foot-to-foot) and is centered at
1.4 THz. These frequencies correspond to 330 fs and 710 fs,
respectively.

7. CONCLUSION

We present a compact, easy-to-align pulse compression scheme
in bulk material. We demonstrated a robust shortening of the
pulse duration by a factor of 2.5 on a daily basis, and even ∼5
with fully matched dispersion compensation. As an example
application, we use the compressed pulses for EOS of a single-
cycle THz waveform from a thin-film SE, centered at 1.4 THz
and extending up to 3 THz.
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