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The phase-matching bandwidth of nonlinear crystal is of
great significance in ultrashort laser pulse characterization.
In order to satisfy the phase-matching bandwidth, ultra-
thin nonlinear crystals are generally required. However,
the significantly reduced conversion efficiency, as well as
the machining difficulties, limits its applications. Here,
we show that sufficient spectrum bandwidth response can
be achieved for a thick crystal when the phase-matching
wavelength is tuned outside of the spectral window of the
measured pulse. By applying this phenomenon to a single-
shotsecond-harmonic generation frequency resolved optical
gating (SHG-FROG) device, we successfully characterized
a few-cycle pulse using a 150 pm B-barium borate (BBO)
crystal. The accuracy of the method was verified by com-
paring the conventional pulse retrieving approach with a
5 um BBO crystal, which has a sufficient phase-matching
bandwidth. © 2021 Optical Society of America

https://doi.org/10.1364/0L.417098

With the development of the ultrafast laser technique, laser
pulses that contain only a few optical cycles become routinely
available [1-7], leading to the emergence of strong field physics,
attosecond physics, and attosecond chemistry [8-12]. The
temporal waveform of the short pulses is the key for the relevant
applications and, thus, the ability to implement a complete
diagnosis of the pulse, i.e., obtain both its phase and amplitude
information, becomes particularly important.

There are many well-established methods for measuring
ultrashort laser pulses at present, the simplest of which is non-
linear intensity autocorrelation [13,14]. However, intensity
autocorrelation only can access the time domain intensity
profile of the ultrashort pulse, missing the phase information.
Improved approaches including frequency resolved optical gat-
ing (FROG) [15-17], spectral phase interferometry for direct
electric field reconstruction (SPIDER) [18,19], and dispersion
scan (D-scan) [20,21] have been developed. Complete charac-
terization of a given pulse can be carried out using an iterative
algorithm in FROG [22-24] and D-scan [25]. The advantage
of SPIDER is that it is easier to extract the phase from SPIDER
trace than FROG and D-scan; however, the setup is more
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intricate [26]. For all the methods mentioned, if only partial fre-
quency components of a broadband pulse are phase-matched,
then the retrieving process could be problematic, leading to
inaccurate or even erroneous results [27]. Therefore, it is a gen-
eral prerequisite that the phase-matching bandwidth has to be
sufficiently large in order to achieve reliable measurement for
pulses bearing broad bandwidth.

Ultra-thin nonlinear crystals are used to address the band-
width requirement for ultrashort pulses [28]. However, it
suffers relatively low efficiency and machining difficulties [29].
Scheme measuring ultrashort laser pulses to achieve broad
phase-matching bandwidth using thick nonlinear crystals has
been reported [30]. A complete second-harmonic spectrum is
measured by rotating the angle of a thick BBO continuously
to match different wavelengths during the spectrometer expo-
sure time. Although this scheme improves the efficiency of the
second harmonic to a great extent, the intensity normalization
of each step is relatively rigorous in the measurement proc-
ess, and the whole measurement process is time-consuming,.
Recently, a new iz situ method of ultrashort pulse measure-
ment has been developed using two-dimensional materials
[31], which is completely independent of the phase-matching
bandwidth. However, this scheme is limited by the wavelength-
dependent nonlinear polarimetry and second-harmonic
efficiency of two-dimensional materials.

In this Letter, we present an efficient and reliable method that
allows retrieval of the phase of a broadband laser pulse using a
thick nonlinear crystal. It shows that when the phase-matching
wavelength of a thick nonlinear crystal is tuned outside of the
spectral window of the measured pulse, a sufficient spectrum
bandwidth response can be obtained. By applying such configu-
ration to a second-harmonic generation (SHG)-FROG device,
a FROG trace without losing spectral width can be obtained.
Numerical simulations show that the phase of a broadband
pulse can be accurately measured using a standard retrieving
algorithm. Experimentally, we demonstrate the successful
measurement of an 8.6 fs few-cycle laser pulse usinga 150 pm
thick barium borate (BBO) crystal. The measured results are
consistent with that using a 5 um BBO crystal that supports
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sufficient phase-matching bandwidth, proving the validity of
the current method.

For a few-cycle pulse, its FROG trace is easily affected by
linear and nonlinear factors in the measurement process due to
its broad spectral bandwidth. Baltuska ez /. have shown that
the measured FROG trace can be described as a product of the
spectral filtering function and the ideal FROG trace [28]:

Smeas (22, 7,0, L) ¢ R(Q, 0) Sphs (2, T), (1)

where
SR (R, 7) = / 8(Q — w)E(wexpliot)dol®,  (2)

where Q and  are angular frequency of the second harmonic
and fundamental light, respectively. Spe.s represents the real
measured trace. R donates spectral filtering function, while 6 is
the phase-matching angle of the nonlinear crystal. S3E. is the
ideal FROG trace, and 7 is the delay between the few-cycle pulse
and its replica. L is the thickness of the nonlinear crystal. &(w)
expresses Fourier transform of the fundamental light. In order
to extract the correct phase information of the few-cycle pulse,
it is essential to divide the measured FROG trace by the spectral
filtering function R(€2, 0) to obtain the ideal FROG trace for
pulse reconstruction. The spectral filtering function is described
as [28]

R, 0) = Q) =L (32, 0) — D(2(2/2) — D]

xsinc? (A/e(Q/z,zsz/z.e)L) )

3)

Q(2) describes the linear spectral response of the optical
components and spectrometer. The terms in brackets depict
the dispersion of the nonlinear susceptibility. sinc* term repre-
sents the phase-matching efficiency. Due to the complexity of
measuring R(€2, 6) in experiment, it is an alternative to use the
ratio between the auto-convolution of the measured spectrum
by spectrometer and the FROG trace frequency marginal to
represent R(£2, 0) [29,32,33].

Figure 1 shows the second-harmonic spectrum of an 8 fs
730 nm Gaussian ultrashort laser pulse, calculated by Eqs. (1)
(3) (r = 0), as a function of the thickness of the BBO crystal for
different phase-matching angles. The phase-matching angle
indicates the angle between the propagating direction of the
incident beam and the optics axis of the crystal. The spectral
auto-convolution (solid white lines) [29] of the pulse, which
is the desired second-harmonic spectrum of the pulse, is cal-
culated by Eq. (2) (t =0) and displayed in Fig. 1. When the
phase-matching wavelength of a thick nonlinear crystal is within
the spectral range of the measured pulse [the phase-matching
wavelength at 32° (36°) is 732 nm (660 nm)], the frequency
components near the phase-matching wavelength are much
more efficient than other frequency components, resulting
in a much narrower spectrum being observed as shown in
Figs. 1(a) and 1(b). Nonetheless, the efficiency of each frequency
component of the measured pulse is comparable when the
phase-matching wavelength is tuned outside of the spectrum
range (the phase-matching wavelength at 40° is 600 nm). As a
result, the spectral width of the second harmonic remains almost
unchanged for different BBO thicknesses as shown in Fig. 1(c).
It shows that, under the phase-mismatching configuration,
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Fig. 1. Spectrum of the second harmonic generated by an 8 fs
730 nm Gaussian laser pulse with the increase of BBO thickness at
different phase-matching angles (a) 32°, (b) 36°, (c) 40°. The white
Gaussian curves represent the spectral auto-convolution of the laser
pulse. The relative second-harmonic spectral intensity curves of the
37.6° 150 pm (blue) and 5 um (gray) BBOs for the pulse are shown
in (d).

the spectral auto-convolution width is comparable to that of
the second-harmonic spectrum. This indicates that the phase-
mismatching configuration can be applied to the measurement
of ultrashort laser pulses even when a thick nonlinear crystal is
used. Meanwhile, Fig. 1(d) shows the relative second-harmonic
spectral intensity curves, calculated by Egs. (1)—(3) (r =0),
of the 150 pm (blue) and 5 pm (gray) BBOs at 37.6° for the
pulse. It is distinct that the 150 pm BBO does improve the
conversion efficiency by a factor of 4 as compared to that of the
5 umBBO.

The problem with applying this scheme to the measurement
of ultrashort pulses is that the measured second-harmonic
spectrum is modulated by the sinc? function in Eq. (3) [34].
As we can see from Fig. 1(b), with the angle of the nonlinear
crystal deviating from the phase-matching angle for the central
wavelength of the fundamental pulse, the modulation of the
second-harmonic spectrum is obvious. It is thus important to
confirm whether such modulated second-harmonic spectrum
can be applied to a retrieving algorithm, such as the principal
components generalized projections algorithm (PCGPA) [22],
to extract the correct phase information.

In a real experiment, the detection device (spectrometer,
CCD) has a finite dynamic range and inevitable thermal noise.
When the intensity variation of the second harmonic across
the spectral range surpasses the dynamic range of the detector,
this correction method will fail to recover the ideal FROG trace
because the signals with low efficiency will be buried under the
thermal noise. To demonstrate the generality of the proposed
method, we simulated a SHG-FROG trace by passing an 8.2 fs
700 nm complex pulse through a 40° 100 pm BBO using
Egs. (1)=(3). In the calculated trace, we considered 20 dB ther-
mal noise on the detector and 14.5 meV frequency resolution
of the spectrometer to mimic the experimental conditions. The
calculated trace after spectral auto-convolution correction afore-
mentioned is presented in Fig. 2(a). It can be seen that the overall
FROG trace has been modulated along the energy axis (dotted
lines) due to spectral filtering function [Eq. (3)]. However, by
using a PCGPA, a smooth trace [Fig. 2(b)] that is very similar
to the ideal trace [Fig. 2(c)] calculated by Eq. (2) can still be
well retrieved. The FROG error is 0.77% (for a 1024 x 1024
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Fig. 2. (a) SHG-FROG trace calculated with an 8.2 fs 700 nm
complex pulse through a40° 100 um BBO. Dotted lines represent the
modulations by spectral filtering function [Eq. (3)]. (b) Reconstructed
SHG-FROG trace retrieved from (a) using PCGPA. (c) Ideal SHG-
FROG trace of the complex pulse calculated by Eq. (2). (d) Time
domain intensity (blue dotted) and phase (orange dotted) of the
retrieved pulse overlaid with the time domain intensity (dark blue
solid) and phase (gray solid) of the original input pulse. (e) Similar to
(d), but for the spectral intensity and phase of the short pulse.
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matrix). The time (frequency) domain intensity and phase
information of the retrieved pulse as compared to those of the
original input pulse are shown in Fig. 2(d) [Fig. 2(e)]. Although
it shows small discrepancy in the intensity profile due to the
existence of the modulation, the phase information of the pulse,
which is more crucial, is well recovered. Accompanied by a
real spectrum measured using a standard optical spectrometer,
the waveform of the ultrashort pulse can be completely deter-
mined. Similarly, we have performed simulations for larger
phase-matching angles and different pulse parameters, and
the reconstructed results are similar to Fig. 2, indicating the
robustness of our method. The good agreement between the
reconstructed and original pulses verifies the feasibility of this
scheme for ultrashort pulse measurement.

It is worth mentioning that the ptychographic reconstruction
algorithm demonstrated in [27] does a good job for reconstruct-
ing SHG-FROG traces with heave shape modulations including
those influenced by phase-matching spectral filtering function,
and therefore it can be a reliable alternative for retrieving the
pulse information from the trace in Fig. 2(a).

In the experiment, a Ti:sapphire amplifier generates a 0.2 m]
25 fs 800 nm near-infrared (NIR) laser pulse. We send the laser
pulse through a 1 m hollow core fiber filled with 0.6 atm Ar, and
extend the spectrum of the laser pulse to 600-900 nm. Then
we compress the pulse by using broadband chirped mirrors
and wedge pair. The compressed pulse is characterized using
a home-built single-shot SHG-FROG device similar to [35].
The schematic illustration of the setup is shown in Fig. 3(a).
The pulse to be measured is divided into two beams by the
beam splitter, then both beams are focused on the BBO by a
cylindrical mirror. The phase-matched second-harmonic signal
is imaged on the CCD camera via two slits and a prism-based
spectrometer calibrated by a mercury lamp.

To verify our method experimentally, we applied a 150 pm
BBO crystal to characterize a few-cycle short pulse. Figure 3(b)
shows the SHG-FROG traces for different angles of the optics
axis. For angles of 37.6°, 34.3°, 31.5°, and 28.7°, the corre-
sponding phase-matching wavelengths are 636 nm, 688 nm,
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Fig. 3. (a) Experimental layout: M1, cylindrical mirror; VS, ver-
tical slit; M2, M3, M5, ultraviolet (UV) concave mirror; M4, UV
mirror; HS, horizontal slit; P, prism. (b) SHG-FROG trace measured
at different phase-matching angles of 37.6°, 34.3°, 31.5°, and 28.7°
from top to bottom usinga 150 pum BBO. (c) Measured SHG-FROG
trace using a 150 pm BBO at a phase-matching angle of 37.6°.
Dotted lines represent the modulations by spectral filtering func-
tion [Eq. (3)]. (d) Reconstructed SHG-FROG trace from (c) using
PCGPA. (e) Retrieved time domain intensity (blue solid) and phase
(orange solid) of the short pulse. (f) Retrieved spectral intensity (blue
solid) and phase (orange solid) of the short pulse, and the shaded
area represents the spectral intensity of the pulse measured by the
spectrometer.
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743 nm, and 813 nm, respectively. It shows that the spectral
width of the complete trace is gradually recovered as the phase-
matching angle increases, corresponding to the phase-matching
wavelength gradually turning away from the spectral window
of the measured pulse. This experimental observation is con-
sistent with the predictions as shown in the simulated results of
Fig. 1. When the phase-matching angle is increased to 37.6°,
the spectrum of the second harmonic spans from 300-450 nm,
which has covered the whole spectral range of the fundamental
pulse (600-900 nm) to be measured. Therefore, we used the
trace measured at an angle of 37.6° to extract the phase of the
pulse using a retrieving algorithm. The measured trace corrected
by the spectral auto-convolution function is shown in Fig. 3(c).
Figure 3(d) shows the trace retrieved from Fig. 3(c). We can see
that there are some structural differences between the measured
and retrieved trace, which is similar to the simulation as shown
in Fig. 2, and the FROG error is 0.81%. The reconstructed
intensity and phase information are displayed in Figs. 3(e) and
3(f). The blue and orange lines represent the intensity and phase
of the reconstructed pulse, respectively, while the shaded area
represents the spectral intensity of the pulse measured by the
spectrometer. The reconstructed spectral intensity of the pulse is
relatively consistent with the measured one in Fig. 3(f), and the
full width at half-maximum (FWHM) of the pulse is measured
to be 8.6 fs as shown in Fig. 3(e). So far, we have demonstrated
the measurement of a few-cycle pulse using a 150 pm BBO
under phase-mismatching configuration.

In order to further verify the accuracy of the measurement
results in Fig. 3, weused a 5 pm thin BBO with an angle of 35°,
which has sufficient phase-matching bandwidth, to re-measure
the few-cycle broadband pulse [29]. Similarly, the measured
FROG trace corrected by the spectral auto-convolution
function is used for pulse reconstruction. Figure 4 shows the
comparison of the reconstructed results using a 5 pm BBO
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Fig. 4. Comparison of the short pulse retrieval using two BBOs
with different thicknesses. (a) Retrieved time domain intensity (dark
blue solid, blue dotted) and phase (gray solid, orange dotted) of the
few-cycle pulse. (b) Similar to (a), but for the spectral intensity and
phase of the short pulse. The shaded area represents the spectral
intensity of the pulse measured by the spectrometer.

and a 150 pm BBO. The FROG error for the 5 wm BBO is
0.38%. The time domain intensity and phase information
of the short pulse from both crystals show rather good agree-
ment in Fig. 4(a), even though small discrepancy exists for the
long-lasting pedestal of the pulses. The FWHM of the pulse is
measured to be 9 fs using the 5 pm BBO, which is very close
to 8.6 fs that is obtained from the thick BBO measurement.
The retrieved phase from both BBOs are highly consistent as
shown in Fig. 4(b). Similar to the results in Fig. 2, due to the
sinc? modulation function along the energy axis, there is a slight
deviation between the reconstructed and measured spectral
intensity; however, the accurate retrieval of the spectral phase
is more crucial for complete pulse characterization since the
spectral intensity can be accurately detected using a standard
spectrometer [36,37]. Consequently, the accuracy and feasibil-
ity of our scheme are verified experimentally. It is worth noticing
that when an ultrashort pulse propagates through a nonlinear
crystal with a thickness on the order of 100 pm, the pulse might
be slightly elongated by the pulse propagation process in Eq. (3)
(terms in brackets and Ak), causing an error of the measure-
ment on the order of a few percent. Such effect can be reduced
if the pulse to be measured is properly pre-compensated before
interacting with the nonlinear crystal.

In conclusion, we have proposed and demonstrated a simple
and efficient technique that allows both fast measurement of
FROG trace and retrieval of the phase of an ultra-broadband
laser pulse using a thick nonlinear crystal. The feasibility of this
scheme is verified both theoretically and experimentally. We
measured an ultrashort laser pulse of 8.6 fs witha 150 pm BBO
in experiment, which agreed with the measurement results of a
5 wm BBO that support sufficient phase-matching bandwidth.
This scheme not only reduces the requirement of nonlinear crys-
tal for ultrashort laser pulse diagnosing, but it also improves the
nonlinear efficiency. It circumvents the inherent shortcomings
of the existing methods for ultrashort pulse measurement and
will have a great application prospect.
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