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Abstract: We demonstrate all-optical modulation and ultrafast detection using an on-resonance
optical gain medium, combined with spectral splitting in a Fourier transform pulse shaper.
Multiple spectral channels of one optical beam can be independently modulated in time by
another beam, allowing high-rate modulation and multiplexing without requiring ultrafast
response from the gain medium. For detection of sub-picosecond signals we demonstrate a
method of ultrafast signal detection (temporal imaging with no spatial resolution) that utilizes
the spatio-temporal tilt of an optical pulse in a pulse shaper. The proposed methods can find
applications in optical information technology and ultrafast imaging.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Sub-picosecond optical waveforms such as pulses from mode-locked lasers enable ultrafast
processing and analysis of optical information, a field driven by scientific and technological
applications, such as optical signal processing [1] and ultrafast imaging of chemical reactions
and laser-induced phenomena [2,3]. These pulses provide the speed and intensity required for
efficient photon-photon interaction mediated, e.g., by nonlinear optical media. In particular, this
permits all-optical modulation, that is, modifying optical signals with other optical signals. One
of the “holy grails” of this research field would be demonstration of continuous, THz-bandwidth,
large-depth all-optical modulation with modest power requirements. Progress towards this goal
has been made, though typically there are significant tradeoffs between modulation speed, depth,
power requirements, and the size of the device. The fastest all-optical modulation methods rely
either on nonlinear effects such as two-photon absorption and Kerr effect, or intraband transitions
in semiconductors, strengthened by microcavity resonances [4—7]. Four-wave-mixing-based
optical processing in nonlinear waveguides is also common, though mostly used for other
processing tasks than modulation [8]. Furthermore, there are optical phenomena (such as
free-carrier excitation [9]) that can be used to switch between states rapidly but require a long
relaxation period, thus not being capable of continuous ultrafast modulation.

Meanwhile, to analyze ultrafast optical information, it needs to be demodulated from the
optical signal in a way that allows detection by relatively slow optoelectronic devices. Often
this involves division of the signal into its frequency components that can be handled separately.
A venerable example is wavelength-division multiplexing in fiber-optic communications, and
its recent evolutions such as frequency-comb-based multiplexing [10]. In ultrafast imaging, the
wavelength components of a femtosecond pulse can be mapped into different arrival times at an
object, and also to different spatial locations, thereby permitting slow array detectors to resolve
fast phenomena [2,3,11]. These principles are also utilized in pulse shapers, devices in which
amplitude or phase masks (typically provided by spatial light modulators) are used as spectral
filters to produce desired changes in the time domain behaviour of an optical field [12,13].

In this work, we demonstrate a theoretical and experimental proof of principle of spectrally-
resolved all-optical modulation and multiplexing in an on-resonance optical gain medium
combined with a Fourier transform pulse shaper [13,14]. The pulse shaper consists of two
gratings and lenses (see Fig. 1) that are used to split an optical beam into its spectral components
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and then join them into a single beam again. With the pulse shaper, multiple spectral components
of a signal beam derived from a mode-locked laser can be addressed independently. Unlike
in usual pulse shapers where static masks or electronically-controlled spatial light modulators
are used [13,15—17], we use an optical gain medium. This permits all-optical modulation by
pump-induced population changes in the gain medium, leading to switching-type modulation
of the signal transmission either by changing absorption or by amplification. The spectral
components are each modulated at a rate determined by the repetition rate of the laser, but due
to the wavelength multiplexing the overall modulation rate is a multiple of the repetition rate.
The modulation, being based on on-resonance transitions, is also relatively strong compared to
off-resonance nonlinear optical effects, and requires no resonator enhancement. The proposed
device thereby works as both an all-optical multiplexer, when each wavelength component is
independently modulated, and an optically addressed pulse shaper capable of sub-picosecond
modulation. We predict that this method can be further developed to achieve overall multi-THz
bandwidth and create also integrated all-optical modulators and detectors.

(@)
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Temporal event
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Fig. 1. The Fourier transform pulse shaper consisting of two transmissive gratings and
two lenses. The wavelength-splitting function of the pulse shaper (utilized in all-optical
modulation) is shown in (a), where the pulse shaper is used to delay the red frequency
component and block the purple one. The coloured rectangles represent the position of
the pulse at different times. The space-to-time mapping function (used in detection) is
shown in (b), where a temporal event consisting of a short dip in transparency modulates the
spatio-temporally tilted pulse.

In addition to allowing for spectral control of pulses, the Fourier transform pulse shaper acts
as a space-to-time and time-to-space transformer [18]. We use this transformation property to
demonstrate a ultrafast signal detection method. A femtosecond pulse has a spatiotemporal tilt in
the pulse shaper, manifesting itself as a spatially varying time delay, which can be used to probe
a time-varying object inserted into the central focal plane of the pulse shaper. We experimentally
demonstrate sub-picosecond time resolution in a multi-picosecond burst, which can be used in
ultrafast detection and measurement applications. Compared to time-lens-based systems capable
of the same [19], our setup is remarkably simple, being implementable with just a mode-locked
laser and a few optical components.
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In the paper, Section 2 provides a theoretical analysis of the modulation mechanism and the
optical system (in both all-optical modulation and detection). Section 3 presents the experimental
results. In Section 4, we make concluding remarks.

2. Modulation mechanism and optical system
2.1.  Gain medium for all-optical modulation

The absorption coefficient of an optical gain medium changes upon excitation by a short pump
pulse. In transient absorption spectroscopy, the resulting change in the absorption coefficient
a(A) at vacuum wavelength A is typically divided into three parts as follows:

Aa(A) = Adgepi(A) + Arsim(A) + Aagsa(d), (1)

where Aagepi(A) is the change by the depletion of the ground state population (also known as
“ground state bleach”, not to be confused with photochemical bleaching), Aagim(2) is the change
by the onset of stimulated emission, and Aagsa (1) is the change by the onset of excited-state
absorption [20]. The ground-state depletion and stimulated emission terms are negative, while
the excited-state absorption term is positive. All-optical modulation can be realized using any of
these changes, though here we concentrate on the ground-state depletion and stimulated emission.
Simply put, a pump pulse switches the absorption coefficient to a different value, changing thus
the transmitted power of a probe pulse (P = Pj,. exp(—ad) in a medium of thickness d, where
Piyc is the incident power). This allows one to realize all-optical amplitude modulation. We note
that the refractive index of the medium typically changes during pumping as well, which causes
phase modulation, but we ignore this effect here [9,21].

To obtain an approximate theoretical description of the depletion-based modulation we use a
two-level atom model, in which Rabi oscillations and spontaneous emission are neglected during
the pump pulse. If a thin slice of the gain medium is pumped with a pump pulse of fluence (pulse
energy per area) I, the population density attained in the upper level is [22]

Ny 2lpo12
= 1 - 2
N> > [ exp( Mp , 2)

where Ny is the density of molecules, o7\, is the absorption cross section, and fuwy, is the pump
photon energy. This translates to
Aa = —2N20’12, (3)

which we can use to select an appropriate density for the molecules at a given fluence of the
pump pulse. The factor of 2 in this equation reflects the fact that, in the two-level system,
stimulated emission following the absorption process doubles the change in transparency of the
gain medium.

While the excitation of the molecules can be fast, their decay back to the ground state is
typically slow and not suitable for sub-picosecond modulation alone. In the following, we will
show that when a pulse shaper is utilized to address individual wavelength components, the slow
decay is not an issue.

2.2. Fourier transform pulse shaper

The Fourier transform pulse shaper is illustrated in Fig. 1(a) from the point of view of its
wavelength-splitting characteristics. It is composed of a grating that maps wavelength to
propagation direction, a lens that focuses the spectrally dispersed beam, and then another lens
and grating to revert this operation. Any transparency placed on the central focal plane performs
spectral filtering. The device has been analyzed previously in detail [14,18] and we present
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here only the most relevant results. At the central focal plane, the spectrum appears as mapped
between the transverse coordinate x and the wavelength,

_(A=-A)L

te A cos(8q)’ @)

where A. is the central wavelength, A is the period of the grating, 64 the diffraction angle and L

is the focal length. The spectral resolution is given by

_ Acos(Gd)/l
w

Ad o &)
where w is the width of the incident beam. In terms of all-optical modulation, the spectral
resolution determines how many spectral components one can modulate independently from each
other. The temporal pulse width at the focal plane is

T wA _w sin(@d), ©)
cAcos(84) ccos(64)

where c is the speed of light. T is normally significantly longer than the original pulse width. The
additional width essentially originates from the fact that the input pulse is spatio-temporally tilted
by the first grating, thus mapping the pulse’s spatial distribution onto a temporal distribution.
Because of the increased pulse width, the modulation process discussed in the previous subsection
does not need to have a sub-picosecond time scale.

For signal detection purposes, we note that the mapping of space to time due to the pulse
tilt can be used to turn temporal change in transmission at the central focal plane into a spatial
distribution after the second grating. This is illustrated in Fig. 1(b). Note that the operation is in
essence the inverse of what is done in a direct space-to-time pulse shaper [18]. For maximum
visibility of the temporal event, all wavelength components should be modulated equally; this
also eliminates any possible errors arising from the redirection of the wavelength components by
diffraction. If this is the case, the electric field after the second grating is (see Appendix A for
derivation)

Eou(x, 1) = Ein(x, )m(t — yx), (N

where Ej,(x, ) is the input electric field before the first grating, m(z) is the temporal modulation
applied by the event, and y = A./(cA cos 84). Upon detection we integrate the intensity | Equ(x, £)]?
over time at each point x. Assuming that the input pulse is free of spatiotemporal dispersion,
such that Ei,(x, 1) = A(x)S(%), the spatially resolved signal is the cross-correlation of the local
intensity of the input pulse and the amplitude modulation,

I(x) = IA(X)IZ/IS(t)IZIm(t—VX)Ith. ®)

Hence, |S(7)|? acts as a temporal analogue of a point-spread function in traditional incoherent
imaging (where though the convolution appears instead of the cross-correlation) [22]. Now
considering an event composed of two infinitesimally short events separated by time delay 7 such
that m(t) = 6(t — 7/2) + 6(t + 7/2), where 6(¢) is the Dirac delta function, we find

1) = JAG@PIS(rx = 7/2)1% + IS(yx +7/2)P]. )

Assuming for simplicity |S()|> = rect(t/Ti,), we observe that the two events produce rectangular
intensity distributions centered around x; = 7/(2y) and x, = —7/(2vy) and having spatial widths
of Wevent = Tin/7y. Clearly, the events are just resolvable if 7 = Tj,. This proves that the time
resolution of the system is limited by the temporal width of the input pulse.
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Finally, we note that in the presence of modulation at the central focal plane, any light that
is delayed or advanced in time also gains a transverse spatial shift at the output (see the red
rectangle in Fig. 1(a)). This shift is equal to

Av= 2 (10)
sin(fq4)
where At is the delay. One can understand this by considering that a delay of At corresponds to a
spectral phase modulation with a linear phase j—i = At. On the central focal plane, this translates
to a linear phase transparency acting as a prism: light is refracted and the propagation direction
changes, resulting in a transverse shift of the pulse.

3. Experimental results

Our experimental setup is based on a white-light pump-probe spectroscopy system, shown in
Fig. 2. A modelocked Ti:Sapphire laser (Spectra-Physics Tsunami) generates a pulse train (80 fs
to 130 fs pulse FWHM, 82 MHz repetition rate) that is chopped using an acousto-optic modulator
(AOM) in order to reduce the average power and avoid thermal lensing and photochemical
bleaching effects in the sample. A zero-order half-wave plate (HWP) sets the linear polarization
state, and is followed by a polarization beam splitter (PBS) that divides the beam into the pump
and probe parts. The pump pulse passes through an optical delay line consisting of two mirrors
on a piezoelectric motorized stage (New Focus Picomotor). The probe pulse is coupled into a 25
cm long nonlinear optical fiber (NLF) where supercontinuum generation takes place, broadening
the probe spectrum. We also insert a half-wave plate in the probe beam to rotate the polarization
to match the pump beam polarization. We note that the pump-probe part of the setup is only
required to excite the sample with a pump pulse at the appropriate time, and that in general the
excitation could come from another source.

t Pump-probe ,
: Laser
I
li
iSetup A Capillary tube
N e
Pulse shaper spectro- |
::Setup;O/Capillary tube |
;iPuIse shaper camera |

Fig. 2. Experimental setup for all-optical modulation and detection measurements. The
setup consists of a pump-probe part, and an experiment-dependent part that consists of the
pulse shaper and detectors. The experiments in sections 3.1 and 3.2 use setups A and B,
respectively. Initial laser and pump beams are red, while the probe beam is blue. AOM -
acousto-optic modulator, HWP - half-wave plate, PBS - polarization beam splitter, NLF -
nonlinear fiber.
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The Fourier transform pulse shaper consists of two transmissive, blazed dielectric gratings
(A = 3300 nm) and two achromatic doublet lenses (focal length 4 cm). The probe beam enters
the pulse shaper through the first grating at normal incidence, while the pump beam bypasses the
grating. Therefore, the probe pulse is spectrally dispersed at the central focal plane, whereas
the pump pulse is focused onto a single spot. The probe beam has a width of 3 mm before the
pulse shaper, and thus the temporal pulse width of the probe pulses at the central focal plane is
T = 2.3 ps, while the spectral resolution is A2 = 0.85 nm. The pump pulse’s temporal width is
500 fs (modulation experiment) or 330 fs (detection experiment), limited by material dispersion
in the setup. The pump beam is separated from the probe beam, giving it an angle of incidence
of 7° at the central focal plane. After the sample, the pump beam is blocked, while the probe
beam propagates through the remaining lens and grating to a detector. This can be either a
fiber-coupled spectrometer (Ocean Optics USB2000+) for spectral measurements, or a camera
(Basler acA1920-25uc with infrared filter removed) to observe the central focal plane through the
zeroth diffraction order of the second grating, as shown in Fig. 2. For detection measurements,
the camera is moved to detect the first diffraction order immediately after the second grating.

In all-optical modulation experiments, transient spectra are obtained by measuring the spectrum
of the probe with and without pumping (resulting in spectra S(1) and Siet(2), respectively) and
then by calculating

E _ S(/l) - Sref(/l)

Stef Sref(/l) '
we obtain Aad = —In(1 + AS/Sif). The supercontinuum probe permits probing at different
wavelengths, but its spectrum is prone to significant pulse-to-pulse fluctuations. This degrades
the signal-to-noise ratio because S(A) and Sif(1) are measured at different times. To combat
these fluctuations without requiring a reference measurement of the supercontinuum spectra, we
implement a technique inspired by a type of “lucky” imaging [23]. Instead of measuring one
spectrum for each of S(1) and S;¢(1) and averaging over a long time to reduce noise, we measure
many spectra (20) with short averaging time. We then select a region of the spectrum, which is
not modulated by the pump beam, and from each group of S(2) and Si¢(1), select the spectra
similar to each other in this spectral region. This allows us to reject spectra with large fluctuations
and retain those with small fluctuations, significantly improving the signal-to-noise ratio of the
transient spectra. This reduces noise in all parts of the spectrum, because the supercontinuum
fluctuations at different wavelengths tend to be correlated with each other.

In all experiments we used the dye IR-780 perchlorate (Sigma-Aldrich) dissolved in methanol
as the gain medium. The solution was placed in a capillary flow cell consisting of a vertical
100 um thick rectangular capillary tube (Electron Microscopy Sciences) connected to a small
reservoir with the solution flow speed of about 1 cm/s, which prevents thermal distortions and
photochemical bleaching (in conjunction with the low average power of the beam).

We calibrated and tested the setup by verifying (using an intensity autocorrelator) that the
spectral modulation in the central focal plane of the pulse shaper is properly transferred into
temporal modulation. The details of the calibration, utilizing the wavelength-to-time mapping in
chirped pulses, are discussed in Appendix B.

1L

3.1.  All-optical modulation

In this section, we demonstrate the proposed spectral all-optical modulation by inserting a thin
capillary containing IR-780 dye at the central focal plane of the pulse shaper to make use of
ground-state depletion and stimulated emission for the modulation effect. In the central focal
plane at the position of the capillary dye cell, the pump beam has a spot size of 6 um, but because
it is incident at an angle, it covers a 13 um transverse distance, corresponding to a 1 nm spectral
region. We position the pump to overlap with the probe either at a wavelength of 775 nm for
the case of ground-state depletion or at 830 nm for the case of stimulated emission. Then we
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measure the transient spectra of the probe beam as a function of the pump-probe delay. For
these measurements, the average power in the pump and probe beams is 0.3 mW and 0.05
mW, respectively. The acousto-optic modulator is used to chop the pulse train into rectangular
windows that are 5 us long, repeating every 1 ms. The pulse energy is about 0.7 nJ and the fluence
at the sample is estimated to be I' = 2.5 mJ/cm? that should be enough to obtain N> ~ 0.43N.
The concentration of the IR-780 solution is selected to provide ad ~ 1 at the pump wavelength.
Hence, we expect Aad ~ 0.4.

Figure 3(a) shows the transient spectra at four different pump-probe delays (negative delay
means that the pump pulse arrives after the probe pulse). We see that at maximum, we have
AS/Sies = 0.6, corresponding to Aad ~ 0.47. The width of the gain peak is 1.8 nm FWHM,
slightly larger than expected. Figure 3(b) shows the peak value of AS/S;.t as a function of the
pump-probe delay, where we can observe that, while the excitation happens quickly (< 1 ps),
the system then stays in the excited state for several picoseconds, thus affecting the entire 2.3 ps
temporal width of the probe. Figures 3(c) and 3(d) show the corresponding plots for the case
of stimulated emission, where a smaller AS/S..f ~ 0.18 is obtained (Aad = 0.2). The effect is
thus weaker, likely a result of non-radiative transitions which deplete the excited states. The
decay of the stimulated emission, seen in Fig. 3(d), is rapid (on the order of 1-2 ps). This is
thought to relate to transitions into an intermediate state that was observed previously in transient
absorption experiments [24]. Nevertheless, the experiment demonstrates that both ground-state
depletion and stimulated emission can be used for all-optical modulation in this system. As the
spectral width of the supercontinuum probe can be 100 nm or more, and the width of one spectral
channel is 1.8 nm, over 50 spectral channels could be individually addressed in this setup. Due
to equipment limitations we did not measure the modulation in the time domain. However, the
transient spectra show this directly in the frequency domain. Knowing that the initially 80 fs pulse
centered at A = 770 nm is chirped and is now 500 fs long, the spectral amplitude modulation
shown in Fig. 3(a) results in the temporal modulation shown in Fig. 3(e). A 250 fs oscillation
is produced in this example, showing the sub-picosecond temporal modulation we wanted to
demonstrate.

From the point of view of information transmission, it seems that it would be straightforward to
demonstrate THz-bandwidth all-optical modulation and multiplexing with the presented method
by picking a higher-repetition-rate laser and improving the spectral resolution. In particular,
this could be done in integrated optics where arrayed waveguide gratings [12,25] can be used
to construct a pulse shaper with a large number of spectral channels. Furthermore, the power
requirements could be lowered by approaching the diffraction limit with higher-numerical-aperture
lenses, selecting a gain medium with larger molecular absorption and stimulated-emission cross
sections, or enhancing the absorption and emission rates by using micro- or nanostructures
[4-7,26,27]. We also note that while in our experiments the pump beam was held stationary, it is
actually simple to make it switchable by sending it through the grating together with the signal
beam. In this case, the spectrum of the pump will indicate which of the spectral components of
the signal are modulated. This can also be done in the integrated optics version proposed above.

3.2. Ultrafast detection

To demonstrate detection with an optical gain medium, we use otherwise the same setup and
parameters as with all-optical modulation, except that we reduce the probe beam power until
supercontinuum generation stops. The probe beam is then used to obtain a temporal image of the
pump pulse. At the position of the dye capillary, the spots of the pump and probe beams overlap
at the position of the central wavelength of 770 nm. We thus expect to see ground-state depletion
by the pump pulse, which must yield a temporal modulation to the probe pulse. The modulation
is then observed in the image of the probe beam taken with the camera. As mentioned earlier, the
camera is placed immediately after the second grating at about 3 cm distance. This is far enough



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 35876 |

Optics EXPRESS N

(@) 0.8 (b) 0.6
[|——-1.2ps - F
0.6} Sh4gl
@ 0.4 I
Jo2f
X -
3
o 0:
- 0.2
765 770 775 780 2 0 2 4 6
Wavelength (nm) Delay (ps)
(c) 0.2 (d)o.14
l|——-1.8ps .
o ||[——0ps o
Ug_» 0.1 1.2ps 3 0.10
@ [|l—3ps s
< op = = ~ = — = « 0.06
: &
-0.1 0.02
820 825 830 835 -4 -2 0 2 4
Wavelength (nm) Delay (ps)
©
k-
g
0-1 -0.5 0 0.5 1
Time (ps)

Fig. 3. Spectrally-resolved all-optical modulation: (a) shows transient spectra for different
pump-probe delays when the probe at 775 nm is being modulated by the pump-induced
ground-state depletion; (b) shows the peak value at 775 nm as a function of the delay; (c)
shows transient spectra when the probe beam at 830 nm is modulated by the pump-induced
stimulated emission; (d) shows the peak value at 830 nm as a function of the pump-probe
delay; (e) shows the calculated intensity as a function of time of the initial and modulated
pulses (blue and red curves, respectively) assuming the amplitude modulation from (a).

to let diffraction orders other than the first one to miss the image sensor. Though the camera
takes two-dimensional images, the vertical dimension does not hold any temporal or spectral
information, and so we average over it to obtain the temporal image [as in Eq. (8)].

We first take a reference image [Fig. 4(a)] by delaying the pump pulse enough not to interact
with the probe at all. Because the spatial coordinate in the image plane has a one-to-one
correspondence with the temporal coordinate, we present the probe pulse distribution in Fig. 4
as a temporal distribution. We then divide all other images with the reference to take out the
effect of the “illumination”, that is |A(x)|? in Eq. (8), leaving only the modulation. Figure 4(b)
shows five of these images taken at different arrival times of the pump pulse. In each case the
probe beam intensity increases as the pump pulse depletes the population of the ground state [the
same phenomenon was observed in Fig. 3(b), but there the time resolution was limited by the 2.3
ps pulse width in the central focal plane]. This intensity increase then allows us to retrieve the
pump-pulse duration and profile, similarly to a streak camera [2] but all-optically. As shown by
the intervals in Fig. 4(b), the width of the step in the probe intensity increase is 470 fs. Taking
into account the finite resolution of the system [the initial pulse width for the probe as in Eq. (8),
which is 330 fs], we deduce the duration of the pump pulse to be about 330 fs, as expected; 470
fs is the width of the cross-correlation of two 330 fs Gaussian pulses. The last image in Fig. 4(b)
(green curve) is taken with a long delay between the pump (that arrives first) and the probe. This
curve is not flat, but exhibits some variation. Likewise, in all curves the part near 2.5 ps exhibits
an unphysical decay that was not seen in Fig. 3(b). We believe that the reason for this is that
the pump pulse is focused and does not quite cover the whole probe pulse area uniformly. This
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non-uniformity can contribute through pump-pulse-induced lensing effects that arise from the
change of refractive index either due to increased temperature or the population inversion. As
described earlier we minimized the long-decay thermal effects. Therefore the phase shift due to
population inversion seems the most likely explanation for the unexpected behaviour. To achieve
the ideal performance analyzed in Section 2, the temporal variation should uniformly cover the
probe beam’s entire cross section.
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Fig. 4. Ultrafast detection: (a) shows the reference image with no effect from the pump
pulse; (b) shows images obtained when the pump pulse partially overlaps with the probe.

The temporally-imaged pump pulse in the current setup had the same spectrum as the probe
pulse, which is not required for detection. The only requirement for a pulse to be detected is
that it efficiently excites the molecules and depletes the ground state. Furthermore, as shown in
Section 2, the time resolution of the system is only limited by the temporal width of the probe
pulse. In the present setup we found the resolution to be 500 fs due to the chirp of the pulse, but
if the chirp was compensated for, a 80—-130 fs transform-limited pulse width (and thus resolution)
could be achieved. Furthermore, we obtain a 2.5 ps wide temporal window for the measurement.
This can be further increased by either increasing the beam width or using a larger diffraction
angle. For example, in this setup, a 1 cm beam width could still be comfortably used, which
would lengthen the temporal window up to about 13 ps according to Eq. (6). A window length of
100 ps could be practically achieved with a 5 cm wide diffraction grating at a diffraction angle of
30 degrees, if the probe beam was expanded to fill the whole aperture of the grating.



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 35878 |
Optics EXPRESS b Ny \

4. Conclusions

We demonstrated that by using an optical gain medium, the Fourier-transform pulse shaper
becomes a suitable platform for all-optical modulation and detection. First, we showed that
the pulse shaper together with a gain medium can be used for all-optical modulation from the
viewpoint of both the shaping of optical pulses with other optical pulses and the multiplexing of
optical information. A significant advantage of this method is that the underlying modulation
mechanism, here the population changes in a gain medium, does not need to act on a sub-
picosecond time scale in order to produce sub-picosecond changes in the waveform. It also
permits relatively deep (60 % and more) modulation without enhancement by a resonator. One
should also bear in mind that more robust gain media, including semiconductors, could be used
instead of organic dyes. The device could also be implemented in integrated optics form using
arrayed waveguide gratings. In such a format, the proposed all-optical modulators could be
used in optical signal processing and telecommunications, in such tasks as multiplexing and
demultiplexing, signal regeneration and as parts of optical logic gates.

Second, we proposed, analyzed and demonstrated a gain-medium-assisted ultrafast signal
detection technique. The method has a high temporal resolution, limited only by the width of the
illumination pulse, and it can reach quite long burst times. It therefore shares many benefits of
chirped-pulse and time-lens techniques, while also being simple to implement.

A. Output electric field in ultrafast detection

We modify the theory of Ref. [14] to describe the electric field of the output pulse when the
pulse is modulated temporally at the central focal plane of the pulse shaper. In the frequency
domain, the electric field at the central focal plane before modulation is

X

E3(xvf’) = Ein(/l L

_f/’y’f/)’ (12)

where f’ = f — f. with f. being the central frequency, Ei,(f.,f’) is the spatial Fourier transform
of the input pulse electric field just before the first grating of the pulse shaper, A, is the central
wavelength, and y = A./(cA cos 64). Applying the temporal modulation m(f) is equivalent to

convolving Eq. (12) with the temporal Fourier transform of m(f). The resulting electric field is

Ei(x.f') = / Ex(e.f" Yl - ")df". (13)

Then, the electric field at the output (after the second grating) is

Es(x.f") = / Ea(AeLlf + 7)1 )e*™ df,. (14)
which after simplification and a temporal inverse Fourier transform yields
E5 (.X, t) = EOUK(-x7 t) = Ein(x’ t)m(t - ?’x) (15)

B. Frequency-to-time mapping in chirped pulses

We experimentally verified the wavelength-to-time mapping in spectrally modulated chirped
pulses used in our system and its suitability for pulse shaping. In chirped pulses, modulation of
the spectrum is transferred directly to the time domain. Though slightly more limited than the
methods of “arbitrary” shaping of unchirped pulses, the proposed method has the advantage of
being nearly free of transverse spatial shifts that usually appear at the pulse shaper output. It
could therefore be useful for the creation of long pulse trains without disturbing the beam quality
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and power efficiency, which is difficult to achieve with existing shapers of both the ordinary
Fourier-transform [13] and the direct-space-to-time [18] type.

In a chirped optical pulse, the spectrum of the pulse is (partially) mapped into the time domain
as different wavelength components are delayed with respect to each other. Assuming that only
second-order dispersion is present and that the pulse’s spectral width satisfies Ady<<A, the
time delay for the wavelength A can be written as

T = Dz(A - A), (16)

where D is the dispersion parameter and z is the length of the dispersive element. This time-
to-wavelength mapping was exploited for temporal imaging in the SF-STAMP technique [11].
Here we apply the same principle to pulse shaping. Essentially, the spectrum is divided into
sub-spectra, each having a full width at half maximum of AAg,,, and each sub-spectrum is used
to form a sub-pulse in the time domain. If the initial pulse is Gaussian and has a FWHM spectral
width Adiy, the temporal width (FWHM) of each sub-pulse is

2 2
= \/ ( 24 ln2) + (DzAd)? a7

wcAdgap

For a given value of Dz, this has a minimum at

DzA%21n2

Tiin = 2\/%, (18)
2221n2

My = || 70, (19)

The number of sub-pulses of length 7, that can be independently created is

for which

N = Ador

= (20)
A/ls.ub

Choosing the optimal values and tuning Dz, one can obtain either a few short sub-pulses or
many long sub-pulses.

This technique cannot reach the resolution limit achieved with spectral modulation at a given
spectral width. However, it does have an interesting advantage for applications where it would be
desirable to have long time delays between the sub-pulses. As revealed by Eq. (10), normally
creating a sub-pulse at time delay 7 results in a transverse shift, and as a result, the beam quality
can suffer unless the beam is very large in diameter to begin with. For example, even in the
best case of sinf#y — 1 the transverse shift for a 10 ps delay would be 3 mm. However, when
using a chirped pulse, temporal modulation can be obtained without any noticeable transverse
shifts of the pulse profile. Furthermore, the technique shares with space-to-time pulse shapers
the convenience of one-to-one mapping between the spatially addressed modulation and the time
domain, while achieving high efficiency.

For experimental verification, we only consider the probe beam input to the pulse shaper
(the blue beam in Fig. 2), and in addition to the camera and spectrometer, we use an intensity
autocorrelator (Femtochrome FR-103XL) to measure the pulses in the time domain. The
autocorrelator’s nonlinear crystal has a limited bandwidth for phase matching, and allows us to
observe proper intensity autocorrelation only for fields with a small chirp. Otherwise, considering
some central wavelength A., a sub-pulse at wavelength A. + A1 is phase-matched with another
sub-pulse at A, — AA, producing a side peak in the autocorrelation function. Phase matching



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 35880 |

Optics EXPRESS N

of A. + A4 with itself (contributing to the central peak of the autocorrelation function) is weak,
and thus the central part is suppressed. Hence, to show the effect of spectral modulation on the
time-domain behaviour of a chirped pulse, we perform two experiments. First, we substantially
limit the spectrum and then modulate a part of it to show that modulation at a given wavelength
is properly manifested in the time domain. Second, we divide the spectrum into two to create
two sub-pulses, showing the relationship between time and frequency and the resolution of the
system. The known parameters of the setup are the dispersion Dz = 50 ps/nm, central wavelength
A =770 nm, and laser pulse spectral width Adi; = 10 nm. Using Eqgs. (18)—(20) we also obtain
Tmin = 300 fs, Adgy =4.2 nm and N = 2.5. We therefore expect to be able to create at least two
sub-pulses in the present case.

In the first experiment we use a 50 um wide slit in the central focal plane to limit the spectrum,
and then insert a thin metal wire at the center of the slit. The wire is 20 um wide. Figure 5(a)
shows the intensity distribution of the probe beam at the central focal plane without and with the
blocking wire (blue and red curves, respectively); the amplitude modulation is clearly visible.
The inset shows the same intensity distribution in the two-dimensional plane. As expected, this is
directly translated into the spectrum, shown in Fig. 5(b). The spectral features are smoother than

(@ 1p

Intensity (arb. u.)

Power spectral
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Fig. 5. Narrowband modulation. In all plots, the solid blue and red curves correspond to
measurements taken before and after blocking the central part of the pulse, respectively. The
intensity at the central focal plane of the pulse shaper is shown in (a) as a function of the
transverse coordinate. The inset shows two-dimensional intensity distributions without and
with modulation in the central part. The measured spectra are shown in (b). The intensity
autocorrelation functions are shown in (c), where the dashed curves correspond to theoretical
calculations.
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the spatial intensity modulation due to the limited spectral resolution of the pulse shaper. Finally,
Fig. 5(c) shows the autocorrelation function, where without the wire (solid blue curve) we have
a single peak with a FWHM of 620 fs, whereas with the wire (solid red curve) we obtain two
side peaks at 700 fs delay, corresponding to the period of the beating of two waves at 2.75 nm
wavelength separation. The result fits well with the theoretical prediction shown by the dashed
blue and red curves (without and with the wire, respectively), which was calculated by using the
known parameters of the input pulse and applying the spectral amplitude modulation shown in
Fig. 5(b). This proves that spectrally narrow modulation works properly in the system.

In the second experiment, we use two slits, each 25 ym wide and with a center-to-center
separation of 145 um. Figure 6(a) shows the intensity distribution at the central focal plane, and
Fig. 6(b) shows the measured spectrum that this time consists of two 2.5 nm wide peaks separated
by 12 nm. With the chirp factor Dz = 50 fs/nm we expect to see two pulses of 450 fs FWHM
separated by 600 fs. Figure 6(c) shows the autocorrelation function with the side peaks indeed
corresponding to a 600 fs delay, thus confirming the expected operation of the system. The central
part of the autocorrelation function is suppressed due to the phase mismatch discussed above.
The theoretically predicted autocorrelation function has shoulders at the positions corresponding
to the side peaks of the experimental autocorrelation function.
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Fig. 6. Creation of sub-pulses: (a) shows the spatial intensity distribution at the central
focal plane, (b) illustrates the spectrum, and (c) shows the measured autocorrelation function
(note that the central part of the function is missing due to the discussed phase-matching
issues). The dashed line in (c) shows the theoretical prediction.

These experiments show that the system operates as an efficient chirped-pulse modulator with
the achievable intra-pulse modulation rate exceeding 1 THz and an almost one-to-one mapping
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between the spectral and time modulations. As predicted in Sec. 2 theoretically, we do not see
any noticeable distortion in the beam profile at the pulse shaper output.
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