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Abstract: Time-resolved optical spectroscopies are emerging as a go-to technique for non-
destructive testing of nanomaterials. Inspecting the thermal and mechanical properties of a
mesoscale device requires achieving delay times beyond the ns timescale in a nanoscopy setup,
potentially in a vibration polluted environment. These requirements constitute a major challenge
for traditional pump-probe techniques based on moving mechanical delay lines and Lock-in
detection. ASynchronous Optical Sampling (ASOPS) and Electronically Controlled Optical
Sampling (ECOPS), avoiding any moving mechanical part, are good alternatives. However,
their detection scheme is based on fast-balanced photodiodes, which, as a technology, is not
as wide-spread, not as developed and lacks the performance of Lock-in based detection. In
this study, we introduce a novel approach that integrates ASOPS/ECOPS and Lock-in detection
methodologies, eliminating the necessity for a reference signal and streamlining the optical
configuration. By leveraging the strengths of each technique, our approach enhances simplicity
and efficiency. The scheme is first validated against standard approaches in the frame of a
beam-depletion measurement in a sum frequency experiment. It is then tested in a paradigmatic
case study to inspect the mechanics of a single gold nanodisk, with dimensions in the 100 nm
range, nanopatterned on a sapphire substrate. These results widen the range of applicability of
time-resolved optical techniques as a nano-metrology tool to industrial settings.

1. Introduction

Ultrafast time-resolved optical spectroscopy, a consolidated technique in solid-state physics, is
ramping up at a tremendous pace in fields ranging from nano-optics [1-8], nano-phononics
[9-12], to bio-mechanics [13—15] and non-destructive thermo-mechanical nanometrology [16—
27]. Concisely, the technique working principle is as follows [28]. A pump laser pulse
impulsively excites the system varying its optical constants. A time-delayed, low-intensity, probe
pulse measures the transient reflectivity/transmittivity changes as the system’s relaxes back to
equilibrium. The system’s dynamical properties are ultimately encoded in the transient optical
signal.

In its standard implementation, the technique relies on (a) Lock-in detection [28,29] of the probe
beam (at the pump modulation frequency) via a single slow photo-detector and (b) controlling
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the pump and probe temporal delay by changing the optical path of one the beams through a
translating mechanical stage. Pros and cons of the standard implementation stand in points (a)
and (b), respectively. Lock-in detection grants superior signal-to-noise ratio [29]. It relies on
Lock-in amplifiers, that is a well-established, state-of-the art, relatively cheap technology, readily
achievable in most optics lab. On the contrary, controlling the delay-time via a moving-stage may
prove challenging in many situations such as: (i) when the relevant system dynamics extends to
the ns timescale, since a tiny misalignment of the delay line mirrors affects the beams overlap; (ii)
the pump and probe spot sizes are focused to the diffraction limit, e.g., in microscopy applications;
(ii1) in situations where the setup mechanical stability is an issue, as might be the case in an
industrial environment with external vibration sources. Indeed, in the above-mentioned scenarios,
the main challenge is to maintain mutual alignment of the pump and probe beams, on top of
the sample, over long travel ranges of the linear translation stage (1 ns delay-time corresponds
to a 15 cm linear translation stage), while keeping the total acquisition time within reasonable
boundaries. These issues arise for instance in the frame of thermo-mechanical nanometrology of
single nano-objects and non-destructive inspection of meso-scale devices [30].

Among the proposed techniques to overcome these limitations [31], ASyncronous Optical
Sampling (ASOPS) and its variant, Electronically Controlled Optical Sampling (ECOPS), stand
out [32-34]. Both methods are based on two laser sources with synchronized repetition rates
fa and fp, respectively. One laser provides the pump and the other the probe beam. A laser
repetition rate is fixed by the cavity length. Detuning the two cavities by a small frequency
amount A f then allows controlling the delay between the pump and the probe pulses, avoiding
any moving mechanical parts [35]. Because of this advantage ASOPS has been exploited
to inspect the mechanics of single cells [36—38], nanoscale ultrasonic transducers [39], thin
films [20,40-42], polymers [43,44], 2D van der Walls layers [45], phononic crystals [46,47]
and nanowires [48], nondestructive inspection of objects [49], all instances necessitating long
delay times. However, ASOPS and ECOPS require a fast balanced photo-detector for signal
acquisition and a fast digitizer acquisition board, which as a technology is not as wide-spread,
not as developed and lack the performance of Lock-in based detection. Furthermore, the relative
response of the two photo-diodes composing the balanced photo-detector may change during
long acquisitions times, thus biasing the time-resolved signal.

We propose a scheme combining ASOPS and Lock-in detection, merging the pros of both
techniques, that is Lock-in detection and asynchronous optical sampling. The manuscript is
organized as follows. An overview of the time-resolved schemes is provided in Sec. 2, together
with their comparison in Sec. 3. The ASOPS-Lock-in scheme is then presented in Sec. 4. The
scheme is validated against the standard approaches in the frame of a beam depletion measurement
in sum frequency generation, Sec. 5. The scheme is then successfully deployed to inspect the
mechanics of a single gold nanodisk, with dimensions in the 100 nm range, nanopatterned on a
substrate, Sec. 6. This scenario is particularly well suited to test the scheme since it involves
accessing long-delay times in a nanoscopy setup. The case study is thus paradigmatic of situations
where the approach is particularly apt.

2. Overview of time-resolved optical schemes

In an optical pump-probe experiment, the sample’s excitation via an ultrashort laser pump pulse
at time #( leads to a transient optical reflectivity, R(¢), and transmittivity, 7(¢), of the material.
A delayed lower intensity probe pulse is exploited to measure the reflectivity (transmittivity)
variation AR(¢)=R(t) — Ry (AT (¢)=T (¢) — Tp) while the sample relaxes back to equilibrium, with
Ry (Tp) being the equilibrium reflectivity (transmittivity), i.e., in the absence of pump excitation.
By measuring Ry (Tj) with the pump off then allows to obtain the relative transient reflectivity
(transmittivity) AR/Rq (AT /Ty). Here, we schematically review the implementation of the most
common techniques.
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2.1. Standard pump-probe

In the standard pump-probe technique, See Figure 1a), the train of pulses out of a single laser
source is split into a pump and a probe beams. The time delay between the pump and the
probe pulses is controlled varying their mutual path length via a sliding mechanical stage with
maximum travel range L,,,x. The temporal resolution, At = 2Ax/c (with ¢ the speed of light),
and the maximum time delay, £5a5¢ = 2L,,qx/c, are determined by the linear stage minimum
step size, Ax, and maximum traveling range, respectively. The train of pump pulses is modulated
(via a chopper or photoacoustic modulator) at a reference angular frequency w¢pop, serving as
reference for Lock-in detection. The probes intensity is recorded by a slow photodiode (PD) upon
reflection/transmission from/through the sample. The PD output is fed to a Lock-in for detection
at the reference angular frequency wcpop. The Lock-in output is then fed to a computer, this
procedure being repeated for each time-delay step. The Lock-in output is directly proportional to
AR (AT). The longer the integration time of the Lock-in (during which the delay stage remains
in a fixed position), t7, the better the signal-to-noise ratio (S/N).

2.2. ASynchronous Optical Sampling (ASOPS)

The ASOPS technique [50] relies on two synchronized femtosecond lasers with stabilized
repetition rates f4 (pump) and fp = fa — Af (probe), where the detuning Af is such that
0 < Af < f4. With reference to Fig. 2, let us assume that a pair of pump and probe pulses
(pair 1: pulse Al and B1, respectively) are spatially and temporally overlapped on the sample
at time 79 = 0. The next pump pulse strikes the sample at time #; = 1/ f4, whereas the next
probe pulse strikes at time #; + At = 1/(fa — Af). The accumulated time delay between this
pair of pulses (pair 2: pulses A2 and B2) reads, upon Taylor’s expansion, At = Af/ fj. The
time delay between the next pair of pump and probe pulses (pair 3: pulses A3 and B3) will be
2At. The time delay nAt will keep increasing as the pair number n increases till a value n,,4y,
where 7,4 is such that n,,, At = 1/ f4, that is the pump and probe pulses are back in temporal
coincidence. This occurs after a time span (in the laboratory time frame: lab time in Fig. 2)
Nmax X 1/fa = 1/Af, whereas the sampled time delay window (delay time in Fig. 2) extends to
tmax = 1/ fa. Summarizing, the repetition rate f4 sets the maximum delay time; the detuning
Af sets the time (in the laboratory frame) necessary to perform a complete time-delay scan; both
fa and Af set the time-delay resolution, see Table 2.

The signal-to-noise ratio is improved acquiring and averaging multiple time-resolved traces,
each one spanning the entire time-delay window. Let us call Ny, the number of averaged traces.

The layout for its practical implementation is schematically reported in Fig. 1b). A beam
splitter (BS) splits the beam out of laser B in the actual probe and its reference beam. A fast
balanced photodiode (bandwidth exceeding fg), consisting in two fast photodiodes (PDs) and
a fast differential amplifier, measures the difference between the intensity of the probe and
reference beams after excitation of the sample by each pump pulse. The reference beam is
conditioned, via an attenuator and a linear stage, so as to provide a zero output from the balance
photo-detector when the sample is in equilibrium (pump beam turned off). The reference beam is
conditioned once, before starting the measurements, the linear stage then remains fixed during the
experiment, at variance with the standard pump-probe technique. The output from the balanced
photodiode is then proportional to AR(¢), if measuring in reflection, or AT (), if measuring in
transmission [51-53]. The balanced photodiode output is fed to a fast digitazing board connected
to a computer.

2.3. Electronically Controlled Optical Sampling (ECOPS)

Eventually, the relaxation timescale of the phenomena under investigation may fall short of the
maximal delay-time 1/ f4 explored with ASOPS. In such instances, it is convenient to restrict
the maximum time-delay window either to ameliorate the signal-to-noise level, by averaging
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Fig. 1. Comparison among the three different setups addressed in the present work. PD:
photo-detector; M: mirror; BS: beam splitter. a) Standard pump-probe technique. A BS
splits the output of a single laser cavity in a pump and probe beam. The train of pump
pulses is modulated by a chopper at a reference angular frequency wcj,p, serving as
reference for Lock-in detection. b) Asynchronous OPtical Sampling (ASOPS) and
Electronically Controlled Optical Sampling (ECOPS). They rely on two phase-stabilized
optical combs, out of lasers A and B, providing the probe and pump beams. A BS splits
the beam out of laser B in probe and reference beams. A fast balanced PD provides the
difference between the intensity of the probe beam and its reference for each single
pair of pump and probe pulses. ¢) ASOPS+Lock-in acquisition. The setup is greatly
simplified and relies on: an ASOPS system; a slow PD; a chopper to modulate the
pump beam and a Lock-in amplifier. Explanation in the text.

more scans within the same acquisition time, or reduce the acquisition time for the same S/N
output. That is were the ECOPS variant to ASOPS comes handy. Similarly to ASOPS, also
ECOPS exploits the frequency detuning between two laser cavities to control the pump-probe
delay time. However, in ECOPS, the detuning Af is switched from |Af| to —|Af] after a time
interval Tyyeep /2, see Fig. 3. Recall that fg = f4 — Af. Hence, when the detuning is set to
+|Af], see step 1 in Fig. 3 top panel, the system works in the same way as ASOPS, i.e., the probe
delay time increases from fy = 0 tO f,4x, Where now tpax = (Tsweep/2)(|Af]/fa). At time
Tyweep /2, step 4 in Fig. 3, the detuning is set to —|A f| and the probe time delay reverses direction,
decreasing from #,,x back to fo = 0. The A f periodicity is Tsweep, and more periods are iterated
to acquire multiple scans (two delay-time window scans, one forward and one backward, within
each period Tyeep). Summarizing, Tyeep, f4 and Af all set the maximum delay time; Ty eep
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Fig. 2. ASOPS principle of operation. The repetition rate of laser A (pump) is fa
(second row: red pulses). The repetition rate of laser B (probe) is fp (third row: blue
pulses). Every 1/f4 seconds (lab time) the sample is excited in the same manner
(second row: red pulses) and exhibits the same relaxation dynamics (first row: black
curves). The first pair of pulses, A1-B1, are temporally (and spatially) coincident on the
sample. Due to the frequency detuning A f, in the second pair, the probe pulse probes
the sample with a time-delay Az (third raw: blue pulses) with respect to the pump-pulse
(second row: red pulses). The time-delay increases linearly for each subsequent couple
of pulses till it reaches the maximum delay #,;,4x = 1/f4. At that point, the temporal
coincidence between the pump and the probe pulses is recovered and a second scan
starts. The signal is reconstructed in the delay time frame (fourth row), where the delay
time separating two subsequent points is Az.

controls the time (in the laboratory frame) necessary to perform a complete time-delay scan;
both f4 and Af set the time-delay resolution (as for the ASOPS), see Table 2.

3. Comparing the techniques

In traditional pump-probe experiments, the probe signal is integrated at each time delay, while in
ASOPS (ECOPS) multiple scans, acquired in a very short time, are averaged. The two parameters
that control the number of measured probe pulses are the integration time to acquire multiple
pulses at a fixed delay time for the standard technique and the number of scans for the ASOPS
and ECOPS techniques. In order to compare the two techniques, the integration time (for the
standard technique) and the number of scans (for the ASOPS technique) must be chosen so as to
average the same number of pulses. In this particular configuration, the output of the experiment
should be, theoretically, exactly the same.

However, laser fluctuations should be taken into account when comparing these techniques,
since they affect the time-resolved trace differently. Lasers are subject to fluctuations of the
output power for several reasons: temperature fluctuations of the room, humidity, vibrations etc.
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Fig. 3. ECOPS principle of operation. Step 1: pump and probe pulses are time (and
space) coincident on the sample. Steps 1 to 4: the probe repetition rate is detuned by
Af = |Af]| with respect to the pump. Recall that fp = f4 — Af, hence, in these steps
fB < fa. The signal dynamics is measured at time-delays increasing by integer values
of At. Step 4: at time Tyeep /2 (lab time) the detuning A f is flipped to —|A f], hence,
fB = fa. Steps 4 to 1: now the probe reduces its delay with respect to the pump and
probes the signal backwards. In such a way, by flipping the detuning from |Af]| to
—|Af] and vice versa with periodicity Tsweep, only the desired delay time window is
probed.

These fluctuations can affect the measurements significantly increasing the noise. In particular,
in the standard pump-probe approach, due to the step-by-step nature of the acquisition scheme,
the fluctuations of the laser intensity affects the data in different ways at different delay times.
On the contrary, with the ASOPS and ECOPS, due to the very fast acquisition of a single scan
over the whole delay window, the fluctuations affect equally the signal probed at all delay times
within a single scan. Therefore, the artefacts due to the fluctuations are then averaged over the
large number of scans measured. As a result, the effects of laser fluctuations are equally smeared
over all delay times in ASOPS and ECOPS as opposed to traditional pump-probe.

4. Merging ASOPS and Lock-in Techniques

In this section, we introduce an innovative experimental approach consisting in merging ASOPS
method with Lock-in detection (typical of the standard pump-probe). This enables to overcome
the limitations due to misalignment of mechanical stages and expensive fast photo-detectors. To
this end, we employ the experimental setup sketched in Fig. 1c. We underline that the same
approach can be used to merge ECOPS with Lock-in detection, with the add-on of controlling
the time delay window.
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Table 1. Pros and cons of traditional pump-probe, ASOPS and ECOPS.

Traditional pump-probe

ASOPS

ECOPS

Acquisition

Slow Lock-in detection

Fast balanced photo-detectors

Maximum time
delay

Limited by mechanical
stage travel range (and
laser repetition rate)

Fixed by laser rep-
etition rate only

Tunable (up to a
maximunm value
limited by laser
repetition rate)

Temporal resolu-
tion

Controlled by minimum
mechanical stage step

Controlled by cavities detuning

Noise reduction

Lock-in amplification

Average over multiple scans

mechanism

Single scan acqui- | Slowest Intermediate Fastest
sition

Single scan noise | Low High

Laser fluctua-

Affect each time delay

Equally smeared over all delay times

tions

differently

In this approach, the reference line is suppressed and the fast balanced photo-detector is
replaced by a slow photo-detector connected to a Lock-in amplifier, which detects the probe
intensity after the interaction with the sample. The two cavities are detuned by an amount
Af > 0 of the order of fractions of Hz (a value consistent with the specifications of the system).
The instant at which the pump and probe pulses come in time-coincidence is used as a trigger
for the asynchronous sampling and the data acquisition begins. This is achieved by an optical
trigger (not shown in Fig. 1). Specifically, this instant can be determined with high temporal
accuracy by feeding a small portion of the two beams on a Beta Barium Borate (BBO) crystal to
generate a sum frequency signal (SFG). When the two pulses are in space and time-coincidence
a sum frequency is generated and detected on a dedicated photodiode. The signal from the
photodiode triggers the acquisition [50,54]. As far as the acquisition system is concerned, the
Lock-in amplifier necessitate a time interval ¢y, i.e., Lock-in integration time, measured in the
frame of #;,5, to produce a single data point associated to a single delay time with an update
rate U, = 1/t;. Therefore, as shown in Fig. 4, within a time interval ¢, the Lock-in records the
signal delivered by a total number N, = t; - fg = fa/U, of probe pulses. We note that, since
Af # 0 during asynchronous sampling, the total amount of time delay accumulated by N, probe
pulses is d,, = N, - |At|. This means that the physical information distributed over a time-delay
interval d, is enclosed in one single data point delivered by the Lock-in output. Since within #;
the Lock-in integrates N, pulses, each corresponding to a different time-delay, the technique is
sound provided that the physical feature of the sample that we are interested in changes on a time
scale longer than d,,. Thus, the minimum delay time step for the optical trace is d,.

Let us assume that the dynamics we are interested in yields optical changes on a time scale
~ 100 fs. Hence, the probe pulses, whose time delay differ by less than 50 fs, have the same
intensity. We thus target a d,,=50 fs. As a reference, we discuss the following example, which is
achieved with a MenloSystem ASOPS system (see Sec. 5 for further technical details). In order
to obtain d), = 50 fs, given f4 = 100 MHz and #; = 5 ms (U, = 200 Hz), the detuning has to be
setat Af = 0.001 Hz (see summarizing Tab. 2). Given this value of the detuning, At = 10~ fs.
Moreover, these setting choice implies that one single data point represents the average over
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Fig. 4. Working principle of ASOPS+Lock-in technique. Time-resolved trace experi-
mental data points are shown as black markers. Each data point provides the information
on the dynamics at a given delay time 74¢;4y value and it is obtained by averaging a
number N, of probe pulses (represented as black vertical segments in the inset). Since
Af # 0, a total time delay d), is accumulated during the Lock-in integration time #;.
The reported numerical values correspond to the example discussed in the text.

N, =5 x 10° probe pulses.
In Fig. 5, we compare the signal acquisition for the case of traditional Lock-in acquisition (left

column), ASOPS (central column) and ASOPS+Lock-in method (right column). In traditional
Lock-in detection, one fixes the time-delay and acquires the signal integrating for a time #;. In
the ASOPS method, the high S/N achieved at the end of the measurement is accomplished by
averaging over many consecutive acquisitions of the entire time-resolved trace. On the other hand,
in the ASOPS+Lock-in method, the overall trace is given by data points, each corresponding to the
average of the probe signal over a time delay window d,, with high S/N value. In this approach,
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acquisition. (Right) ASOPS+Lock-in acquisition. To increase the signal-to-noise ratio,
the average over the signal from N, pulses is performed (rectangular boxes), within a
time interval ¢7. The colored traces represent the average value of the points previously
acquired in the time window. Refer to the main text for further explanations.

the S/N of each data point increases as a consequence of the averaging process performed within
tr.

5. Case Study

In this section, we present a case study to compare the capabilities of the proposed approaches,
ASOPS+Lock-in and ECOPS+Lock-in, and compare them to those achieved by the standard
ASOPS method.

Specifically, we analyze the beam-depletion in a SFG experiment [55]. Briefly, in SFG,
the interaction within a nonlinear medium between two laser beams, at frequency v and v,,
generates a third beam at frequency v3 = v| + v, as sketched in the inset in Fig. 6a. As a
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result, both the original pulses lose energy to populate a beam at frequency v3; due to energy
conservation constrains. Two laser beams, delivered by a MenloSystem ASOPS Dual Color
apparatus (Er:doped C-fiber lasers generating two trains of sub-150 fs pulses at f4 = 100 MHz),
with pump v; = 192.2 THz (1; = 1560 nm) and probe v, = 384.4 THz (1, = 780 nm) frequency
(wavelength), are focused on a type I BBO crystal, to generate a third beam at frequency
(wavelength) v3 = 576.6 THz (13 = 520 nm). In the experiment, we monitor the variation of the
transmitted intensity, AT (¢), of the probe beam at v, = 384.4 THz and we report the normalized
transmittivity variation AT (¢) /Ty as a function of time, where ¢ is the time-delay between the
pump (at v;) and probe (at v,) pulses.

We employ three different techniques to measure AT (¢)/Ty: ASOPS, ASOPS+Lock-in and
ECOPS+Lock-in. In this way we can compare the noise level, the acquisition time, and AT (¢) /Ty
resulting from the three different methods. We perform all measurements with the same beams
parameters.

5.1. Case study: ASOPS measurement

The AT (t) /Ty trace recorded with the ASOPS setup is shown in Fig. 6a, b (red line). The detuning
between pump and probe beams is set to A f =500 Hz, which corresponds to a temporal resolution
At = 50 fs. The time span of the time-delay window is At,,4x = 1/f4 =10 ns, so a single scan is
composed by 2 x 103 points. We average 5 x 10° scans to achieve a good signal-to-noise ratio
(see Fig. 6c¢). The transmitted probe is detected using a Thorlabs PDB430A 350 MHz balanced
photo-detector and properly setting the reference line to achieve a perfect balance between the
real and reference probe when the pump beam is off. The actual measuring time was ~ 55 min.

5.2. Case study: ASOPS+Lock-in measurement

The AT (t) /Ty trace recorded with the ASOPS+Lock-in setup is shown in Fig. 6a, b (black line).
We set an update rate U, = 200 Hz, (i.e., an integration time f; = 5 ms). Therefore, to match the
same number of acquisition scans with the same number of averaged pulses as that of Sec. 5.1,
we set a detuning A f = 0.001 Hz. Such choice corresponds to the same theoretical acquisition
time for both ASOPS and ASOPS+Lock-in techniques, since it is determined by the number of
pulses leaving the cavity. With this choice, given f4 = 100 MHz, each data point is given as
the average over 5 x 10° probe pulses and, from the point of view of the dynamics, it encloses
the information of a time delay interval d,, = 50 fs. As described in Sec. 5.1, the duration of
the time delay window investigated in the ASOPS+Lock-in experiment is 1/ f4 = 10 ns. Thus
the time-resolved trace is composed by 2 x 10° data points. In the laboratory frame, the whole
measurement takes 10% s (~ 17 minutes) to be performed.

5.3. Case study: ECOPS+Lock-in measurement

As a third approach, we employed ECOPS+Lock-in technique. The results are displayed in
Fig. 6a, b (blue curve). As in the procedure described in Sec. 5.2, we set Af = 0.001 Hz.
However, in this case, we limited the time-delay window to 500 ps, which is twenty times shorter
than the 10 ns time-delay window probed in the measurements described in Sec. 5.1 and 5.2.
This choice is dictated by the fact that the depletion of the beam at v, ends within ~ps (ideally,
we could have further limited the extent of the time-delay window). The number of (pump-probe
pulse) pairs needed to span a time-delay interval of 500 ps is 5 x 10°. In the laboratory frame,
this means that a whole trace is recorded in 50 s. At this point, we switch the detuning to —|A f|
and we acquire a new scan of 500 ps in the opposite direction and so on. Since we employ
500 ps to perform each measurements scan only 500 ps in each measurement, in the same time
window of 10 ns with this technique we can take 20 scans and we can average them. The result
(restricted over the first 40 ps) is shown as a blue line in Fig. 6a. In the laboratory frame, the
whole measurement takes ~ 17 minutes to be performed.
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Fig. 6. Beam-depletion occurring in Sum Frequency Generation (SFG) in type I BBO
crystal investigated with three approaches: ASOPS (red curve), ASOPS+Lock-in (black
curve), and ECOPS+Lock-in (blue curve). a) Depletion AT (¢) /Ty of the v = 384.4 THz
beam. The temporal dynamics is reported over the firsts 40 ps. The inset shows the
architecture of the SFG process. b) Zoom of the AT (t)/T; trace near the temporal
coincidence. For clarity the traces have been slightly shifted in the horizontal direction.
The sum-frequency signal temporal duration (FWHM) are 261 + 3 fs, 273 + 6 fs and
251 + 6 fs for ASOPS, ASOPS+Lock-in and ECOPS+Lock-in, respectively c) Level of
noise with the three noise level techniques evaluated in the delay time range from 10 ps

to 30 ps. The inset report the standard deviation /(£2),, for each technique.

5.4. Discussion

In Fig. 6a, we show the beam depletion of the v, = 384.4 THz laser pulse during sum frequency
generation in a type I BBO crystal as a function of the time-delay. The three traces are obtained
using ASOPS (red line), ASOPS+Lock-in (black line), and ECOPS+Lock-in (blue line). In the
measurements performed with the three approaches, the energy density values of the laser beams
are the same. For clarity, we display the data over the first 40 ps delay time. Fig. 6b shows a zoom
on the ps scale, where the relevant dynamics occurs. The three profiles are shifted along the
time-delay axis (horizontal axis), for sake of visualization, to highlight that the beam depletion
measured by the three techniques is the same. This assures that the physical output from the
three different techniques is consistent.

Fig. 6¢ displays the AT (t)/Ty curves in the time delay interval, w, between 10 ps and 30 ps.
Since the average value of each trace is zero over this range, (AT /Tp),, = 0, each trace is
representative of the noise, its level being here quantified as 6 = AT /Ty — (AT /Tp),,. As detailed
in Secs.5.1 and 5.2, the settings adopted in the ASOPS and ASOPS+Lock-in measurements are
such that the theoretical time of measurement is the same, thus the number of probe pulses leaving
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Table 2. Summary of control parameters as a function of laser repetition rate f4,
cavities detuning A f, Lock-in integration time ¢;, ECOPS sweep period Tsweep-
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the cavity is the same (namely, 5 X 10°). A detailed comparison of the noise levels would be
quite involved in the present case, the noise level being biased by the use of different connecting
cables/electronics equipment within the three exploited setups. That said, Fig. 6¢ and inset show
that the noise level is within the same order of magnitude for the case of ASOPS, variance
V{(6e?),, =2.0x 1077, and ASOPS + Lock-in, 1/(6&2),, = 7.48 x 10~7. The smaller noise level

is achieved with ECOPS+Lock-in technique (1/(6&2),, = 1.41 x 10~7). The ECOPS+Lock-in
probed a time delay window of extending at 500 ps, which is 20 times shorter than that probed
with ASOPS and ASOPS+Lock-in, resulting in a total number of scans 20 times larger than
recorded with ASOPS. We point out that in the ASOPS+Lock-in technique the number of averaged
pulses reaching the sample is halved due to the presence of the chopper, thus the achievable
signal-to-noise ratio is V2 smaller than for the ASOPS technique.

In certain instances, the time of measurement is an important factor. From a fundamental
stand point, when the number of averaged probe pulses leaving the cavity and time resolution
are the same for ASOPS and ASOPS+Lock-in, the time of measurements should in principle be
the same, but the actual number of pulses for the ASOPS+Lock-in technique is halved by the
presence of the chopper. In the present real case scenario, instead, the actual time of measurement
with the ASOPS technique is almost three times longer than the one for the ASOPS+Lock-in.
Although the precise measurement times are specific to the instruments here adopted, this fact
highlights the advantage of using the highly developed, firmly established Lock-in technology
rather than the combination of fast balanced amplified photodiodes and fast acquisition board
instead. Indeed, in theoretically the ASOPS technique should be faster at constant number of
pulses reaching the sample. However, the presence of dead-time due to the acquisition hardware
significantly increases the actual measurement time of the ASOPS technique. In conclusion,
the ECOPS+Lock-in technique performs the best also in terms of acquisition time. Indeed, the
possibility to tailor the delay window as needed allows to collect more scans in less time. In the
case study here discussed, we averaged 20 measurements scans (with the same settings used for
the ASOPS+Lock-in case) in ~ 17 minutes, yet obtaining the smaller noise level.

6. Technique at work: mechanical nhanometrology

We now implement the ECOPS+Lock-in technique to inspect, via single-nanoparticle time-
resolved optical microscopy, the vibrational eigenmodes of a single Au nanodisk, 100 nm thick
and 250 nm in diameter, nanopaterned on a sapphire substrate, see Fig. 7a. These scenario
is particularly appropriate to test the scheme since it involves accessing long-delay times in a
nanoscopy setup. The ECOPS is well suited since the nano-object oscillations are damped on a
timescale ~ 1 ns, i.e., one tenth of the delay time window explored by the employed ASOPS
system. The case study is thus paradigmatic of situations where the approach is particularly apt.

Pump (1560 nm wavelength) and probe (780 nm wavelength) beams are collinearly tightly
focused on a single nanodisk via a high numerical aperture (NA) objective. The transmitted
beams are collected via a collecting objective identical to the focusing one. We use a Nikon
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MU20500 (50X, 0.6 NA, working distance=11 mm) microscope objective to focus the pump and
probe beam to FWHM diameters of 1460 nm and 730 nm, respectively. These are measured with
an adapted version of the "knife-edge technique", i.e. by raster scanning the nanodisk across the
beam and acquiring the transmission map, see Fig. 7c for the probe case. The pump pulse energy
is kept at a minimum with a single pulse fluence ~ 0.1 mJ/cm?. The intensity of the transmitted
probe is measured by a single slow silicon photo-detector (Thorlabs DET210) whose output
is fed to a Lock-in amplifier (Ametetek Signal Recovery DSP 7265). We employ a chopper
frequency of 2947 Hz. We measured the normalized transmittivity variation AT (t) /T of a single
gold nanodisk over a time-delay window of 1.5 ns adopting the ECOPS+Lock-in scheme. Here,
we average 10 scans, with f4 = 100 MHz, Af = 0.02 Hz, t; = 5 ms and T,¢cp, = 15 s. These
parameters imply a theoretical time of measurement of 150 s.

The trace AT /Ty versus delay time is reported in Fig. 7d top panel. A fast peak, due to
electronic excitation, is followed by a slower relaxation background, encoding information on
the electron-phonon thermalization within the Au disk and, on longer time scales, heat transfer
from the disk to the substrate and within the substrate [25]. Oscillations, corresponding to
the mechanical vibrations of the system, are superposed on the relaxation background. For
the sake of extracting the oscillating signal, the relaxation background was first fitted with a
sum of two decaying exponential functions. The relaxation background was then subtracted
from the total signal to obtain the residue (red curve in Fig. 7d, bottom panel) revealing an
oscillating signal lasting up to the nanosecond time scale. The residue (red line) is well fitted
with a damped oscillating profile (blue line) f(¢) = Ag - e 7" - sin(2vysct + ¢), where Ag is the
amplitude, v is the decay parameter, v, is the frequency and ¢ is the phase of the oscillation,
see Fig. 7d bottom. The value of the frequency (period) obtained from the fitis v,5. = 7.8 GHz
(Tyse =21/ vose = 127 ps) and the lifetime 1/y = 206 ps. The oscillation frequency matches the
breathing mode of the sapphire supported-Au nanodisk. This claim is supported by a frequency
sweep analysis of the normalized mechaincal energy stored within the nanodisk excited by
an external isotropic stress periodic in time, with a frequency v, see Fig. 7e. The theoretical
resonant frequency well matches the experimental one, as suggested by the spectrum obtained by
Fourier transforming the time-resolved data (Fig. 7d inset). The mechanical eigenmodes and their
lifetimes are key elements to access both the nanodisk morphology and mechanical adhesion to
the substrate [26, 30].

This example demonstrates that the ECOPS+Lock-in approach is well suited for mechanical
nanometrology of mesoscopic samples. The actual measurement time falls short of 3 minutes, thus
sensibly reducing the acquisition time of traditional delay-line and ASOPS-based measurements
performed on similar nano-systems [56]. We emphasize that a shorter measurement time also
minimizes the sample spatial drift which is a known source of errors in time-resolved mechanical
nanometrology.

7. Conclusions and perspectives

We critically reviewed the standard pump-probe techniques based either on: (a) mechanical delay
stage and Lock-in detection or (b) Asynchronous Optical Sampling/Electronically Controlled
Optical Sampling together with fast balanced photodiodes. We then proposed a new pump-probe
scheme merging ASOPS/ECOPS with use of a single slow photodiode and Lock-in detection.
This approach unites the pros of the traditional schemes and reduces the layout complexity.
As a proof of concept benchmark experiment, we adopted the three approaches (ASOPS,
ASOPS+Lock-in, and ECOPS+Lock-in) to investigate beam-depletion process occurring in sum
frequency generation in a type I BBO crystal. Results show that the ECOPS+Lock-in technique
is a viable alternative to the other approaches, well performing in terms of acquisition time,
S/N and lay-out simplicity, while adopting wide spread, off-of-the shelve instrumentation. We
then exploited the proposed ECOPS+Lock-in scheme to characterize, via optical time-resolved
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Fig. 7. a) Sample. Gold nanodisk: 100 nm height and 250 nm diameter nanopatterned
on a sapphire substrate. b) Pump (1560 nm) and probe (780 nm) beams collinearly
focused on the nanodisk. c) Image of the probe beam intensity at its waist obtained
raster scanning the beam waist plane with the Au nanodisk. FWHM of the beam
intensity profile at the nanodisk plane: 730 nm for the probe, 1460 nm for the pump (not
shown). d) (Top panel) relative transmittivity variation AT (¢)/Ty of the probe beam as
a function of the delay between pump and probe, ¢. (Bottom panel) Residuals (red trace)
obtained by subtracting the "thermal background" from the experimental AT (t)/T;
curve shown in top panel d (see details in the text). Blue curve: fit to the residual. The
oscillation period is Tosc = 127 ps. Inset: Modulus of the Fourier Transform of the
residual. e) Normalized mechanical energy stored in the nanodisk as a function of
the frequency of the external stress applied to the nanodisk itself, calculated by finite
element simulations.

microscopy, the mechanics of a single gold nanodisk nanopatterned on a sapphire substrate. We
achieved high spatial stability, due to the absence of moving parts, and short acquisition times.
This demonstration proofs the ECOPS+Lock-in scheme as particularly suited in mechanical
nanometrology applications in an industrial setting.

In perspective, the proposed scheme can be further simplified adopting a single-cavity dual-
comb laser system [57-59] instead of two synchronized laser cavities , single laser diode-based
ASOPS [60] and optical sampling by repetition-rate tuning [61, 62] techniques. Reducing setup
costs and complexity would have a dual benefit: not only would it make the system more
affordable, but it would also minimize the risk of failure, resulting in a more reliable and durable
system.
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