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Abstract: Ultrashort pulses have garnered significant attention across various scientific disci-
plines and applications. In this paper, we demonstrate that the recently introduced amplitude
swing technique is a robust method for characterizing pulses in the few-cycle temporal domain by
analyzing compressed and chirped pulses from a Ti:Sapphire laser oscillator. The duration of the
measured pulse for the case of best compression was 5.98 fs (Fourier limit 5.50 fs) corresponding
to 2.2 cycles, while the chirped pulses were up to 15 times temporally stretched. The results
obtained have been validated using the d-scan technique, showing excellent agreement in all
situations. Therefore, the capability of the amplitude swing technique to measure ultra-broadband
pulses in the few-cycle regime is demonstrated, as well as very far from optimum compression,
while only being limited by the transparency and birefringence of its elements.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Few-cycle pulses (i.e., those with time duration of the order of a single or just a few optical
cycles) have attracted interest the last decades [1] because of their applications to several fields,
for example attoscience [2], time-resolved spectroscopy [3] or laser-plasma acceleration [4], to
mention some.

The temporal characterization of such short pulses is challenging because of the ultra-broadband
spectra involved. Since the beginning of the ultrafast optical technology, several characterization
techniques have gained access along the time to this temporal range. The ultrafast optical
autocorrelation [5], invented in 1967, FROG [6] and SPIDER [7], introduced in the 90s, are some
of the most consolidated ultrashort pulse characterization techniques and they have shown their
capabilities to retrieve few-cycle pulses [8—11]. In 2010 the self-referenced spectral interferometry
(SRSI) technique [12] was presented and it can be applied to sub-5 fs pulses [13]. Almost at the
same time, the dispersion scan (d-scan) technique was developed [14], and it has been shown to
be well suited for the measurement in the single- and few-cycle regime [15,16]. Other advanced
techniques, such as TIPTOE [17] and attosecond streaking spectrogram [18], can characterize
the actual electric field. However, the set-ups required are quite complex.

Recently, a new technique called amplitude swing has been developed [19]. It consists in
modulating the relative intensity of two pulse replicas at a given delay, typically of the order of
the Fourier Limit (FL) pulse duration. These modulated pulses pass through a nonlinear medium
(e.g., a second harmonic generation (SHG) crystal), where the nonlinear signal is generated (SHG
signal in this case). Finally, a spectrometer registers the SHG spectrum. While changing the
relative amplitude among both replicas, the different SHG spectra are measured, creating a 2D
trace. A compact and simple implementation was introduced using a rotating multiple-order
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waveplate (MWP) [19]. Thus, from the projection of a linearly polarized input pulse into the
MWP fast and slow axes, two replicas are created, with a certain delay, depending on the thickness
and birefringence of the MWP, and a relative amplitude among them depending on the plate
orientation angle. The beam passes through a linear polarizer, which selects the polarization
projection along its transmission axis. Thus, the resulting modulated replicas enter in a SHG
crystal to generate the nonlinear signal, that is analyzed by means of a spectrometer. This simple,
in-line and robust set-up, that can be implemented in diverse configurations [20], is made up of
common optical materials, and shows a remarkable robustness, being quite resistant to noise and
spectral clipping of the signal, including non-ideal SHG response [21]. In addition, since the
spectral range of operativity relies on the transparency window of the optical elements and the
SHG crystal operation conditions, the same set-up works at very different spectral conditions,
being demonstrated within at least more than one octave [22]. The capability of adapting to very
broad spectral ranges makes the technique suitable to be adapted to the few-cycle regime, which
we will show here. Furthermore, the technique has been shown to retrieve vector pulses (i.e.,
pulses with time dependent polarization state) [23] without changes in the set-up.

The present work addresses the experimental demonstration of the amplitude swing operativity
in the few-cycle regime. This manuscript is structured as follows. Firstly, the material and
methods used are commented. Secondly, the results are presented and discussed, validating the
operation of the amplitude swing technique at few-cycle regime by comparing it with d-scan
measurements. The study includes experiments at situations near and far from pulse compression.
Finally, the conclusions are discussed.

2. Materials and methods

In the present work, we study the amplitude swing technique when it is used for characterizing a
few-cycle pulse. In particular, the few-cycle laser source is a home-made Ti:Sapphire oscillator
[24,25], emitting spectra compatible with FL of 5.50 fs at a repetition rate of 76 MHz and energy
per pulse of ~1 nl.

The validation of amplitude swing as a few-cycle characterization technique is done by
comparing its results with a consolidated technique. Here, we choose the d-scan technique
because, as previously commented, it is specially well suited for the few-cycle pulse range
[14,25,26]. To guarantee that both techniques measure the pulses under the same conditions,
we decided to merge both, combining them into a hybrid set-up (Fig. 1). Please note that this
combined set-up is made only for comparison purposes.

Firstly, the dispersion is pre-compensated, bouncing three times over each mirror of a pair of
chirped mirrors (double CMs or DCMs, model DCM7 from Venteon), which introduces negative
dispersion (=120 fs? per pair of bounces at A=800 nm). Therefore, the d-scan can be performed
around the phase compensation conditions (i.e., the pulse best compression situation). Then, the
laser beam goes through two motorized BK7 glass wedges with an apex angle of 8°, which were
used for the d-scan measurement and to control the pulse chirp to be measured with amplitude
swing. After that, a rotating 200-um quartz plate (acting as MWP in the amplitude swing
scan) is placed, introducing a 6.58-fs delay between ordinary and extraordinary polarization
components at A=800 nm and with a phase retardation of 0.61x (obviating a 2xm offset) for
the same wavelength. After the MWP, a wire grid linear polarizer is placed, set at 0° to select
the horizontal projection. Then, the beam is focused using an off-axis parabolic mirror (1-inch
focal length) onto a 10-um Type-I BBO to produce SHG. Finally, the SHG signal is filtered
using two colour filters (FGB37 from Thorlabs and BG12 from Schott), removing the remaining
fundamental radiation, and it is collected with an UV-Grade Fused Silica lens into an optical
fibre connected to a spectrometer (model HR4000 from Ocean Optics Inc.), operating from 196
to 660 nm. Also, the fundamental spectrum can be measured introducing an optical diffuser
medium before the BBO crystal and collecting the diffused signal into a spectrometer (USB4000
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Fig. 1. Experimental set-up. Scheme of the experimental set-up showing simultaneously
the d-scan (blue) and the amplitude swing (brown) characterization techniques using the
same SHG elements/system (black). During the d-scan measurement the amplitude swing
elements are fixed and vice versa.

from Ocean Optics Inc.). Since we use a hybrid set-up to validate the amplitude swing results
against the d-scan reconstructions, during the d-scan measurement the SHG spectrum is recorded
for different insertions of the motorized wedges, whereas the MWP is fixed with its fast axis at
0°. Alternatively, during the amplitude swing measurement, the wedges are placed at a desired
position to study the different cases shown later (pulse compression, negative and positive chirp)
and the SHG spectrum is measured for different angles of the MWP.

The amplitude swing retrievals were performed using the Levenberg-Marquardt algorithm
[19] to extract the spectral phase of the pulse with two phase optimization steps. The first step
optimizes the group delay dispersion (GDD) and third order dispersion (TOD) terms of a Taylor
series expansion, and the second step performs a finer adjustment fitting the combination of the
GDD, TOD and phase first derivative of the phase at 24 equispaced spectral points (the retrieved
values of the phase derivative are interpolated and integrated to yield the retrieved phase that is
added to the phase given by the retrieved GDD and TOD values). To compare the retrieved and
experimental traces for the optimization, we choose a merit function that compares the absolute
difference of the traces. Concerning the d-scan retrievals, the spectral phase is defined as a
Fourier series with 15 sine and 15 cosine terms. The retrieved spectral phase is obtained by
finding the amplitude of each term using the Quasi Newton Broyden—Fletcher—Goldfarb—Shanno
(BFGS) optimization algorithm [25]. The values of those amplitudes are updated iteratively
towards obtaining smaller values of the error function (defined as the root mean square error
between the measured and the retrieved traces [14]).

Characterizing pulses in the few-cycle regime means dealing with ultra-broadband pulses
and their associated problems. For instance, the delay introduced by the MWP varies along the
spectrum because of dispersion. As previously commented [19], the delay between the two pulse
replicas must be within a certain range around the FL pulse duration (typically between 1/3 and
3 times the FL pulse temporal duration [21]). Despite the spectral dependence of the optical
properties of the MWP chosen, the delay is around ~1.1-1.2 times the FL pulse duration and its
dispersion is considered in the retrieval algorithm, so it can be used straightforward. Therefore,
the delay introduced by amplitude swing can be non-constant, provided that the dispersion of the
MWP (and therefore the delay) is known (e.g., from Sellmeier equations and thickness of the
material).
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Indeed, one of the main challenges of working with ultra-broadband pulses in this kind of
techniques concerns the bandwidth of the nonlinear signal response. In this case the SHG
response due to phase matching efficiency, even when using a thin BBO crystal. Due to the
large spectral bandwidth of the laser, the SHG response must be properly calibrated for a correct
characterization. In the case of d-scan, the SHG response, R(w), is directly obtained during the
iterative retrieval algorithm by comparison of the experimental and simulated traces using the
following equation [14]:

Zk Ieas(w, Zk) *Lim(w, Zk)
Zk Iflm(w, Zk)

where, Iineqs and I, are the experimentally measured and simulated d-scan traces respectively,
which depend on z, the thickness of the glass at a certain insertion position k of the pair of
wedges, and the angular frequency w. Please notice that the SHG response above mentioned is
sometimes defined in the literature as ppgcan(w).

Regarding amplitude swing, the SHG response can also be obtained in the retrieval algorithm
[21]. However, we have observed that this approach, while working properly near FL pulse
conditions, can be troublesome in terms of retrieval convergence for highly chirped pulses with
ultra-broadband spectra, such as the most chirped situations that are studied in this work. This
situation appears because the frequency marginals of the SHG traces present important null
signal areas and, in addition, they show a coupling between the unknown spectral phase and
the SHG response function, also unknown [21]. To solve this issue, we decided to model the
theoretical SHG response of the system and consider it in the amplitude swing algorithm.

The theoretical SHG response of the system can be obtained from the combination of the
frequency-dependent transmission and sensitivity of the detection systems and the spectral
response of the nonlinear medium for the SHG process [8]. On one hand, the response of the
detection system can be expressed as the combination of the colour and neutral filters used to
select the SHG signal (Rpijers) and the spectrometer (Ryraooo) responses (depicted as orange and
yellow curves of Fig. 2(a)). In this case, the filters response was given by the manufacturer, and
the fibre spectrometer response was experimentally calibrated measuring the emission spectrum
of a calibration white lamp with an integrating sphere (AvaLight-HAL-CAL ISP30 from Avantes).
On the other hand, the theoretical response of the nonlinear medium (green curve of Fig. 2(a))
includes the phase-matching efficiency dependence (‘sinc’ term) weighted with the second order
susceptibility of the refractive index (y(?). Therefore, the theoretical SHG response of the system,
will be given by [8]:

ey

Rpscan (0.) ) =

w)®
ne(2w)

where ¥?(2w) = [(ne(2w))* - 1][(no(w))* — 11> and AkQ2w) = 22(ne(2w) — no(w)) is the
phase-mismatch, being n, and n. the ordinary and extraordinary refractive indices of the type-I
BBO, which can be calculated using Sellmeier equations [27] and knowing the crystal cut angle
(29.2°), and its thickness L (10 um in our case). The resulting theoretical SHG response is
compared with the one obtained using the d-scan technique in Fig. 2(b), showing good agreement
but with some differences. Firstly, the d-scan SHG response is represented for a shorter spectral
range corresponding to the regions with non-zero signal where the d-scan retrieval is optimized.
Secondly, the d-scan SHG response is slightly lower around A=425 nm, while this is not observed
in the theoretical response. A possible explanation for this difference may be a small and
non-significant artifact of the d-scan retrieval because this area matches with the lowest SHG (and
the corresponding fundamental) signal region or a slight deviation in the theoretical calibration.
Anyway, we have observed that the retrieval tolerates this kind of deviation in the SHG response

Ak(2Qw)L

Rrheo(2w) = )

+ Rritiers(20) - Ruraooo(2w) - [x? 2w)|* - sinc? [ ] 2
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calibration in the cases under study, as it is demonstrated in the Supplemental Material (see
Supplement 1), where we compare the amplitude swing retrievals considering the theoretical
SHG response and the one obtained from the d-scan, finding that in both cases the retrieved pulse
is the same.
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Fig. 2. SHG response. (a) Theoretical simulation of the system SHG response (blue),
obtained from the combination of the BBO theoretical response (green) and the spectral
dependence of the filters used to select the signal (orange) and spectrometer (yellow).
(b) Comparison of the theoretical SHG response (blue) and the one experimentally obtained
in the d-scan retrieval (purple).

Please note that the nonlinear crystal theoretical response related to the phase matching
efficiency is derived for a monochromatic case. To assess its validity for an ultrabroadband pulse,
we calculated the SHG field of the pulse from its autoconvolution in the spectral domain. This
way, the phase mismatch can be computed for the sum of frequencies of all possible pairs of
fundamental frequencies leading to a given SHG frequency, then calculating its integrated effect.
We tested different pulses (near and far from compression, with different spectral amplitudes) and
different nonlinear crystals (thickness and central phase matching wavelength), always finding
that the integrated effect can be modeled as the response for a continuous wave without any
deviation.

In the amplitude swing retrievals, as previously commented, we used the theoretical SHG
response and optimized the retrieved trace in the spectral range with significant signal (A=
348-468 nm), avoiding areas with low signal. By doing so, the amplitude swing reconstructions
are self-consistent and do not depend on the response obtained from another external measurement
(e.g., the one obtained from the d-scan, which is used here just to validate the amplitude swing
results). Indeed, it is easy to estimate it, as it is done here, since the phase-matching curve
of a BBO crystal is well known and the spectral response of the filters is usually given by the
manufacturer. Nevertheless, other strategies could be used to obtain the SHG response. For
example, it can be experimentally calibrated using a known reference pulse with equal or broader
bandwidth.

3. Results and discussion

The versatility of amplitude swing enables to characterize pulses in different spectral regions [22].
In addition, provided that the MWP delay is comparable to the FL temporal duration, amplitude
swing can characterize highly chirped pulses. Taking this into account, firstly the beam will
be characterized for the insertion of the wedges at the maximum compression point (i.e., the
position that compensate chirp better), and then for other insertion positions of the wedges to
have negative and positive chirp values.
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In a first set of experiments, the pulse was measured at the maximum compression point.
As shown later in the results (Fig. 3), at this position the pulse is not a FL pulse due to the
residual phase that cannot be perfectly compensated by the dispersion of the wedges and the
DCMs, but it is quite close to FL anyway. Figure 3 shows the characterization obtained with both
techniques. The amplitude swing measurement was performed at the maximum compression
position of the wedges that remained fixed, as mentioned before. Notice that to measure the
pulse, the d-scan requires scanning the pulse dispersion around compression by controlling the
wedge insertion (i.e., the effective thickness of the wedges pair). Firstly, Figs. 3(al,a2) show
the experimental and retrieved amplitude swing traces. Secondly, Figs. 3(b1,b2) correspond to
the experimental and retrieved d-scan traces (notice that the response Rpgcan of Fig. 2(b) has
been obtained from this retrieval, Eq. (1)). The glass insertion axis corresponding to the wedges
adjustable thickness is shown referred to the maximum compression position (0 mm). Therefore,
positive (negative) insertion of material corresponds to positively (negatively) chirped pulses.
Finally, Figs. 3(c1,c2) show the spectral and temporal comparison of both retrievals for the wedge
insertion corresponding to the maximum compression point.
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Fig. 3. Near FL pulse characterization. (al) Experimental and (a2) retrieved amplitude
swing traces, (bl) experimental and (b2) retrieved d-scan traces. Comparison of the electric
field retrieved at insertion O mm in: (c1) spectral domain (black line: the measured spectral
intensity; solid orange line: amplitude swing retrieved spectral phase; dashed red line:
d-scan retrieved spectral phase) and (c2) temporal domain (solid orange line: amplitude
swing retrieved temporal phase; solid blue line: amplitude swing retrieved pulse intensity;
dashed red line: d-scan retrieved temporal phase; dashed purple line: d-scan retrieved pulse
intensity). An inset of the temporal intensity FWHM of amplitude swing (blue) and d-scan
(purple) is included in (c2).

There is a very good agreement between both retrievals, which is also supported presenting
very similar pulse duration at Full Width at Half Maximum (FWHM), 5.98 fs and 5.99 fs for the
amplitude swing and d-scan, respectively. Regarding the temporal duration of a single cycle for
the carrier wavelength of the spectrum, calculated as the gravity centre of the spectrum (2.70 fs
at A=810 nm), the retrieved pulse corresponds to a 2.2-cycles pulse (FWHM). Furthermore, these
values are close to the FL temporal FWHM, which in this case is 5.50 fs.

In addition to characterizing the pulse at the compensated dispersion position of the wedges,
the versatility of amplitude swing enables to measure the pulse with different dispersion values,
which is interesting in situations where the pulse does not need to be compressed in any moment.
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To demonstrate this, the pulse was characterized also for different insertion of the wedges out of
compression. For the validation of the amplitude swing results in these situations we compared
with the pulse obtained with the d-scan for the corresponding glass insertion.

In Fig. 4 the experimental (first and third rows) and retrieved (second and fourth rows) amplitude
swing traces are shown, obtained introducing a controlled dispersion by setting the wedges
at given positions with respect to the maximum compression point. The measured positions
corresponded to 8 wedge insertions in steps of 0.878 mm (both for negative and positive chirp)
up to +3.512 mm. Provided that the group delay dispersion of BK7 is 43.71 fs>/mm at 810 nm,
at each step we add to the pulse a GDD of 38.4 fs2, while reaching a total GDD of +153.6 fs?
at the extreme cases with respect to compression. The results shown in Fig. 4(a-h) are ordered
from negative to positive wedge insertion and dispersion. Please note that the phase added is
the actual phase of BK7, not a pure GDD, but we provide here the GDD value to illustrate the
amount of pulse dispersion.
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Fig. 4. Amplitude swing traces for pulses far from FL conditions. Experimental (first
and third rows) and retrieved (second and fourth rows) amplitude swing traces for different
insertions of the wedges corresponding to a relative added dispersion respect to the
compensated position of (a) —3.512 mm (-153.6 fsz), (b) -2.634 mm (-115.2 fsz), (c)-1.756
mm (=76.8 fs2), (d) —0.878 mm (-38.4 fs2), (e) + 0.878 mm (+38.4 fs2), (f) + 1.756 mm
(+76.8 fs?), () +2.634 mm (+115.2 fs2) and (h) +3.512 mm (+153.6 fs?).

The corresponding pulse and phase retrievals are shown in Fig. 5. On one hand, Figs. 5 (al-hl)
depict the spectral phase comparison between the amplitude swing and d-scan retrievals for each
added dispersion value. On the other hand, the temporal electric field comparison is shown in
Figs. 5 (a2-h2). Moreover, an inset of the pulse duration (FWHM) from amplitude swing (blue)
and d-scan (purple) is shown for each temporal retrieval. The comparison in both, the spectral
and temporal domains, present excellent agreement for each dispersion value, even far from
maximum compression point. Notice that the pulse is stretched up to ~15-20 times its FL pulse
duration, highlighting that the amplitude swing technique is operative under a wide range of
chirp.
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Fig. 5. Comparison among amplitude swing and d-scan retrievals for pulses far from FL
conditions. Comparison in the spectral (first and second rows) and temporal (third and fourth
rows) domains obtained with amplitude swing (solid lines: orange, phase; blue, pulse time
intensity) and d-scan (dashed lines: red, phase; purple, pulse time intensity) for the relative
added dispersion values of (a) —=3.512 mm (-153.6 fsz), (b) —2.634 mm (-115.2 fsz), ©)
—1.756 mm (=76.8 fs?), (d) —0.878 mm (-38.4 fs2), (e) +0.878 mm (+38.4 fs2), (f) +1.756
mm (+76.8 fs2), (2) +2.634 mm (+115.2 fs2) and (h) +3.512 mm (+153.6 fs2). The black
line stands for the measured spectral intensity. An inset of the temporal intensity FWHM of
amplitude swing (blue) and d-scan (purple) is included in e2-h2.
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4. Conclusions

In the present work the performance of the amplitude swing technique in the few-cycle pulse
regime has been demonstrated. For this purpose, it has been compared and validated with the
d-scan technique. The results obtained with amplitude swing present an excellent match with the
validating measurements, both for near and far from FL pulse conditions.

The study has also highlighted the importance of knowing the proper SHG response function.
Some options consist of calibrating the response of the SHG system from the amplitude swing
measurement itself [21], using the function obtained from other technique (e.g., d-scan) or
calculating the theoretical response [8]. Here, we have used the latter, obtaining a very good
match. Therefore, the use of the theoretical response has been validated and constitutes a very
convenient alternative to the extraction of the SHG response directly from the amplitude swing
trace.

In addition, the versatility of the amplitude swing technique enables the possibility to
characterize the ultra-broadband pulses without needing to compress them, allowing both near-
and far-FL pulse conditions, as shown with the chirped pulse reconstructions very far from
compression.

Thus, the amplitude swing technique can characterize few-cycle laser pulses, a very delicate
and complex regime, without significantly modifying the original scheme [19], which is quite
simple, robust, and compact, including elements commonly found at a laser laboratory (e.g.,
linear polarizers, MWP, BBO crystals). The only considerations that need to be done are to use a
MWP introducing a delay of the order of the FL pulse duration and a good calibration (either
experimental or theoretical) of the SHG response. Therefore, a full flat SHG phase matching
condition is not mandatory [21].

As recently demonstrated [22], amplitude swing can operate along a broad spectral range,
more than one octave (from 620 nm to 1550 nm central wavelength, but with the potential of
being broader) without significant changes in the set-up, only limited by the transparency window
of the components and the requirements of the nonlinear signal emission (e.g., the SHG phase
matching) and detection. Therefore, the technique has the potential of characterizing even shorter
pulses (i.e., presenting broader spectra) and it is not restricted to the Ti:Sapphire emission band
(e.g., further in the IR and mid IR region), increasing its range of applicability while maintaining
its simplicity and stability.

5. Appendix A: description of the methods
5.1 Models for the characterization techniques

The amplitude swing technique encodes the spectral phase of a pulse under test in a two-
dimensional SHG trace [19]. If the electric field is defined as E(w) = A(w)e™#®), where A(w) is
the spectral amplitude calculated from the measured power spectrum (S(w)), being A(w) = /S(w),
and ¢(w) is the spectral phase, the SHG amplitude swing trace (SSHS(w, )) is given by:

2

§SHG (), 9) = ‘f (fA(w’)e"p(‘“)[e‘pf(“’ )cos20 + @ sin?ge™ ’dw’) e ldt 3)

being w and 0 the spectral frequency and the angle between the fast axis of the MWP and the
horizontal direction, respectively. In addition, pf(w) and pg(w) correspond to the phase terms
acquired due to travel through the fast and slow axes of the MWP. Note that the SHG signal in
Eq. (3) is given for an ideal trace with perfect phase matching and flat spectral response of the
detection system. In the present case of few-cycle pulses, due to their ultrabroadband nature,
the calculated ideal trace must be multiplied by the spectral response given in Eq. (2) before
comparing it to the experimental trace in the reconstruction algorithm.
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5.2 Calibrations

Before doing the amplitude swing retrievals, it is necessary to properly calibrate the MWP or
to use the manufacturer nominal values. In particular, it is required to know the relative phase
between the fast and slow axes. As done in previous works [19-23], here the phase retardation
(zeroth-order phase) of the MWP was carefully calibrated using inline single-channel spectral
interferometry [28] and the spectral dependence was obtained using Sellmeier equations for
quartz [29] and knowing the MWP thickness.
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