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Abstract: Wavelength-tunable, time-locked pairs of ultrafast pulses are crucial in modern-day
time-resolved measurements. We demonstrate a simple means of generating configurable
optical pulse sequences: sub-picosecond pulses are carved out from a continuous wave laser
via pump-induced optical Kerr switching in 10 cm of a commercial single-mode fiber. By
introducing dispersion to the pump, the near transform-limited switched pulse duration is tuned
between 305–570 fs. Two- and four-pulse signal trains are also generated by adding birefringent
α-BBO plates in the pump beam. These results highlight an ultrafast light source with intrinsic
timing stability and pulse-to-pulse phase coherence, where pulse generation could be adapted to
wavelengths ranging from ultraviolet to infrared.

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

1. Introduction

Ultrafast optical technology is widespread, with a highly interdisciplinary application space
including time-resolved spectroscopy [1], high-precision frequency metrology and the develop-
ment of optical clocks [2], material processing and machining [3], high-speed electronic testing
[4], biomedical imaging [5], and optical communications [6,7]. In time-resolved spectroscopy,
pump-probe techniques are often used to resolve ultrafast dynamics that are too fast to be directly
imaged with photodetectors. A standard pump-probe experiment utilizes one laser pulse (the
pump) to drive the process of interest, and a second time-delayed pulse (the probe) to interrogate
the dynamics. The pump and probe are often at different wavelengths, each depending on the
system under investigation. Accordingly, generating customizable, time-locked pairs of ultrafast
pulses is a crucial capability.
Often, the pump pulse is generated by a mode-locked laser and the spectrally tunable probe

pulse is generated by nonlinear frequency mixing, for example in an optical parametric oscillator
(OPO) or amplifier (OPA) pumped by the mode-locked laser. This is an established method
for generating high-intensity probe pulses, but the bulk and expense of an OPO or OPA may
be prohibitive in many cases. An alternative approach uses all-optical switching to carve a
pulse train from a continuous-wave (CW) laser. This technique offers access to wavelengths
achievable by any CW light source, including low-cost laser diodes and fiber lasers, which can be
chosen appropriately for the application. Furthermore, the switching process can be driven by
the pump laser to provide intrinsic timing stability. Such time-locked pulses can be generated
near the pump wavelength, which would usually be challenging to achieve using an OPO or OPA.
Switched pulses will necessarily be weak compared to those produced by femtosecond oscillators
or nonlinear mixing, but in linear pump-probe measurements such as transient absorption or
reflection, where only a differential measurement is made, high probe intensity is not required
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and is often avoided [8–10]. All-optical switching of CW beams is therefore a promising option
for simple, customizable ultrafast pulse generation. Picosecond-scale all-optical switching has
been achieved via the optical Kerr effect [11,12], and has been demonstrated as an effective
method for generating picosecond pulses in the telecommunications band around 1550 nm [13].
However, due to the length of fiber involved (∼ 10 − 1000m) and the need to operate near zero
dispersion, this technique is not easily implemented beyond the telecommunications band. With
femtosecond lasers and short (∼ 10 cm) fibers, picosecond scale all-optical switching of single
photons is possible in the visible domain [14,15]. In this article, we exploit the same nonlinear
process to carve light out from a CW beam, generating pulses on the hundreds-of-femtoseconds
timescale, in the near-infrared.
The pulse generation technique uses a commercial mode-locked oscillator to actively induce

polarization modulation in a CW laser source, by exploiting the optical Kerr effect in single-mode
fiber (SMF). When the fiber is placed between two crossed-polarizers, a portion of the modulated
light is transmitted, producing a sub-picosecond pulse train. This generates additional bandwidth
about the narrow CW laser spectrum, which is indicative of the ultrafast switching mechanism
and provides a means of characterizing the generated pulses. The method is straightforward
in its implementation, where all system components are readily commercially available, and
active stabilization is not necessary. Sub-nanojoule pump pulse energies are sufficient to induce
the switching mechanism, falling within reach of commercial fiber oscillators, thus offering
the potential for a fully integrated fiber-based optical switch. The device requires only 10 cm
of conventional SMF which, combined with modest pump pulse energies, minimizes parasitic
nonlinear processes such as stimulated Raman scattering, two-photon absorption, and self-phase
modulation (SPM).

We achieve sequences of near transform-limited switched pulses with sub-picosecond duration,
where the time-domain amplitude envelope of the pump pulse is effectively "mapped" from
the carrier frequency of the pump to the signal. The switched pulse duration is tuned between
305–570 fs by introducing dispersion elements to the pump. Birefringent α-BBO plates are
also added to the pump to generate trains of two and four switched pulses. Furthermore, the
phase coherence of the generated pulses is expected to be time-locked for the coherence length
of the CW laser. In addition to the promise of this device as an easily-implementable ultrafast
light source, the demonstrations in this article underline its potential in a variety of applications
including communications [16], biomedical imaging [17], microscopy [18], spectroscopy [19],
and quantum optics [20].

2. Methods

Ultrafast all-optical switching relies on cross-phase modulation via the optical Kerr effect. The
Kerr effect is a χ(3) nonlinear process where a pump field generates an intensity-dependent
refractive index modulation. The induced birefringence can be used to modulate the polarization
of a signal beam. When the medium is situated between two crossed-polarizers, a portion of
the modulated signal will be transmitted; this arrangement is an optical Kerr shutter [21]. For a
linearly polarized pump pulse co-propagating with a CW signal beam of intensity I0, the switched
light transmitted through the shutter will have an intensity profile [22]:

I(t) = I0 sin2(2θ) sin2
(
∆φ(t)
2

)
, (1)

where θ is the angle between the signal and pump polarization and ∆φ(t) is the time-dependent
phase difference between the polarization parallel to the pump and orthogonal to the pump.
Maximal switching can only occur when θ = π/4, so we operate under this condition. When
∆φ(t) , 0, the medium acts as a birefringent waveplate and allows a portion of the signal to be
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transmitted through the second polarizer. The time-dependent phase difference is given by [23]:

∆φ(T) =
8πn2
3λsignal

∫ L

0
Ipump(T − dwz)dz, (2)

where n2 is the nonlinear refractive index of the fiber, λsignal is the wavelength of the signal light,
and z is the propagation distance within the fiber of length L. In a dispersive medium, the pump
and signal will experience temporal walkoff, given by dw = v−1gp − v−1gs , where vgp and vgs are
the pump and signal group velocities, respectively. As such, the intensity profile of the pump,
Ipump, is expressed in the frame moving with the signal [15]: T = t − z/vgs, where t is time in the
laboratory frame. The switched light intensity profile is thus determined by its wavelength, the
pump pulse shape, and the temporal walkoff.
An experimental schematic is shown in Fig. 1. An optical Kerr shutter is employed, where a

pulsed pump beam is used to carve out pulses from a CW signal beam within 10 cm of SMF.
This short fiber length was selected to achieve ultrashort, near transform-limited sub-picosecond
switched pulses. A longer fiber would increase pump-signal temporal walkoff and group delay
dispersion in the switched pulses. On the other hand, a shorter fiber would require higher pump
pulse energies.

Fig. 1. Schematic diagram of the experimental setup. An 80MHz Ti:Sapphire oscillator
(pump beam) induces the optical Kerr effect in 10 cm of single-mode fiber (SMF). Shown in
the bottom right inset, this mechanism carves out pulses from a continuous wave (CW) diode
laser (signal beam), that are measured by a spectrometer. The pump polarization is prepared
by a polarizing beamsplitter (PBS), and a quarter- (λ/4) and half-waveplate (λ/2). The
signal polarization is prepared by an absorptive polarizer and λ/2 waveplate. Polarization
projection of the switched light is achieved with λ/4 and λ/2 waveplates, and a PBS. Shown
in the bottom left inset, pump pulses are either (a) not modulated, (b) chirped using various
amounts of SF11 glass, or (c) split temporally into trains of 2 or 4 pulses using birefringent
α-BBO.

The pump originates from an 80MHz repetition rate Ti:Sapphire laser, which generates pulses
of 10 nm bandwidth at a central wavelength of 805 nm. The pump is operated close to the signal
spectral region to minimize temporal walkoff for sub-picosecond pulse carving. For this reason,
SPM must be adequately minimized by spectral filtering of the pump prior to switching and
restricting pump pulse energy. As such, the switch is operated at 30% efficiency, achieved using
modest pulse energies of 0.56–1.3 nJ, depending on the pump pulse duration. After filtering, the
pump pulse is measured (at the output of the SMF) to be 367 fs by frequency-resolved optical
gating (FROG). As indicated by the bottom left inset in Fig. 1, the pump is prepared with either
(a) no modulation, (b) temporal chirp, or (c) temporal separation into 2- and 4-pulse trains, to
demonstrate the configurability of pulses generated by our switch. A polarizing beamsplitter
(PBS) and a set of quarter- and half-waveplates (λ/4 and λ/2) are used to prepare the polarization
state of the pump before it is combined with the signal.
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The signal is generated by a 783 nm CW diode laser (Thorlabs CPS780S). An optical isolator
(OI) is used to minimize any instability caused by back-reflection of the pump at the 10-cm SMF
tip. In this configuration, the diode laser stability is sufficient for spectral measurement of the
switched pulses on timescales of several minutes. A λ/2 waveplate and an absorptive polarizer
prepare the initial polarization state of the signal: vertical with respect to the optical table
(defined here as 0◦). Both the pump and signal are chopped, at 4Hz and 0.2Hz respectively, for
averaging and background subtraction purposes. The pump and signal are combined via a 70:30
beamsplitter and are then coupled into the 10-cm SMF (Thorlabs S630-HP, FC/PC connectors),
with typical coupling efficiencies of 70% and 60%, respectively. Shown in the bottom right inset
in Fig. 1, pump pulses induce birefringence while propagating through the 10-cm SMF, causing
polarization-rotation in the CW signal where it temporally overlaps with the pump pulses. The
output from this process is a train of pulses that have been rotated out from the initial CW signal.
The switched pulses are polarization-filtered from the unswitched CW light using a PBS, which
projects the signal onto a 90◦ (horizontal) polarization. A λ/4 and λ/2 waveplate combination
are placed between the SMF and PBS to correct for small polarization changes due to the 10-cm
SMF. With the pump beam blocked, these optics are tuned to minimize the CW light measured at
the spectrometer. This ensures maximal transmission of the cross-polarized component of the
switched light through the PBS. After polarization filtering, three angle-tuned spectral filters
remove the remaining light from the pump, and the switched light is coupled into a 1-m SMF
for spatial filtering of cladding modes which were not fully attenuated in the 10-cm SMF. The
time-frequency relationship of optical pulses anticipates that the pulses carved from the CW
signal will have larger spectral bandwidth than the narrowband input signal. Switched pulses are
thus measured using a spectrometer.

Sufficient polarization extinction is required to overcome the short duty cycle of the switch. For
perfect switching, a polarization extinction of ∼ 10 ns/100 fs = 105 would ensure the intensities
of the switched and unswitched (leakthrough) signal are on the same order of magnitude.
Polarization extinction of 1.5 − 6 × 104 is achieved, causing some of the narrowband input light
to leak through the second PBS. Small fluctuations in the polarization of light exiting the SMF
are present due to changing air currents and vibrations, which leads to the range in measured
polarization extinction values.

The integrated spectral intensity of the leakthrough is ∼ 75× that of the switched signal pulse
(see Fig. 2). Although this may seem insurmountable for many applications, the short duty-cycle
of the switch (∼ 300 fs × 80 MHz = 2.4 × 10−5) actually generates switched pulses with a
peak intensity ∼ 3200× higher than the leakthrough. Many options exist to reduce the effects
of leakthrough including implementing polarizers with higher extinction ratio, increasing the
repetition rate of the pump [12], employing active feedback control on the λ/4 waveplate after the
SMF [24], performing nanosecond electro-optic modulation before the switch, electronic filtering
using a fast detector, or even implementing a second switch. Here, background subtraction is
employed to overcome the bright integrated spectral intensity of the leakthrough, where the
signal and pump are periodically chopped while continuously collecting spectra. These spectra
are sorted into four categories, averaged, and used to generate the switched spectrum:

Iswitched = (I1 − I2) − (I3 − I4), (3)

where I1, I2, I3, and I4 correspond to spectral data respectively sorted into categories: (1) signal
on, pump on; (2) signal on, pump off; (3) signal off, pump on; and (4) signal off, pump off.
Despite improvements from this method, a variable leakthrough signature still obscures the
∼ 783.0− 783.5 nm region and is thus excluded from all switched spectra presented in this article.
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Fig. 2. Switched spectrum of generated pulses (blue data points) about the CW signal
spectrum (shaded in orange) with 30% switching efficiency. Switched spectrum agrees
with modelled spectrum (solid blue curve) for ∼ 0.6 nJ pump pulses with 367 fs duration
(measured via FROG at the 10-cm SMF output) and shows bandwidth expansion about the
narrowband CW signal spectrum.

3. Results and discussion

The anticipated bandwidth expansion of the switched signal light (configuration (a) in pump
modulation inset of Fig. 1) is shown in Fig. 2, where the switched spectrum is evidently broadened
with respect to the signal leakthrough (input CW spectrum). Experimental data is compared
with the fast-Fourier transform (FFT) of the temporal model (Eq. (1), assuming a Gaussian pump
pulse of duration 367 fs) for verification and estimation of the generated pulse duration. The
data and model are normalized relative to the signal leakthrough for comparison. The switched
spectrum agrees with the modelled spectrum, though the model underestimates the intensity of
the switched light at its tails. This is attributed to chirping of the pump pulse within the 10-cm
SMF, which is not fully accounted for in the model. Given that the FFT of the model and the
measured switched spectrum are in good agreement, it is inferred that the switched pulses are
near transform-limited. For the experimental parameters associated with Fig. 2 (∆τpump = 367 fs,
λpump = 805 nm, λsignal = 783 nm, Lfiber = 10 cm, and pump pulse energy 0.6 nJ) the model
estimates a generated pulse duration of 305 fs. For 30% switching efficiency, this switching
window leads to generated pulse energies of ∼ 0.03 fJ.

With the demonstrated ability to carve out ultrafast pulses from a CW beam and a reliable
method for estimating the generated pulse duration, pump pulse modulation is introduced to
demonstrate customizability of generated pulses. First, chirp is introduced in the pump pulses
to control the duration of generated pulses. Pump pulses are chirped by adding 5, 10, or 15
cm of SF11 glass to the pump beam path (see (b) in pump modulation inset in Fig. 1). The
addition of SF11 glass stretches the pump pulses, measured via FROG at the 10-cm SMF output,
from 415 fs (no SF11 glass) to 550 fs, 675 fs, or 735 fs (with 5, 10, or 15 cm SF11, respectively).
Pump pulse energies are 0.56 nJ, 0.75 nJ, 0.94 nJ, and 1.3 nJ for 0, 5, 10, and 15 cm SF11 to
maintain 30% switching efficiency. As anticipated by the time-frequency relationship, narrowing
in the switched spectra is observed for increasing pump pulse duration. This is shown in Fig. 3,
where spectral bandwdith tunability from 1.6–2.9 nm is demonstrated. By comparing measured
switched spectra to an FFT of the corresponding temporal model, measurements of generated
pulse duration are again estimated (provided in Table 1). With 0–15 cm of SF11 glass, the switch
is capable of generating pulses with customizable duration from 330–570 fs, where generated
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pulses are shorter than associated pump pulses due to the quadratic sinusoidal dependency of the
switching profile in Eq. (1).

Fig. 3. Spectral bandwidth of generated pulses controlled with pump pulse duration.
Switched spectra (coloured data points) agree with respective modelled spectra (matching
coloured curve) for pump durations of 415 fs (blue), 550 fs (red), 675 fs (yellow), and 735 fs
(purple).

Table 1. Modulation of generated pulse duration by chirping pump pulses (measured by FROG at
SMF output) with SF11 glass.

SF11 Glass Added Pump Pulse Duration Generated Pulse Duration

(measured via FROG) (estimated from model)

0 cm 415 fs 330 fs

5 cm 550 fs 435 fs

10 cm 675 fs 525 fs

15 cm 735 fs 570 fs

In addition to generating ultrafast pulses with tunable spectral bandwidth, sequences of two
and four switched pulses are achieved by adding birefringent media (α-BBO crystals) to the pump
beam path (see (c) in pump modulation inset in Fig. 1). Two-pulse trains are prepared using a
single α-BBO crystal (with a thickness of either 5 or 10 mm), and a four-pulse train is prepared
using two α-BBO crystals (of thickness 5 and 10 mm). The fast axis of the α-BBO crystals are
oriented at 45◦ with respect to the pump polarization and components of a single pump pulse that
are polarized along the fast and slow axes of a single α-BBO crystal are temporally separated into
two pulses that are cross-polarized. The temporal separation is set by the thickness of the α-BBO
crystal. Following each α-BBO crystal, the orthogonally polarized pulse pair is projected onto a
single polarization by a PBS.

Pump pulse trains separated by some known delay, ∆τdelay, carve out trains of switched pulses
separated with the same delay. A train of switched pulses leads to spectral interference with
fringe spacing: ∆ω = 2π/∆τdelay [25,26]. Spectral interference in the switched spectra for three
different pump pulse train sequences is measured (left column in Fig. 4) and converted to the
frequency-domain using a linear interpolation, after which the IFFT can then be taken (right
column in Fig. 4). The IFFT results show: (a) one peak at 2.10 ps, (b) one peak at 4.38 ps, and (c)
three peaks at 2.13 ps, 4.36 ps, and 6.50 ps. These results are consistent with the generated delays
predicted by the polarization-dependent group velocity of α-BBO: (a) two pulses separated by
2.15 ps, (b) two pulses separated by 4.30 ps, and (c) four pulses separated by 2.15 ps. The peak at
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0 ps in each IFFT corresponds to the sum of the spectral profiles for all pulses present, and thus
has a higher intensity than subsequent peaks corresponding to the interference [26]. These results
demonstrate control over pulse sequence which, with tunable wavelength, duration, and temporal
separation, could be useful, for example, in low-intensity Ramsey-comb spectroscopy [27,28].

Fig. 4. Switched spectra (left) and respective IFFTs (right) for input pump trains of: (a)
two pulses, separated by 2.15 ps; (b) two pulses, separated by 4.30 ps; and (c) four pulses,
separated by 2.15 ps.

4. Conclusion

In summary, we demonstrated ultrafast pulse generation from a CW diode laser via the optical
Kerr effect in only 10 cm of commercially available SMF. The device achieves temporally
configurable pulses, and the technique provides a reliable means of switch speed characterization
which can be extended to any all-optical switch [29–32]. Sub-nanojoule pump energies are
sufficient and no active stabilization is required, making the implementation simple. Though
switched pulse energies are low (sub-femtojoule), they are sufficient for transient pump-probe
spectroscopy, and pulse characterization in the time-domain could be achieved using temporal
analysis, by dispersing a pair of light electric fields (TADPOLE) [33]. It is expected that a
range of CW sources could be implemented to achieve pulse generation over a wide range of
wavelengths (i.e., 0.375–1.5 µm), noting that the signal, pump, and Kerr medium should be
chosen appropriately for desired wavelength and duration of the generated pulses. The generated
pulse duration is limited by the pump pulse duration and pump-signal walkoff in the Kerr medium;
therefore, employing shorter pump pulses or exploiting dispersion engineering in photonic
crystal fiber (PCF) could be used to generate shorter pulses. Another prospect for this device
includes full fiber integration with, for example, a CW fiber laser input signal and a gigahertz
fiber oscillator pump, which provides another means of reducing signal leakthrough. With some
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modifications, this switching technique is anticipated to be beneficial in ultrafast time-gating
applications including, for example, improving timing selectivity in both microscopy [34] and
spectroscopy [35]. Beyond the classical realm, this is expected to be a useful tool in quantum
optics, such as in the conversion of photonic qubits [14] and quantum metrology [36,37].
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