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Few-cycle mid-infrared pulse full characterization

in single shot
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We build a frequency resolved optical gating (FROG) setup based on the second harmonic generation (SHG)
FROG to characterize the mid-infrared (MIR) few-cycle laser pulse in single shot basis. Considering the
extremely wide bandwidth, we use 20-µm-thick BBO crystal as the nonlinear medium, and correct the
spectral response with the frequency summing efficiency. Spatial splitting is adopted to avoid additional
material dispersion. In combination with a 4f imaging, this configuration enables the setup to run in
single shot. With the central wavelength of 1.8 µm, the measured pulse has a duration of 9.3 fs, which
corresponds to about 1.5 cycles.
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In recent years, high harmonic generation (HHG) and
attosecond pulse driven by intense short-pulse laser are
initiating a revolution in measurement[1,2] and control
of ultrafast electron dynamics in various matter[3−5]. So
far the shortest 80 as isolated pulse is driven by high
intensity few-cycle 0.8-µm Ti:sapphire laser[6]. Theory
and experiments indicate that the longer wavelength of
the driving laser is in favor of producing higher order
harmonics and shorter attosecond pulses[7].

Several milli-Joule ultrafast laser systems with the
wavelength ranged from 1.5 to 3 µm were demonstrated
over the past few years[8−10]. In general, several tens fem-
tosecond pulses at 0.8-µm wavelength from a Ti:sapphire
laser system are amplified and frequency-shifted to mid-
infrared (MIR) range by optical parametric amplification
(OPA) or optical parametric chirped-pulse amplification
(OPCPA). Typically high intensity and few-cycle du-
ration are realized by spectrum broadening in a gas-
filled hollow-core fiber (HCF) or a filament, followed
by spectral phase compensation using chirped mirrors
or anomalous dispersion materials[9]. In the few-cycle
regime, the light-matter interaction is extremely sensi-
tive to the pulse shape and spectral phase. Therefore
a full characterization of both amplitude and phase is
crucial for the pulse compression and HHG experiments.

Ultrafast pulse full characterization technologies
mainly include spectral phase interferometry for direct
electric field reconstruction[11] (SPIDER) and frequency
-resolved optical gating[12,13] (FROG). After proper con-
sidering various spectrum and temporal weighting fac-
tors, FROG was successfully used to characterize the
0.8-µm Ti:sapphire ultrafast pulse with duration of 4.5 fs
in 1998[14]. Subsequent reports illustrated FROG mea-
surements were available for various wavelengths[15,16]

and pulse lengths[17]. In 2008 a single-shot FROG with
a compact geometry was demonstrated to measure the
1.5-cycles pulse in the near infrared (NIR) range[18].
Combining with the improved rapid retrieve algorithm,
the single-shot measurement is very helpful for online

monitoring and optimization of the chirp compensation,
which is even more important for the low frequency high
energy amplification system.

In this letter, we present a single-shot FROG setup to
characterize a 1.8 µm-centered few-cycle pulse generated
by a home-built OPA system. The single-shot measure-
ment was realized by the nonlinear second harmonic (SH)
arrangement in a thin BBO crystal and precise imaging a
charged-coupled device (CCD) camera. A 20◦ cut-angle
BBO crystal with 20-µm thickness and a low density
grating were applied to adapt the particular and ultra-
broad spectrum. With the center-wavelength of 1.8 µm,
the pulse duration was characterized to be 9.3 fs, which
corresponded to about 1.5 optical cycles in this regime.

The high intensity MIR ultrafast system was described
in Ref. [9]. Briefly, the measured pulses with the wave-
length tunable from 1.2 to 2.4 µm are generated by a
BBO-based three-stage OPA system driven by an 8-
mJ, 1-kHz, 57-fs Ti:sapphire laser (Coherent LEGEND-
Cryo). The maximum energy of single pulse reaches 1.6
mJ with the center wavelength of 1.8 µm. The spectrum
of amplified pulse is stretched in a 1-m-long Ar-filled
HCF and compensated by a 2-mm fused silica material
with anomalous dispersion in MIR range. As a result,
0.7-mJ pulse energy is compressed into near limit of
Fourier transform to few cycle.

Figure 1 shows the setup for the full characterization of
the aforementioned pulse both in amplitude and phase.
The measured pulse is split spatially into two semicircu-
lar sub-beams by two D-shape reflective plane mirrors,
which are separately mounted on the top of each other.
The two sub-beams propagate with a small crossing an-
gle about 3◦ in the horizontal plane, and meet each other
on the front surface of a 20-µm BBO crystal with the
cut-angle of 20◦. The following lens is used to image the
front surface of crystal to CCD camera in a 4f geom-
etry. This arrangement directly presents the delays of
two sub-beams as various positions in one direction on
the CCD, and makes single-shot measurement possible.
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Fig. 1. Sketch of single-shot SHG-FROG for measurement of
MIR pulse in near single cycle regime. Bi-mirror consists of
two D-shape flat mirrors, which can split input pulse into two
sub-beams in horizontal direction.

A line-shape center part of the beam is filtered out by
a vertical slit (VS) mounted as close as possible to the
BBO crystal. Due to the maximum separation of the fun-
damental and SH spots in the focal distance of the lens
(7.5 cm), a horizontal slit (HS) is used to block the fun-
damental beam. The width of the slit is about 0.5 mm,
which is a trade-off between detectable intensity and the
clarity of diffraction patterns of the grating. A low den-
sity grating with 300-line per millimeter is mounted in an
appropriate position to fit the extremely broad spectrum
and limited aperture size of the CCD camera. The entire
setup can be confined in a 20×20 (cm) area in a compact
design.

The calibration of the FROG setup, i.e, the measured
FROG trace, includes two dimensions: delay and spec-
trum. The delay interval corresponding to every pixel in
the trace can be determined by moving one of the semi-
circular mirrors back and forward to manually induce the
delay of two sub-beams, and observe the center shifting of
the trace in CCD camera[19]. Linear dependence of the
center shifting to mirror displacement gives 1.23-fs per
pixel in FROG trace. Usually the calibration of the spec-
trum is performed with broadband halogen lamps. With
the absence of the lamps, the calibration can also be car-
ried out by comparing the frequency marginal (integral
along the delay dimension) with the spectrum convolu-
tion of the fundamental pules. Theoretically these two
curves should be identical if the spectrum response of
the setup is uniform[19], according to

M(2ω) =

∫

M(ξ)M(ω − ξ)dξ =

∫

IFROG(ω, τ)dτ, (1)

where M(ω) and M(2ω) are the spectral intensities of
fundamental and SH pulses, respectively; ω is the fre-
quency; τ is the delay between two sub-beams. In order
to avoid the error induced by the spectrum stretching
in the Ar-filled HCF, we recorded the spectrum of the
OPA pulse passing through the vaccum HCF with a fiber
spectrometer (NIR 256, Ocean Optics). The calculated
convolution of this spectrum and the marginal integral
of the corresponding FROG trace are in good agreement
with each other as Gaussian-like curves. The compari-
son of the full-width at half-maximum (FWHM) of two
curves yielded a 0.24-nm spectral interval for every pixel
in spectral axis. And we kept the setup unchanged and
only increased the gas pressure in subsequent few-cycle
pulse measurements.

The inhomogeneity of the spectral response in a SHG-
FROG setup mainly derives from the various efficiencies
during frequency summing process. Figure 2 shows the
dependence of the SH efficiency to the wavelength in

BBO crystals with the same cutting angle and different
thicknesses[20]. Apparently, the SH bandwidths of the
10- and 20-µm BBO crystals are abundant for the few-
cycle pulse with the spectrum ranged from 1.2 to 2.4 µm,
which the thicker crystal has weak and irregular weight-
ing at the long wavelength. One interesting point is that
in MIR range, it has more relaxed restrictions in terms of
crystal thickness compared with 5-µm BBO used for few-
cycle 0.8-µm Ti:sapphire pulse[19]. In our setup, a 20-µm
BBO was used. Therefore for the spectral response cor-
rection, we divided the measured FROG traces by the
solid curve in Fig. 2 along the spectrum direction be-
fore using the retrieve algorithm. Although the grating
diffraction efficiency and CCD detector sensitivity may
also induce inhomogeneous spectral response, due to the
limitation of experimental condition, we did not imple-
ment other additional calibrations in this work.

The measured and retrieved FROG traces after cor-
rection are plotted in Figs. 3(a) and (b), respectively.
Several reasons including wave-front phase distortion[21],
the spectrum broadening process in HCF or improper
alignment of the setup may be responsible for the asym-
metric structure in the trace. It greatly slows down the
convergence of the retrieve algorithm and needs to be
eliminated as much as possible. The principal compo-
nent generalized projections algorithm[22] (PCGPA) was
used to retrieve the amplitude and phase of the pulse.
The FROG error[20] in a 256×256 matrix used in retriev-
ing program can be calculated by

ERROR =

{ 1

N2

N
∑

ω,τ=1

[Imeasured(ω, τ) − |Eretrieved(ω, τ)|2]2
}1/2

, (2)

where N=256, I is the measured trace intensity, and E
is the amplitude of retrieved electric field.

The retrieved result is given by minimizing the
difference between the measured and calculated FROG
traces, the slight asymmetry remains in the retrieved
traces. Considering the above-mentioned experimental
imperfection, theoretically if the two sub-beams in re-
trieving slightly differ, the retrieved trace will be asym-
metric in delay direction even in a SHG-FROG setup.
A small error of 0.007 confirms the convergence of the
algorithm and the validity of our setup. Figures 3(c)
and (d) show the retrieved intensity and phase in tem-
poral domain and spectral domain respectively. In Fig.
3(d) the multi-peaks is a well-resolved feature of the

Fig. 2. SH efficiency of FROG setup with different thickness
BBO crystals. When the measured pulses duration is down to
near-single-cycle in MIR regime, the thickness of BBO crystal
is limited in 20 µm.
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Fig. 3. (a) Measured FROG trace; (b) retrieved FROG trace.
FROG error is 0.007 for 256×256 matrix used in retrieve al-
gorithm. (c) Retrieved pulse intensity and phase in tempo-
ral domain shows that the duration is 9.3 fs. (d) Retrieved
intensity and phase in spectral domain. The experimental
spectrum (shaded) supports 9.0 fs pulse of Fourier transform
limitation. It means that the detected pulse has a very small
TBP of 1.03.

stretched spectrum in the gas-filled HCF. The experi-
mental spectrum of the fundamental pulse is shown as a
shaded area. The discrepancy between the measured and
retrieved spectra contributes to the different responses
of grating and CCD camera at the various wavelengths,
which is not corrected in this letter. A theoretical Fourier
transform of the experimental spectrum supports the
minimum pulse duration of 9.0 fs. The relative flat spec-
tral phase indicates the good compensation of the chirp
by the fused silica. The retrieved 9.3-fs pulse duration
corresponds to a 1.03 time-bandwidth product (TBP),
which is very close to the limit of Fourier transform.
This result agrees well with the previous measurement
of the similar pulses performed by a FROG setup with a
multi-shot configuration[9].

Except for the aforementioned FROG error demon-
strated by the retrieved program, the accuracy of the
setup depends on the temporal and spectral intervals of
every pixel. In our setup, the ambiguity of one pixel of
the trace in the camera causes a 1.23-fs uncertainty on
pulse duration, i.e., 13% in the results. It becomes even
worse in the single cycle regime. The temporal inter-
val can be reduced by using a smaller crossing angle of
the two sub-beams or replacing the 4f imaging system
with an amplification structure. When the spectrum is
over an octave bandwidth, the grating should be substi-
tuted by a prism to avoid superposition of the light in
the different diffraction orders. Due to the smooth SH
efficiency of the thin BBO, this setup is capable to mea-
sure the few-cycle pulses with a spectrum ranged from
1.5 to 3 µm with a proper CCD camera and appropriate
adjusting the angle between crystal’s optical axis and the
laser beams.

In conclusion, we report a SHG-FROG setup, which
is capable of characterizing few-cycle MIR pulse in sin-
gle shot. After improving the light splitting method,
dispersion caused by transmitting components can be
excluded in the measurement. Spectral response cor-
rection and specific calibrations are introduced to deal
with the extreme bandwidth of the few-cycle pulses in
this wavelength range. With the center-wavelength of

1.8 µm, the pulse duration is characterized to be 9.3
fs, which corresponds to about 1.5 optical cycles. This
result agree well with the previous measurement with a
multi-shot configuration FROG.
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