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We demonstrate a temporal imaging system that can capture events with unknown time-of-arrival in the time domain
without the need to synchronize the signal. The temporal imaging system is based on a time-lens that uses a high
repetition-rate fiber laser for the pump wave together with a time-stretch scheme. After dispersion, the timing between
adjacent pump pulses is smaller than the pulse width. Therefore, the signal interacts with one of the pump pulses with
high probability, regardless of its arrival time. We discuss the intensity dependence and temporal aberrations of such an
imaging system and demonstrate a direct temporal imaging of the build-up dynamics of solitons.

The equivalent between diffraction of light in free space
and dispersion of pulses as they propagate in dispersive ma-
terials has led to the invention of novel temporal imaging
schemes1–4. These temporal imaging schemes can image and
capture short signals in time5, they can magnify or compress
them6, and map their optical spectrum to the time domain and
vice versa7.

Temporal imaging schemes are based on time-lenses which
induce a quadratic phase shift in time. This is the equiva-
lent to spatial lenses based on geometric diffraction which in-
duce a quadratic phase shift in space. The first demonstrated
time-lenses were based on electro-optical modulators that are
limited in speed1–4. We focus on time-lenses that are based
on the four-wave mixing process which is a fast process and
can impose the quadratic phase on the signal via a nonlin-
ear interaction with a pump wave8,9. These time-lenses can
induce larger phase-shifts over short time periods, leading to
stronger time-lenses than possible with electro-optics modu-
lators9–13. With these time-lenses, we demonstrated different
types of temporal imaging schemes14–20 and utilized them to
measure and investigate rare ultrafast events21,22.

However, since such time-lenses rely on the interaction be-
tween the incoming signal wave and a tailored pump wave,
it is crucial to synchronize the pump wave with the incom-
ing signal wave. Only when both the signal and pump waves
overlap in time, they can interact and generate the idler wave.
Thus, it is challenging to overlap the pump pulses with sig-
nals that have unknown time-of-arrival and image them in
time. Different methods to overcome this drawback were pre-
sented, such as time-stretch schemes which measure the signal
continuously but only the optical spectrum and not the tem-
poral pulse characteristics23–25. Another technique increased
the repetition rate of the signal wave, but it is not suitable for
imaging single-shot events26.

To overcome this synchronization challenge, we developed
a high filling-factor temporal imaging system, which can im-
age single-shot signals without the need to synchronize them
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to a pump wave and combine it with time-stretch measure-
ments. The main principle behind this temporal imaging sys-
tem is to utilize a high repetition-rate ultrafast laser for the
pump wave of the time-lens, so that after dispersion the tem-
poral gap between adjacent pump pulses is smaller than the
pulse width. Therefore, when a signal wave enters the time-
lens, it will interact with one of the pump pulses with high
probability, regardless of its time-of-arrival. The time-stretch
measurement indicates the arrival timing of the signal com-
pared to the time-lens which enables to compensate for the
pump intensity profile and to take into account the temporal
aberrations of imaging with the edge of the lens. Finally, we
utilized the system for investigating the build-up dynamics of
solitons with high resolution. Our system is similar to tempo-
ral schemes with multiple time-lenses which were presented
by us14,18–20 and others27,28. However, in all of those systems
the arrays of time-lenses were limited in time since there were
longer dark periods without a pump wave between adjacent
arrays. Further, these temporal imaging scheme had a filling
factor of less than 1%, while here we demonstrate a continu-
ous array of time-lenses with a high filling-factor of more than
50%.

Similar high repetition-rate time-lenses were developed for
analyzing 160 Gb/s input signals by Fourier transforming the
input signal29. While this system had time-lenses with high
repetition-rate, similar to our idea, the system was engineered
solely for Fourier transform without the ability to obtain high
magnification of ultrashort signals and only for incoming bits
with known time-of-arrival. This was necessary for obtain-
ing specific wavelengths for each channel. However, in our
system, we developed a temporal imaging system with large
magnification, high filling-factor, and high temporal resolu-
tion, which we combined with time-stretch measurements, for
investigating ultrafast signals with unknown time-of-arrival.

Our system is schematically shown in Fig. 1. A custom-
designed erbium-doped fiber laser with a 3 nm bandwidth a
1 ps temporal width, and a peak power of 1kW , serves as a
pump laser. The pump wave is provided by a high repetition-
rate ultrafast laser based on a soliton mode-locking in con-
junction with a semiconductor Bragg reflector as a saturable
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FIG. 1. Schematic of a high filling-factor temporal imaging system
based on a 8 GHz repetition-rate time-lens combined with a time-
stretch measurement. Lengths of the fibers in the system: DCFp
= from 100 m to 500 m; DCFi = from 50 m to 250 m; HNLF =
500 m; SMFi = 5 km. The dispersion of the DCF (Thorlabs DCF38)
is about −38ps/nm/km, the dispersion of the SMF (Corning SMF-
28) is about 18ps/nm/km, and the dispersion of the HNLF (ofs
HNLF zero-slope) is negligible. (a) Measured spectrum of the pump
(1553 nm) and signal (1565 nm) waves. (b) Measured spectrum of
the generated idler wave.

absorber30–34. The total cavity length of this linear laser is
10cm leading to a repetition-rate of 1GHz34,35. This initial
pump pulse sequence is multiplied with splitters and free-
space delay lines to obtain an 8 GHz pulse train.

The 8 GHz pulse train is sent to the time-lens serving as the
pump wave, where each pump pulse generates a single time-
lens. The pulse duration compared to the separation between
them sets the filling-factor of our system. A higher filling-
factor means that when an input signal arrives it has a higher
probability to interact with a pump pulse while a lower filling-
factor implies that the input signal can potentially be missed.
On the other hand, the amount of dispersion sets the power of
the time-lens and its F-number. A smaller accumulated dis-
persion value leads to a higher F-number and stronger time-
lens1,3. So, when designing the high filling-factor time-lens
scheme, there is a trade-off between choosing a higher dis-
persion for wider time-lenses leading to a higher filling-factor
on one hand, or a smaller dispersion for a higher F-number
leading to a larger magnification on the other hand.

To demonstrate this trade-off, we designed time-lenses with
five different values of focal distances by replacing the dis-
persion fibers for the pump and signal waves. Specifically,
we replaced the pump fiber, DCFp, to be 50, 100, 150, 200
and 250 m, while replacing the signal fiber, DCFs, to be half
the length of DCFp to maintain imaging conditions. Then we
measured the duration of each time-lens and its magnification
when considering the same dispersion values for the signal
and idler waves. The results are presented in Fig. 2 together
with the numerical calculations showing a good agreement be-
tween the experimental measurements and the theoretical pre-
dictions. The time-lens width increased linearly from 20 ps
to 70 ps, by increasing the pump dispersion, which increased
the filling-factor. However, the magnification of the time-lens
decreased, as illustrated in Fig. 2 from a maximum magnifi-
cation of 50 to a value smaller than 10.

Next, we maximized the time-lens width to obtain the high-
est filling-factor possible by our system, while working with
a temporal magnification around 10. With this system, we
temporally-imaged a pulse train of 3 ps with a bandwidth of 1
nm and a repetition-rate of 100 MHz. Since the repetition-rate
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FIG. 2. Measured (dots and circles) and calculated (solid lines) re-
sults of the width and magnification of a time-lens as a function of
the dispersion of the pump.

of the input signal differs from the pump pulse sequence of the
time-lenses, each input pulse arrived asynchronously with a
different timing compared to the high filling-factor time-lens
pulses. By comparing the number of pulses imaged by the
time-lenses to the number of pulses generated by the laser, we
found that over 70% of the input pulses were imaged indicat-
ing a filling-factor of over 0.7.

In addition to the time-lens which images the intensity as
a function of time, a time-stretch measurement system was
added. The input signal was temporally dispersed by pass-
ing through a 50 km long fiber and then detected by a high
speed photodetector connected to a fast oscilloscope. Thus,
the recorded measurements at the oscilloscope represents the
optical spectrum of each pulse of the input signal based on
the dispersive Fourier transform23–25. The two complemen-
tary measurements of the dispersed spectrum and the temporal
image are shown in Fig. 3(a) where the dashed blue curve de-
notes the dispersive Fourier spectrum and the solid red curve
denotes the temporal image of the input signal. The spectrum
of the input signal has a simple Gaussian shape with 2 nm
width at half maximum, corresponding to a Gaussian pulse of
2 ps. Each signal pulse interacts with a different part of the
dispersed pump and therefore generates an idler at a differ-
ent wavelength. This specific wavelength which propagates
through the 50 km of SMF, leads to a different timing com-
pared to the spectrum measurement. Also, given the temporal
pump pulse profile, signals which interacted with the center
of the pump pulse generated idler waves with higher intensity
than signals which interacted with the off-center parts of the
pulse. Therefore, the intensity of the idler waves maps the
intensity distribution of the pump as a function of time. We
evaluated the intensity of the image, I, as a function of the
signal offset compared to the pump timing ∆τ . The results are
shown in Fig. 3(b), showing a Gaussian like shape which is
identical to the pump pulse intensity distribution. The Gaus-
sian is maximized at 2 ns and not 0 ns due to differences in the
fiber lengths of the time-lens detector and the time-stretch de-
tector. By comparing the time-lens and the time-stretch mea-
surements, we obtained the offset between the signal and the
center of the time-lens and, thanks to the pump intensity map-
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FIG. 3. Temporal imaging of an ultrafast pulse train at a 100 MHz
repetition rate by our temporal imaging system. (a) Solid red curve
- temporal image of the input pulses by the high filling-factor time-
lens scheme; dashed blue curve - spectrum measurement by the time-
stretch scheme. (b) The intensity of the high filling-factor time-lens
output as a function of the timing difference between the time-lens
output and the spectral measurement with the time-stretch scheme.
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FIG. 4. Temporal aberrations of the imaging system as a function
of the signal offset compared to the time-lens center. (a) The out-
put FWHM pulse, shown in the inset, is related to the second order
aberrations. (b) The output pulse symmetry, namely the difference
between the slopes as shown in the inset, is related to the third order
aberrations.

ping, we compensate for the differences in the pump intensity.
We measured the pulse width and symmetry as a function

of the signal offset compared to the time-lens center which re-
lates to the temporal aberrations of the imaging system. The
second order aberrations increase the width of the pulse while
the third order aberrations influence the pulse symmetry36.
Fig. 4(a) presents the width of the pulse at FWHM where
the stairs-like shape is due to our temporal resolution limit.
Fig. 4(b) evaluates the symmetry of the pulse by comparing
the intensity slope at the two sides of the pulse, where the cor-
rect slope is 0.22 W/ps and the aberrations are less than 0.04
W/ps. The results reveal that the left side of the time-lens
(negative signal offset) has negligible second and third orders
aberrations while the right side of the time-lens (positive sig-
nal offset) has higher aberrations. By detecting the signal off-
set compared to the time-lens center, we can compensate for
the pump intensity profile and can take into account the tem-
poral aberrations37.

Next, we utilized our temporal imaging system for measur-
ing directly the build-up dynamics of solitons. The solitons
showed rich dynamics in different systems including soliton
exploding, pulsing, and breathing38–42. The soliton dynamics
in fiber lasers are especially important since these govern the
various ultrafast operating regimes43. Soliton dynamics were
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FIG. 5. Spectral measurements of the soliton build-up with the time-
stretch system. (a) Measured output spectrum after each round-trip
showing the soliton build-up at round-trip 0. (b) Pulse intensity and
spectral bandwidth of the laser output as a function of the round-
trip number. (c) Spectral measurement of such a soliton by an opti-
cal spectrum analyzer. (d) Cross-correlation measurement of such a
soliton, indicating a temporal width of 900 fs.

investigated in fiber-lasers so far either in a direct measure-
ment with low temporal resolution43,44 or with a time-stretch
scheme which retrieved only the spectrum45–48.

We generated solitons in a fiber laser cavity and measured
their build-up dynamics. We measured the spectrum of the
soliton with a time-stretch configuration and the intensity with
our temporal imaging scheme after each cavity round-trip.
The time-stretch measurements confirmed similar trends that
were previously observed by Peng and Zeng48. However, as
the time-stretch scheme only measures the spectral intensity,
the spectral phase was lost, which can lead to uncertainty in
the reconstructed dynamics. With our temporal imaging sys-
tem, we observed directly the build-up dynamics of solitons
and compared the evolution to the retrieved spectrum. The
time-stretch results are shown in Fig. 5 where the measured
spectrum of the laser output is plotted in Fig. 5(a) after each
round-trip. We denote the start of the soliton build-up as
round-trip number 0. The laser output intensity and bandwidth
as a function of the round-trip number are shown in Fig. 5(b).
We also show in Fig. 5(c) and (d) the typical spectrum and
cross correlation measurements of the soliton taken with an
optical spectrum analyzer and a cross-correlator.

In parallel to the time-stretch measurements, we measured
the soliton build-up process with our temporal imaging sys-
tem. For detecting the temporal shape of each soliton with
a sub picosecond temporal resolution, we traded off the fill-
ing factor for increased temporal magnification. Due to the
reduced filling factor, we detected each pulse every 15 round-
trips, which continues to provide a higher filling-factor than
previously temporal imaging system with large magnification.
Representative results are shown in Fig. 6 where we observe
the evolution of the pulse build-up. In the inset, we show
the pulse at 200 round-trips before the soliton build-up, the
pulse during the build-up process, and 500 round-trips after
the build-up process. These results show the width of the pre-
soliton pulse at around 15 ps while the soliton has a width of
3 ps.

To conclude, we developed a temporal imaging system with
a high filling-factor of 0.7 which can image signals without the
need to synchronize them to a pump wave. We discussed the
different considerations for designing such a temporal imag-
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FIG. 6. Temporal imaging measurement of the soliton build-up in an
ultrafast fiber laser. The inset shows zoom-in of three representative
pulses before, during and after the soliton build-up process.

ing scheme regarding the magnification and filling-factor of
the time-lens and considered the pump intensity profile and
the temporal aberrations. Finally, we demonstrated our tem-
poral imaging system by directly measuring the build-up dy-
namics of solitons with high temporal resolution. Our results
indicate that current investigations of ultrafast events with the
time-stretch method can benefit by our high filling-factor tem-
poral imaging system.
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