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Amplifier-based pump-probe systems, while versatile, often
suffer from complexity and low measurement speeds, espe-
cially when probing samples require low excitation fluences.
To address these limitations, we introduce a pump-probe
system that leverages a 60-MHz single-cavity dual-comb
oscillator and an ultra-low noise supercontinuum. The setup
can operate in equivalent time sampling or in programmable
optical delay generation modes. We employ this system to
study the wavelength-dependent excited-state dynamics of
the non-fullerene electron acceptor Y6, a compound of inter-
est in solar cell development, with excitation fluences as low
as 1 nJ/cm2, well below the onset of nonlinear exciton annihi-
lation effects. Our measurements reach a shot-noise limited
sensitivity in differential transmission of 3.4·10–7. The results
demonstrate the system’s potential to advance the field of
ultrafast spectroscopy.
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Ultrafast optical spectroscopy is a powerful tool for characteriz-
ing the non-equilibrium optical response of samples, including
biomolecules, organic and inorganic substances and hybrid
semiconductors [1]. Among the different available techniques,
the most widespread is pump-probe spectroscopy, in which a
first pump pulse excites the sample, and a second time delayed
probe pulse measures the differential transmission (∆T/T) or
reflection (∆R/R). Often pump-probe spectroscopy is combined
with microscopy, thereby retrieving simultaneously the spa-
tial and temporal information [2–5]. The rich physics of these
diverse samples requires versatile multi-color light sources, to be
able to excite different optical transitions and probe the spectral
signatures of the photoexcited species.

Typical pump-probe setups are based on amplified laser sys-
tems, which consist of a femtosecond oscillator and a laser
amplifier, producing pulses with µJ-to-mJ energy and 1–100 kHz
repetition rate, possibly followed by optical parametric ampli-
fiers to tune the pump and/or probe wavelength. In these setups,
the pump-probe delay is typically scanned using a mechan-
ical delay line [6]. Such systems are generally complex and
challenging to integrate into cost-effective microscopy setups.
Additionally, the reduced pulse repetition rate in amplified sys-
tems lowers the sampling rate, reducing the sensitivity and
potentially limiting imaging applications.

An alternative approach to pump-probe systems is to use
only oscillators, resulting in sources with higher repetition rate
f rep≈ 100 MHz and moderate pulse energies of a few tens of
nanojoules. Using a pair of oscillators with a slight repetition
rate difference ∆f rep is a convenient way to enable rapid optical
delay scans, as the time delay between subsequent pulse pairs
is continuously swept. In this equivalent time sampling (ETS)
approach [7], also referred to as asynchronous optical sampling
(ASOPS) [8], features with characteristic frequencies in the THz
range are scaled by the ratio ∆f rep/f rep down to the electronically
accessible MHz range. This frequency range, in comparison to
DC, is beneficial since the signal noise is then dominated by the
detector shot noise, thus allowing to achieve an ultra-low noise
floor. However, ETS systems typically employ two oscillators
emitting at the same wavelength, so that pump and probe pulses
are degenerate. To achieve independent tunability of pump and
probe wavelengths and low noise operation, it is usually nec-
essary to deploy more complex systems based on Ti:sapphire
lasers or optical parametric oscillators [9,10]. A further issue
with ETS systems is that they inherently scan the optical delay
between the pulses over a range 1/f rep≈ 10 ns, which may be too
large for certain applications.

In this work, we leverage two recent innovations: the devel-
opment of polarization-maintaining all-normal dispersion (PM-
ANDi) microstructured fibers compatible with ultra-low noise
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Fig. 1. (a) Experimental setup. AOM, acousto-optic modulator
(only for the programmable delay experiment); SHG, second har-
monic generation; HWP, half-wave plate; PBS, polarizing beam
splitter; SCG, supercontinuum generation; FI, Faraday isolator;
BPD, balanced photodetector; DAQ, digitizer. (b) Probe spec-
trum as obtained directly from the oscillator, after PM-ANDi fiber
and few selected slices after spectral filtering. (c) Relative inten-
sity noise (RIN) power spectral density for selected bands of the
supercontinuum and the oscillator (1050 nm).

supercontinuum generation [11], and dual-comb bulk solid-state
lasers implemented in a single-cavity with a biprism approach
[12]. Combining these technological advances, we present a
simple, yet high-performance multi-color pump-probe system
based on ETS, scanning an optical delay of 16.6 ns, from a
60-MHz pulse repetition rate, at speed up to 1 kHz. We also
implement programmable optical delay generation of the oscil-
lator via an electronic feedback loop that uses time-to-digital
converters (TDCs) to measure the delay between the two pulse
trains [13]. We finally apply this multi-color pump-probe system
to study the non-fullerene electron acceptor (NFA) Y6, a com-
pound of significant interest in organic solar cell development
[14]. We characterize the sample’s behavior at fluences as low as
1 nJ/cm2, for which nonlinear effects due to many-body kinetics
are negligible.

Figure 1(a) shows the experimental layout. Given the low
fluence on the sample and the need to measure at multiple
probe wavelengths, the supercontinuum noise needs to be suffi-
ciently low to resolve small ∆T/T signals. Recent research has
explored PM-ANDi supercontinuum for oscillator-based pump-
probe applications [15,16]. However, to our knowledge, it has
not been used in ETS configurations.

We address the need for two lasers in the ETS approach by
using a single-cavity dual-comb laser system in which both
lasers share the same cavity arrangement, thereby simplifying
the system hardware considerably. The laser system, similar to
the one reported in [12,17], is a spatially multiplexed (via a
biprism) solid-state laser delivering 2.2 W of average power per
pulse train at a center wavelength of 1050 nm. The biprism is
mounted on a piezoelectric stage which allows fine control of
the repetition rate difference ∆f rep. For the ETS experiment ∆f rep

was set to 600 Hz, and the sum-frequency generation coinci-
dence signal served as signal acquisition trigger and ∆f rep drift
stabilization signal.

One beam (pump) has been frequency-doubled in a 5-mm-
long lithium triborate (LBO, θ= 90°, φ= 12.6°) crystal. The
second harmonic was collimated by a pair of cylindrical lenses
to compensate for the beam ellipticity due to the spatial walk-
off in the LBO. The second harmonic generation efficiency was
50%.

The other output beam (probe) was spectrally broadened in a
20-cm-long PM-ANDi fiber. We used NL-PM-1050-NEG (NKT
Photonics) fiber with collapsed air-holes to increase the cou-
pling efficiency. We could obtain 54% coupling efficiency in
the nonlinear fiber. A Faraday isolator was included to mitigate
backreflection from the fiber tip. Because of the isolator disper-
sion, the pulse duration at the fiber input was 186 fs, based on
a second-harmonic autocorrelation measurement. A half-wave
plate before the PM-ANDi was used to find the lowest noise
point. Spectral filtering of the supercontinuum was realized by
a combination of bandpass and shortpass filters (from a set of
FESH1000, FL850-10, FBH1050-10, Thorlabs) to select ∼10-
nm-wide spectral slices. The probe wavelength was fine-tuned
by tilting the bandpass filters. The obtained supercontinuum
spectrum and few representative spectral slices are shown in
Fig. 1(b).

An important feature of driving the PM-ANDi supercontin-
uum generation with bulk solid-state lasers is that the resulting
source can have ultra-low relative intensity noise (RIN) at the
shot-noise level even after spectral filtering, as demonstrated
recently in a related work using a gigahertz dual-comb pump
laser [18]. In that study the spectral filter was implemented with
a monochromator, which would be an alternative to the discrete
filters used in this work. Compared to [18], the 60-MHz laser
used here has >10 times as much pulse energy available and
about twice as long pulse duration. Hence, it supports more
self-phase-modulation in the fiber, which leads to a broader
output spectrum but also to more noise, particularly around the
central wavelength [19]. Accounting for this trade-off, the super-
continuum generation was performed with 300 mW of average
power inside the nonlinear fiber, corresponding to 24 kW of
peak power. The obtained optical bandwidth covers the range
770 to 1320 nm (−10 dB). Although peak powers up to 90 kW
(in the fiber) were available, and a broader optical bandwidth
could be generated, we observed that the RIN of the spectrally
filtered supercontinuum tended to degrade above 40 kW. Addi-
tionally, higher input power did not necessarily increase the
average power in the selected spectral slices.

We characterized the intensity noise and pulse duration prop-
erties of the selected spectral slices. Figure 1(c) shows the
obtained RIN power spectral density, and Table 1 summarizes
the results. The average power on the photodiode was adjusted
with neutral density filters to obtain a comparable average pho-
tocurrent in each measurement. We observed that the 800- and
850-nm spectral slices were close to the shot-noise limit, while
the 950-nm spectral slice exhibited 10 dB of excess noise. Never-
theless, the observed noise floor around 1 MHz offset frequency
is >50 dB lower compared to the typical performance of the
soliton-based supercontinua generated from anomalous disper-
sion fibers [20]. The average power per slice is on the order of a
few mW, which is sufficient to act as a probe in the experiment.

The 525-nm pump beam was shaped to a relatively large 700-
µm 1/e2 radius spot to support a range of peak fluence values
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Table 1. Laser and Supercontinuum Performance Sum-
mary

Oscillator
(1050 nm)

800 nm 850 nm 950 nm

Power (mW) 2200 2.2 5.3 8.2
Pulse duration (fs) 186 181 129 331
RIN at 1 MHz
(dBc/Hz)

<−158 −153 −153 −145

Characterization
shot-noise limit
(dBc/Hz)

−158 −155 −156 −155

Average photocurrent
(mA)

2.1 1 1.24 1.14

on the sample from 1 nJ/cm2 to 1 µJ/cm2 (0.5 to 500 mW). The
probe beam size was 200 µm 1/e2, so that it samples the peak
fluence of the pump. Before reaching the sample, the probe
beam was split using a half-wave plate and a polarizer into two
parts: one for the sample and one for the reference signal. We
used a balanced photodetector (PDB425, Thorlabs) followed by
a digitizer (PCI-5122, National Instruments) for three reasons:
(1) the balanced detector contains an integrated transimpedance
amplifier, increasing the signal strength above our digitizer noise
floor; (2) it is configured to achieve shot-noise limited perfor-
mance with an average power of 0.1 to 1 mW, which is a suitable
range considering the probe power loss on the sample; and (3)
it allows cancellation of the oscillator’s low-frequency noise.

We used our multi-color pump-probe system to study the NFA
Y6 [21]. NFAs are small molecules with bandgap tunable by syn-
thetic design which have dramatically increased the efficiency
of organic solar cells, by contributing to light absorption and
charge separation [22]. However, in typical pump-probe exper-
iments with amplified systems, NFAs are excited with fluences
higher than 1 µJ/cm2, which can induce many-body kinetics and
alter excitation lifetimes [23].

First, we perform ETS measurements at 800-nm probe
wavelength, where we observe a positive ∆T/T signal due
to ground-state bleaching (GSB), to determine the maximum
pump fluence that can be used before the onset of nonlinear
exciton–exciton annihilation effects. We study a Y6 NFA film
deposited on a glass substrate. Because the sample is suscep-
tible to photo-oxidation, during the experiment it is placed in
a vacuum chamber. An averaging time of around 9 min per
trace was chosen to obtain sufficient sensitivity for the low flu-
ence acquisitions. The data is shown in Fig. 2(a). Starting from
pump fluences as low as ≈1 nJ/cm2 and increasing the fluence,
the sample’s ultrafast response does not change significantly
until ≈510 nJ/cm2 where it starts to decay faster, which can be
explained by the onset of bimolecular decay processes [24].
At low pump fluences the ∆T/T signal decays to 50% of its
peak value after around 230 ps, whereas at 1 µJ/cm2 the decay
occurs within 144 ps. This highlights that low excitation flu-
ences, well below 1 µJ/cm2, are needed to prevent many-body
kinetics that are not present under natural sunlight excitation.
Such low fluences are hard to reach with low repetition rate
(kHz) pump-probe systems, since the signal would be deep in
the noise floor.

Next, we study the sample response at different probe wave-
lengths. Figure 2(b) shows the observed response obtained at
800, 850, and 950 nm. The ∆T/T signal is strongest at around
850 nm, which is also close to the reported peak of the linear

Fig. 2. (a) Lin-log represented ∆T/T dynamics in case of 525-
nm pump and 800-nm probe at different fluences on the Y6 film.
Data points marked by crosses indicate programmable delay pump-
probe signal obtained at 1020 nJ/cm2 pump fluence. (b) Lin-log
represented ∆T/T dynamics at 510 nJ/cm2 pump fluence at different
probe wavelengths.

absorption spectrum of Y6, and where we also observe a GSB
[25]. At 950 nm, on the other hand, the ∆T/T signal changes
sign, and we detect a photoinduced absorption from the excited
state. We observed that the rising edge of the sample response
features a pedestal, likely due to electronic signal processing
during data acquisition. Given a ∆f rep of 600 Hz, the Nyquist
frequency of 30 MHz corresponds to an optical frequency of
3 THz. Therefore, a 15-MHz analog bandpass filter was included
to avoid aliasing, resulting in an effective time resolution of
around 666 fs.

We evaluate the measurement noise floor by calculating the
standard deviation at negative delays. We found that at 850-
nm probe wavelength we obtained an ultrahigh sensitivity of
3.4·10–7 ∆T/T rms over approximately 9 min of measurement
time (≈300,000 full traces) while the measurement at 950-nm
had 7.5·10–7 ∆T/T rms. The measurements at 850 and 800 nm
were limited by the shot noise, while the 950-nm noise floor was
affected by the elevated supercontinuum noise, suggesting that
balancing was not effective, potentially due to high frequency
noise, not perfect optical path difference matching or the fact
that a polarizer was used to split the probe into the two beams.

The ETS mode achieved high sensitivity over the complete
16.6-ns time window, sampled at equidistant steps of 166 fs. This
sampling is ideal for measurements such as picosecond ultra-
sonics [17]. However, many pump-probe processes exhibit an
exponential decay, where logarithmic temporal sampling could
be more efficient. Such sampling can be obtained by making
small changes of ∆f rep around a nominal value of 0 Hz in order
to phase-lock the delay between the two pulse trains [26]. Using
lasers with low timing noise is beneficial since only jitter up to
the feedback servo bandwidth can be compensated. This makes
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single-cavity dual-comb lasers interesting candidates since their
ultra-low relative timing jitter implies that only a slow feedback
is required.

An interesting route to simplify the electronics required for
programmable delay scanning is to use TDCs. We measure each
comb with a 1 GHz photodiode and send the obtained signals
to a custom electronics board, as reported in [13]. Based on
the relative arrival time of the pulses in both combs a feedback
signal acts on the biprism inside the cavity, which allows to
obtain a proof-of-concept log-scale delay-sampled pump-probe
signal.

To estimate the obtainable relative timing precision, we first
sent the same pulse train to the two inputs of the board, which
would ideally yield a constant delay since the delay between
two copies of a single pulse train is measured. For relative delay
sampling at 100 Hz and 1 kHz over a 10-s window, we observed
standard deviations of 540 and 654 fs, respectively. As the tim-
ing measurement precision no longer improved with the square
root of the number of averages, we concluded that the measure-
ment is limited by the 1/f noise of the electronics. Therefore, we
can expect sub-ps timing precision when setting delays, which
is sufficient for most pump-probe applications including the Y6
measurements. In this case, to shift the measurement signal away
from the DC, we used an acousto-optic modulator (AOM) in a
single pass configuration in the pump path, modulating the pump
at the AOMs fastest rate of 500 kHz. We used a 100 ms integra-
tion time per programmable delay time window. The obtained
time trace matched the ETS data [Fig. 2(a)]. We collected 22
data points, which theoretically could be acquired in just a few
seconds, however manual delay entry was used in this instance.
The resulting time trace had a somewhat higher noise level, indi-
cating that a more dedicated study would be needed to optimize
the programmable delay pump-probe implementation. For this
aspect of our work, we focused on a proof-of-concept demonstra-
tion, as pump-probe noise floor optimization with modulators is
already well researched and understood [10]. If optimized, the
programmable delay implementation should yield an even lower
noise floor than the ETS configuration.

In summary, we demonstrated a versatile and high-
performance multi-color pump-probe system combining ETS
with a single-cavity dual-comb oscillator with PM-ANDi
supercontinuum generation and programmable optical delay
generation modes. This system achieves ultrahigh sensitivity
measurements across a wide spectral bandwidth and performs
rapid, long optical delay sweeps, making it exceptionally well-
suited for sensitive pump-probe experiments. As an example,
we demonstrate the study of an organic solar cell material under
conditions relevant for practical applications, with ultra-low
excitation fluences close to real-world ambient illumination.
We also achieved, to our knowledge, the first demonstration
of programmable optical delay generation for a single-cavity
dual-comb laser. Future improvements could include imple-
menting modulated delay sweeps around a limited time window
to mitigate 1/f noise, similar to ECOPS [26] or MASOPS [27]
approaches.
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