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Abstract: Ultrafast optical pump-probe spectroscopy is a powerful tool to study dynamics in
solid materials on femto- and picosecond timescales. In such experiments, a pump pulse induces
dynamics inside a sample by impulsive light-matter interaction, which can be detected using a
time-delayed probe pulse. In addition to the desired dynamics, the initial interaction may also
lead to unwanted effects that can result in irreversible changes and even damage. Therefore,
the achievable signal strength is often limited by the pumping conditions that a sample can
sustain. Here we investigate the optimization of ultrafast photoacoustics in various solid thin
films. We perform systematic experiments aimed at maximizing the achievable signal-to-noise
ratio (SNR) in a given measurement time while limiting sample damage. By varying pump
and probe pulse energies, average pump fluence, and repetition rate, we identify different paths
towards optimal SNR depending on material properties. Our results provide a strategy for the
design of pump-probe experiments, to optimize achievable SNR for samples in which different
damage mechanisms may dominate.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Pump-probe spectroscopy is a versatile technique for a wide range of applications, often aimed
at material characterization [1] or at the generation of a (material-specific) optical response in
imaging studies [2]. The concept of pump-probe spectroscopy is to induce dynamics in a sample
through ultrafast light-matter interaction, which can subsequently be probed via a time-dependent
optical response. Specificity is a challenge in pump-probe experiments, as the optical pumping
can induce spurious effects such as heating in addition to the intended dynamics, resulting in
background signal, unwanted sample variation and even damage. Finding optimal parameters
for a pump-probe experiment is therefore typically challenging and strongly sample-dependent.
While nonlinear optical excitation schemes profit from higher pulse energy, various damage
mechanisms based on multi-photon pathways also become increasingly important [3,4], providing
a limit in applicable single pulse energy. At the same time, thermal effects typically limit average
power. For pulsed illumination, cumulative build-up effects caused by multiple consecutive
pulses can also play a role in sample damage, further complicating the choice of parameters.

The repetition rate is shown to be important in femtosecond micromachining [5], providing a
balance between single-shot ablation and thermally induced material changes. In solid materials
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and thin films, repetition-rate-induced heat accumulation effects can have a significant effect on
damage formation, influencing e.g. the achievable speed of waveguide writing in bulk glass [6],
and nano-machining of thin films [7]. Fluorescence lifetime imaging can be performed with
synchronized lasers, by detecting stimulated emission induced by a probe laser with a variable
time delay [8,9]. This concept can even be extended to imaging by detecting molecules via
stimulated emission [10], and for high-sensitivity stimulated Raman scattering microscopy [11],
and coherent anti-Stokes Raman spectroscopy [12]. In all these applications, sample damage is a
limiting factor, and there are limitations on both the acceptable pulse energy and average power
incident on a sample. The influence of repetition rate on fluorescence microscopy was shown to
be large for specific fluorophores, as electronic relaxation timescales play an important role [13].
Two-photon excitation obviously benefits from a higher pulse energy at reduced repetition rate
(maintaining constant average power) [14]. Systematic studies on multiphoton brain imaging
showed that heating effects can be significant and limiting [15]. Further work highlighted the
complex role of repetition rate on photodamage in live-cell multiphoton microscopy, showing
reduced photobleaching and damage at sub-MHz repetition rate compared to 100 MHz [16].

Photoacoustic imaging and spectroscopy are pump-probe techniques in which an optical pulse
induces acoustic signals in a sample, which can subsequently be detected in a spatially resolved
way. The acoustic signal is generated by a rapid local thermal expansion, initiated by a laser
pulse that heats the sample [17]. In biomedical applications, this acoustic pulse is detected
using an ultrasound transducer [18], and can even be used to assess local temperature [19]. In
thin-film diagnostics, an optical probe pulse detects strain-dependent reflectivity changes that
encode local material properties [20,21] and can be used for imaging through opaque layers
[22]. The signal generation in photoacoustics is accompanied by sample heating, as is the case
for most condensed matter pump-probe experiments. The heating mechanisms depend on the
electron-lattice interactions [23], and can become highly complex for nanostructured samples
[24–26].

In this work, we explore the optimization of signal-to-noise ratio (SNR) in photoacoustic
experiments on thin films of various materials. We identify different optimum operating regimes
that are determined by specific material properties. Using our versatile pump-probe setup based
on modulated asynchronous optical sampling (MASOPS) [27], we achieve shot-noise-limited
conditions for a wide range of repetition frequencies, pulse energies and average powers, allowing
a systematic optimization of SNR for very different thin film samples. We show that by choosing
appropriate parameters, SNR gains of several orders of magnitude can be achieved within a set
measurement time and/or for given damage thresholds. Our approach provides a framework for
optimizing pump-probe experiments in other applications beyond photoacoustics as well.

1.1. Theoretical scaling of the signal-to-noise ratio in pump-probe spectroscopy

In many ultrafast pump-probe experiments, the pump-induced change in the sample increases
linearly with either the pump pulse energy or fluence. In the case of photoacoustics, where a
pump pulse induces strain in a material, the signal increases linearly with the pump fluence Fpump
if the spot size of the probe is much smaller than that of the pump. This scaling holds because the
increase in lattice temperature of the sample is linear in pump fluence, and the generated thermal
expansion is linear in lattice temperature. For a weak strain pulse, the probe reflectivity change ∆R
is also linear. Combined, the signal per pulse (s) should scale as s ∝ ∆R · Eprobe ∝ Fpump · Eprobe,
with Eprobe the probe pulse energy. For an exposure time T and pump repetition rate Γ, the total
integrated signal S ∝ Fpump · Eprobe · Γ · T .

Typically, the entire probe beam is collected and measured, so for a shot-noise-limited
experiment, the noise per pulse (n) will scale as n ∝

√︁
Eprobe. Because the noise in each pulse is

statistically independent from subsequent pulses, the total integrated noise N ∝
√︁

Eprobe · Γ · T · γ,
with γ the number of probe pulses per pump pulse. Often, there is one probe pulse for every
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pump pulse, and γ = 1. However, in experiments using lock-in detection typically γ = 2, as
then probe pulses are detected both with and without pump. Together, this yields an amplitude
signal-to-noise ratio (SNR) of

SNR = S/N = C · Fpump ·

√︄
Eprobe · Γ · T

γ
, (1)

where C is a parameter that depends on pump and probe wavelengths and the sample material.
The measurement bandwidth ∆f also influences C. This bandwidth should be chosen such

that the signal is not attenuated, whilst limiting noise, as noise increases proportional to
√︁
∆f . If

and how the bandwidth can actually be adjusted depends on the experiment. In principle, C is
independent of the pump and probe spot sizes, under the assumption that the pump spot size is
much bigger than the probe spot size. If this assumption does not hold, C will depend on the
spatial pump/probe overlap. In any case, the shot noise of the measured probe light will depend
on the probe energy and not its fluence, which is why we have written Eq. (1) in the given form.

In case the experiment is not shot-noise limited, the noise per pulse is a constant, and the
number of probe pulses per pump pulse is irrelevant. The total integrated noise is then N ∝

√
Γ · T ,

and Eq. (1) simplifies to
SNR = C · Fpump · Eprobe ·

√
Γ · T . (2)

Note that Eq. (2) only holds if probe laser intensity noise also plays no role, and background
noise sources dominate.

2. Experimental setup

To study the effect of pulse picking on achievable SNR, we generate and detect ultrafast
photoacoustics in three different solid thin films. The setup for this experiment is illustrated
in Fig. 1. The measurement concept is based on modulated asynchronous optical sampling
(MASOPS) [27]. Two separate pump (Menlo Systems Orange) and probe (Menlo Systems
C-Fiber 780) lasers are electronically synchronized with a variable pump-probe delay. The pump
and probe are focused on the same spot on the sample, after which the reflected probe light
is analyzed with a balanced detector and lock-in amplifier (Zurich Instruments UHFLI). More
details are provided in [27]. Nominally, the pump and probe run at 50 MHz and 100 MHz,
respectively. Note that in our measurement scheme, the repetition frequency of the probe is two
times higher than the pump to enable lock-in detection at the pump repetition frequency. However,
both lasers can be pulse-picked to reduce their repetition rate. For the probe, this is achieved
with an external Pockels cell, and for the pump with an internal AOM with post-amplifier. The
pump can therefore have higher pulse energy when pulse-picked, but the probe cannot.

The pump pulses have a center wavelength of 1030 nm and a pulse duration of 180 fs, while
the probe wavelength is 780 nm. The probe pulses have a nominal duration of 80 fs, although
the external pulse picker introduces some dispersion that is corrected using chirped mirrors.
The 1/e2 spot radius of the probe on the sample is approximately 1.0 µm. Because the pulse
picked output of the pump laser has a different beam diameter, we place a 1.5 mm pinhole in the
pump path to have a consistent pump beam diameter. The resulting picked and unpicked pump
1/e2 spot radii in focus are 5.5 µm and 5.2 µm, respectively. For the unpicked probe, we use
a fast balanced detector (500 MHz, 5 kV/A, Femto HBPR), but for the picked probe we use a
slower detector with lower noise (8 MHz, 40 kV/A, Koheron PD10B). We can typically achieve
shot-noise limited detection with both detectors, but will correct for any excess (detector) noise
in the analysis.

Compared to conventional pump-probe experiments using a mechanical delay stage, (M)ASOPS
enables much faster scan rates without suffering from mechanical instabilities or beam shifts
[28–30]. A possible limitation of (M)ASOPS is the limited pulse energy of the typical tens of
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Fig. 1. Schematic of the experimental setup. The pump and probe laser are electronically
synchronized. A dichroic mirror combines the two beams, which are then focused onto the
sample with a microscope objective. The reflected probe light is analyzed with a balanced
detector and lock-in amplifier. Both pump and probe can be pulse-picked to lower repetition
rates. Adapted from the setup schematic in [27].

MHz laser systems compared to kHz-range amplified lasers, but we are not limited by pulse
energies in our experiments. With lower repetition rates, longer time delays are accessible, such
as 1 µs for a 1 MHz system. If the time delay range of interest is constant, ASOPS becomes
inefficient at lower repetition rates because of the increased dead time in the longer scanning
window. However, with the added modulation in MASOPS there is no loss of measurement
efficiency [27]. We therefore do not recommend reducing repetition rates if the time delay range
of interest remains the same, unless MASOPS or another form of electronically controlled optical
sampling [31] is available. We refer to previous work for more details on the measurement
schemes and time-delay scanning methods of ASOPS [28–30] and MASOPS [27,31], or for
further modifications with efficient two-color measurements for example [32].

2.1. Pulse picking considerations

In our experiments, we reduce the pump repetition rate to 1 MHz when pulse picking. Ideally,
the probe should then be picked at 2 MHz to still use our lock-in amplifier scheme. However, as
the switching time of our Pockels cell is insufficient for picking single pulses, we instead pick
pulse pairs from the probe laser, with a time delay of 10 ns between these pulses. Moreover, our
Pockels cell driver employs a bipolar voltage switching scheme, which introduces an asymmetry
in beam pointing between consecutive pulse pairs [33]. We therefore pick probe pulse pairs at 4
MHz, so that the pump pulses always align with the same pulse pair “polarity”. Lock-in detection
is then still performed at 1 MHz.

Because of this combination of factors, we have 8 probe pulses for every pump pulse in the
pulse-picked experiment (γ = 8 in Eq. (1)). Shot noise therefore increases by a factor

√
4 = 2

compared to the ideal 2 MHz picking (γ = 2), but can be corrected for in the analysis to emulate
a setup without such practical limitations.

2.2. Sample selection

We generate and detect laser-induced ultrafast photoacoustics in three different samples. Two are
freestanding thin membranes (Luxel), one aluminum (394 nm thick), and the other tantalum (198
nm thick). The third sample is a piece of silicon wafer covered by a first layer of 50 nm SiO2 and
a top layer of 600 nm opaque amorphous carbon. We chose these three samples because they
have very different laser-induced damage mechanisms and thresholds. For pulse-energy-limited
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samples, we expect pulse picking to not improve or even decrease SNR. However, for average
power limited samples, increasing pulse energy by pulse picking should increase SNR.

3. Results and discussion

For all three samples under consideration, we select a range of different measurement parameters
in such a way that specific properties can be compared directly. For example, measurements with
different repetition frequencies at identical average power allow a comparison of the influence
of single-pulse energy on SNR under constant thermal load. A table is given for each sample
with an overview of measurements with their respective parameter sets. The laser powers are
the time-averaged powers incident on the sample. The pump fluence parameter is calculated as
the peak fluence of the focussed pump beam, assuming a Gaussian shape. Additionally, we take
measurements at different exposure times to study how SNR or damage depend on exposure time.

3.1. Aluminum

Aluminum thin films have a high damage threshold and good strain-optic sensitivity at our
probe wavelength, allowing measurements with a good SNR for a wide range of experimental
parameters. We therefore use it to show the scaling of both signal and noise as a function of
pump fluence, probe energy, and repetition rate. Table 1 contains an overview of the different
parameter combinations used in the experiments. We choose these parameters such that we have
measurements with approximately equal pump/probe powers, as well as pump/probe energies.

Table 1. Aluminum measurement parameters

Measurement 1 2 3 4 5

Pump / probe rate (MHz) 50 / 100 50 / 100 1 / 8 1 / 8 1 / 8

Pump / probe power (mW) 9.7 / 0.44 9.7 / 1.3 0.19 / 0.11 9.7 / 0.11 9.7 / 0.44

Pump fluence (J/m2) 4.6 4.6 4.1 205 205

Probe energy (pJ) 4.4 13 13 13 55

The transient pump-probe reflectivity curves measured for these different sets of parameters
are shown in Fig. 2. For each curve, the exposure time is 32 s. These curves show the typical
time-dependent response of aluminum films [20,27]. Heat transport into the sample causes a fast
exponential decay, while the back-and-forth travelling of the acoustic pulse shows up as periodic
dips in reflectivity [34]. As expected, the signal strength is the same when normalized by the
pump fluence.

3.1.1. SNR analysis

We analyze the noise in the measurement by Welch’s method [35], using 50 ps long Hann-
windowed segments with 50 % overlap. This procedure is similar to the approach we developed in
earlier work [27]. We then correct for the filter response of the lock-in amplifier, average the white
noise density above 400GHz, and weigh it by 200GHz to estimate the total root-mean-square
(RMS) ∆R/R0 noise within the measurement. In order to not be affected by experimental
background noise, we also measure the noise density without pump and probe and correct for
this excess noise. Still, our experiment is almost fully shot-noise limited, as the excess noise
amplitude is only 14 % of the total noise for the unpicked measurement (1) with the lowest probe
power.

The signal in our measurements is defined as the peak-to-peak amplitude of the first acoustic
echo at a pump-probe delay time of 120 ps. To get the most accurate determination of the signal
amplitude, we use the echo amplitude of the longest exposure time to define the signal strength
in the SNR analysis for all exposure times. From Eq. (1), we expect that normalizing the SNR
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Fig. 2. Transient reflectivity curves for a 394 nm thick aluminum thin film at 32 s exposure
time, normalized by pump fluence. The laser parameters for each measurement are given in
Table 1. Each trace is vertically offset by 0.8×10−5 for clarity. The picked measurement (5),
with equal average powers for pump and probe as the unpicked measurement (1), has the
highest SNR.

of each measurement by Fpump ·
√︁

Eprobe · Γ · T/γ should result in overlapping curves scaling as
C ·

√
T . As shown in Fig. 3, this is indeed the case, with C ≈ 383. We therefore conclude that

Eq. (1) describes the SNR scaling in our experiment well. In general, for any shot-noise-limited
pump-probe experiment in which the signal scales linearly with pump fluence and probe pulse
energy, Eq. (1) should hold.

Fig. 3. The SNR for the first aluminum echo (see Fig. 2) over a 200GHz bandwidth for
different exposure times. The values are normalized by the expected scaling factor and
divided by C ≈ 383. As expected, the SNR scales proportional to

√
T .

3.2. Tantalum

Compared to the aluminum sample, the tantalum membrane damages very easily. From systematic
tests covering a range of different laser parameters, we find that the damage does not significantly
depend on pulse energy, but mainly on average power. This observation indicates that thermal
effects (melting) are the main damage mechanism. At an average pump intensity of 46 MW/m2,
we find that damage remains at a few-percent level for measurement times beyond one minute.
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The resulting damage is similar for both the unpicked and picked pump (see insets of Fig. 4(b)),
meaning the pump pulse energy can be around 50 times higher when pulse-picking at 1 MHz
repetition rate. This energy increase should boost SNR proportionally if the probe power is also
kept constant.

Fig. 4. (a) Transient reflectivity curves for a 198 nm thick tantalum thin film at 8 s exposure
time, normalized by pump fluence. The average pump and probe power are equal in both
measurements. (b) Corrected SNR for the first echo over a 200GHz bandwidth for different
exposure times. The

√
T scaling constant for the 50 MHz measurements is α = 2.7, and

α = 55 for 1 MHz. Pulse picking thus improves SNR by a factor of 20. The image insets
show the sample reflectivity in a 40×40 µ2 area after 20 s pump exposure on 4 separate
spots. Here, the gray is scaled from 93 % (black) to 106 % (white), normalized by the center
part of the images. The damage is similar for both measurements, with slight buckling of
the membrane around the damaged spots.

The comparison between the unpicked and picked pump-probe experiments at roughly equal
pump intensity (46MW/m2) and probe power (220 µW) is plotted in Fig. 4(a). The exact
parameters for both measurements are given in Table 2. The pump intensity of the pulse picked
measurement is slightly lower (41 MW/m2) due to beam size differences.

Table 2. Tantalum measurement parameters

Pump / probe rate (MHz) 50 / 100 1 / 8

Pump / probe power (mW) 1.9 / 0.22 1.9 / 0.22

Pump fluence (J/m2) 0.92 41

Probe energy (pJ) 2.2 28

The time-dependent reflectivity changes induced in the tantalum thin film show a similar
thermal decay as the aluminum samples, but the acoustic echoes have the opposite sign, i.e. a
transient reflectivity increase. Clearly, the pulse picked measurement has much better SNR. This
"free" gain in SNR is perhaps counterintuitive, given that the average pump and probe powers
are equal in both measurements. However, the absolute signal is effectively proportional to the
product of pump fluence and probe energy, which scales faster than the linear loss of repetition
rate. This signal proportionality is clear from the similar amplitudes of the normalized curves in
Fig. 4(a), and is also predicted by Eq. (1).

For a quantitative comparison, the SNR without normalization is analyzed in the same way
as in section 3.1.1, and plotted in Fig. 4(b). The SNR is corrected for excess noise and the
pulse-picked SNR is multiplied by 2 (see section 2.1). Both picked and unpicked measurements
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show the
√

T scaling as predicted by Eq. (1). Pulse picking is found to improve SNR by a factor
20 in this experiment. The picked pump fluence is about 45 times higher, and ideally the SNR
increase would reach a similar value if the probe repetition rate would be similarly reduced while
keeping probe power equal. However, because of the probe pulse picking limitations described
in section 2.1, the probe pulse energy at equal power is a factor 4 lower than it could be for
ideal pulse picking at 2 MHz. That halves the achievable SNR improvement. Furthermore,
small alignment differences between the pump and probe can also influence the signal strength.
Therefore, the observed SNR increase is within expectations, and the scaling from Eq. (1) holds.
We expect the SNR improvement to increase further for even lower repetition rates, until the
damage is dominated by single pulses and not by average power alone.

3.3. Amorphous carbon

Amorphous (hydrogenated) carbon is a material that is used in semiconductor manufacturing
as an etch hard mask for high-aspect ratio features. Ultrafast photoacoustics can be used to
characterize these masks [36]. In such thin-film metrology applications, maximizing SNR is
important for rapid acquisition, whilst keeping laser-induced damage to a minimum. Unlike
tantalum, which damages by sudden melting, amorphous carbon is modified (and eventually
damages) by thermal annealing due to the laser-induced heat. This annealing process increases
opacity and reduces sound velocity [37,38].

To characterize the achievable SNR at different levels of damage, we performed ultrafast
photoacoustics measurements in the amorphous carbon layer at different laser intensities and
total exposure times. The different laser parameter settings are shown in Table 3. A selection
of the measured datasets is plotted in Fig. 5(a). For these carbon films, the first echo arrives
after around 230 ps, but some oscillations are already visible before that. These are Brillouin
oscillations caused by optical interference between the reflected probe light from the front of the
sample, and that reflected by the refractive index change from the echo inside [36].

Fig. 5. (a) Transient reflectivity curves for a 600 nm thick amorphous carbon film recorded
with 1 s exposure time for (1) and (4), 4 s for (2) and (5), and 16 s for (3) and (6), normalized
by pump fluence. The details for each measurement are given in Table 3. Each trace is
vertically offset by 0.2×10−5 for clarity. (b) The SNR for the first over a 200 GHz bandwidth
for different exposure times and the 6 measurement parameter sets. In general, pulse picking
gives better SNR at equal exposure times for these pump/probe powers.

The measured SNR, calculated via the method outlined in section 3.1.1 and corrected for
excess noise and non-ideal pulse picking, is plotted in Fig. 5(b). The scaling again follows Eq. (1).
Pulse picking gives better SNR at equal exposure times when compared to not pulse picking.
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Table 3. Amorphous carbon measurement parameters

Measurement 1 2 3 4 5 6

Pump / probe rate (MHz) 50 / 100 50 / 100 50 / 100 1 / 8 1 / 8 1 / 8

Pump / probe power (mW) 52 / 1.8 39 / 1.3 32 / 1.1 6.5 / 0.35 5.2 / 0.26 4.2 / 0.22

Pump fluence (J/m2) 24 18 15 136 109 89

Probe energy (pJ) 18 13 11 44 33 28

However, because damage increases with exposure time, the measurements with higher laser
powers were limited in exposure time. Similarly, the minimum exposure time is increased at
lower laser powers until damage-induced reflectivity changes become detectable.

3.3.1. SNR at the cost of damage

Because both SNR and damage depend on pulse picking and exposure time, deciding on the
optimum measurement parameters is not trivial. Ideally, we choose a set of measurement
parameters that has high SNR, but low damage. To quantify the pump-induced modification or
damage, we image the sample surface with a bright-field reflection microscope, and assess the
local relative reduction in reflectivity. Such an image is taken after every experiment with one set
of measurement parameters, each containing three repeats of four different exposure times. From
these images, we retrieve the mean relative reflectivity drop in a 6 µm diameter circle around the
center of every spot. An example damage image is shown in Fig. 6, which shows a mean relative
reflectivity drop of 2.3 % for the highlighted spot.

Fig. 6. Change in reflectivity of the amorphous carbon film as measured using wide-field
microscopy after pump exposure at increasing exposure time, for the pulse-picked case with
parameters corresponding to measurement (6) in Table 3. The observed reflectivity drop is
interpreted as pump-induced damage. For the spots from left to right, exposure times are 16
s, 32 s, 64 s, and 128 s, each vertically repeated three-fold. As an example, for the longest
exposure time the quantified damage (mean relative reflectivity drop) in the red circle with 6
µm diameter is about 2.3 %.

We can now define the SNR-to-damage efficiency as the SNR divided by the observed
reflectivity drop. Because the shortest exposure times in each set of measurements result in little
damage, we ignore them, as the reflectivity drop is close to 0 and sensitive to image noise. To
compare between sets of experimental settings, we normalize all the efficiency values by the
global mean of all values, as plotted in Fig. 7. So, the mean of all plotted normalized values is
1. A value below 1 thus means worse efficiency than the average, and vice versa. For each of
the unpicked and pulse-picked experimental parameters, longer exposure times lead to worse
efficiency. This observation implies that damage scales faster than the

√
T scaling of the SNR,
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which the measurements in appendix A confirm. However, the observed damage also increases
rapidly with increased average power, faster than the SNR increases. Therefore, measurements
performed at lower average power and similar exposure time lead to a better SNR-to-damage
efficiency. These observations hold for both the unpicked and pulse-picked experiments.

Fig. 7. The same SNR as in Fig. 5(b), but now normalized by damage, for the three
highest exposure times per group. All points are divided by the overall mean of 2.0×105 to
compare the overall SNR-to-damage efficiency. At short exposure times, pulse picking is
more efficient, but the higher repetition rate is better for longer exposure times. In general,
slightly reducing fluence at similar exposure times can greatly decrease damage and therefore
increase efficiency.

However, at shorter exposure times, pulse picking has better efficiency, whereas at longer
exposure times, not pulse picking is better. In further tests, we have confirmed that damage
scales faster with exposure time for the pulse-picked measurements than for the unpicked ones
(see appendix A). Because of this difference in damage scaling with exposure time, there is a
crossover between the measurement approaches. For this specific sample, we find that at or
below an exposure time of 8 s pulse picking is more efficient. Moreover, for ideal pulse picking
with fewer redundant probe pulses, the pulse picked probe energy can be increased at the same
average power, which should enhance SNR further. Therefore, for amorphous carbon films, pulse
picking to repetition rates of 1 MHz enables faster ultrafast photoacoustics measurements.

3.4. Discussion

From these photoacoustics experiments on samples with so widely different properties, several
general observations can be made. The measurements confirm the expectation from the theory
analysis, that increasing pump fluence and probe pulse energy lead to an SNR improvement that
follows Eq. (1) under shot-noise-limited conditions. However, increasing pump fluence can be
achieved through increasing pulse energy or repetition frequency, and while both methods have an
equal effect on SNR in principle, the dominant damage mechanism for a given sample determines
which route is preferred. For metallic samples such as Al and Ta, a viable optimization strategy
is to first determine the single-pulse energy damage threshold. Given the pump pulse energy
limit, the maximum repetition rate is then determined by thermal damage limitations.

If the available pulse energy far exceeds the single-pulse damage threshold, fluence can of
course also be limited by illuminating a larger area if the spatial properties of a sample are
homogeneous. For samples that are sensitive to thermal effects, this SNR optimization strategy
typically favors repetition frequencies in the 1 MHz range and below. In practice, many detection
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systems also have a lower limit to the optimum repetition frequency range, below which slow
drifts and ambient noise become significant compared to the shot-noise limit.

In cases where damage (or more generally light-induced sample modification) does not scale
linearly with fluence, defining the parameters that optimize SNR becomes even more challenging.
Our experiments on amorphous carbon showcase such a situation, for which a general scaling
law to optimize SNR at a given damage limit cannot be defined. Figure 7 for instance shows that
the optimum repetition rate changes for different total exposure time, and that for this specific
material a higher SNR per damage can be achieved only for longer measurement times. If an
application sets specific boundary conditions for a measurement, such as a required measurement
speed, an overview of the parameter space such as given in Fig. 7 is highly beneficial. While such
parameters will be sample-dependent for nonlinear damage mechanisms, the analysis procedure
introduced here gives a framework on how to determine the experimental conditions that optimize
SNR in pump-probe spectroscopy.

4. Conclusion

We have investigated strategies to optimize the SNR in pump-probe spectroscopy experiments
in the presence of damage mechanisms of varying origin. Our results show the importance of
adjusting especially the pulse repetition frequency to maximize SNR in a given measurement time,
while limiting damage or other light-induced sample modifications. Especially for samples with
high sensitivity to average fluence, a proper choice of experimental parameters enables several
orders of magnitude SNR advantage. While the present work has focused on photoacoustic
spectroscopy in thin solid films, the concepts and conclusions hold for a much wider range of
time-resolved pump-probe spectroscopy methods and applications. For instance, stimulated
Raman spectroscopy and transient absorption spectroscopy have SNR equations very similar to
Eqs. (1) and (2), and therefore similar experimental design considerations apply. As solution-
based samples and biological specimen are often highly sensitive to thermal effects, we expect
our conclusions to be applicable to such systems as well.

Appendix A: amorphous carbon damage scaling

Fig. 8. The normalized laser-induced damage for different fluences and at different exposure
times. The curves with crosses are measured at the unpicked 50 MHz repetition rate, and the
curves with filled circles are measured at 1 MHz. With a pulse-picked pump, the damage
increases faster with exposure time than for the unpicked pump.

In order to understand the effect of repetition rate on the SNR-to-damage efficiency from
section 3.3.1 on amorphous carbon better, we measure laser-induced damage at different fluences
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at both 1 MHz and 50 MHz pump rates. Again, we quantify the damage by the average reflectivity
drop in a circle around the pump spot, now with a 8 µm diameter. Here, we are interested in how
the damage accumulates with exposure time, but not in the absolute damage. Therefore, we fit an
α · Tβ curve to the 4 longest exposure times (T) for each fluence, with α and β the fit parameters.
We then divide the data for each fluence by α · 2β to normalize the trends to 1 at 2 s integration
time. The resulting curves are shown in Fig. 8. As before, at short exposure times for the lowest
fluences, the damage is hard to quantify due to image noise. Note that these measurements are
without probe, so the overall damage is lower than for similar pump fluences as in section 3.3.1.

It is clear that the damage increases faster with exposure time when pulse picking compared to
not pulse picking. The average β for the unpicked measurements is 0.67, whereas for the picked
measurements it is 0.79. Both scale faster than

√
T (β = 0.5), meaning the damage increases

faster than SNR, as is visible in Fig. 7. The α values have a similar range for both the picked (0.04
% to 0.28 %) and unpicked (0.07 % to 0.29 %) measurements. Therefore, at shorter exposure
times pulse picking can be better, as the damage also decreases faster than for the unpicked
measurements when decreasing exposure times.
Funding. European Research Council (864016); Nederlandse Organisatie voor Wetenschappelijk Onderzoek (17960).

Acknowledgments. We acknowledge the support from the European Research Council (ERC-CoG 864016, project
3D-VIEW), and the Dutch Research Council NWO (TTW-HTSM 17960, project Orpheus). This work was conducted at
the Advanced Research Center for Nanolithography, a public-private partnership between the University of Amsterdam
(UvA), Vrije Universiteit Amsterdam (VU), Rijksuniversiteit Groningen (RUG), the Dutch Research Council (NWO),
and the semiconductor equipment manufacturer ASML.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.

References
1. M. Maiuri, M. Garavelli, and G. Cerullo, “Ultrafast spectroscopy: State of the art and open challenges,” J. Am. Chem.

Soc. 142(1), 3–15 (2020).
2. M. C. Fischer, J. W. Wilson, F. E. Robles, et al., “Invited review article: Pump-probe microscopy,” Rev. Sci. Instrum.

87(3), 031101 (2016).
3. D. von der Linde and K. Sokolowski-Tinten, “The physical mechanisms of short-pulse laser ablation,” Appl. Surf.

Sci. 154-155, 1–10 (2000).
4. B. Rethfeld, D. S. Ivanov, M. E. Garcia, et al., “Modelling ultrafast laser ablation,” J. Phys. D: Appl. Phys. 50(19),

193001 (2017).
5. R. R. Gattass, L. R. Cerami, and E. Mazur, “Micromachining of bulk glass with bursts of femtosecond laser pulses at

variable repetition rates,” Opt. Express 14(12), 5279–5284 (2006).
6. S. M. Eaton, H. Zhang, P. R. Herman, et al., “Heat accumulation effects in femtosecond laser-written waveguides

with variable repetition rate,” Opt. Express 13(12), 4708–4716 (2005).
7. B. Tan, A. Dalili, and K. Venkatakrishnan, “High repetition rate femtosecond laser nano-machining of thin films,”

Appl. Phys. A 95(2), 537–545 (2009).
8. C. Y. Dong, P. T. So, T. French, et al., “Fluorescence lifetime imaging by asynchronous pump-probe microscopy,”

Biophys. J. 69(6), 2234–2242 (1995).
9. C. Buehler, C. Y. Dong, P. T. C. So, et al., “Time-resolved polarization imaging by pump-probe (stimulated emission)

fluorescence microscopy,” Biophys. J. 79(1), 536–549 (2000).
10. W. Min, S. Lu, S. Chong, et al., “Imaging chromophores with undetectable fluorescence by stimulated emission

microscopy,” Nature 461(7267), 1105–1109 (2009).
11. C. W. Freudiger, W. Min, B. G. Saar, et al., “Label-free biomedical imaging with high sensitivity by stimulated

Raman scattering microscopy,” Science 322(5909), 1857–1861 (2008).
12. T. Ideguchi, S. Holzner, B. Bernhardt, et al., “Coherent Raman spectro-imaging with laser frequency combs,” Nature

502(7471), 355–358 (2013).
13. G. Donnert, C. Eggeling, and S. W. Hell, “Major signal increase in fluorescence microscopy through dark-state

relaxation,” Nat. Methods 4(1), 81–86 (2007).
14. J. Bogusławski, A. Kwaśny, D. Stachowiak, et al., “Increasing brightness in multiphoton microscopy with a

low-repetition-rate, wavelength-tunable femtosecond fiber laser,” Opt. Continuum 3(1), 22–35 (2024).
15. K. Podgorski and G. Ranganathan, “Brain heating induced by near-infrared lasers during multiphoton microscopy,” J.

Neurophysiol. 116(3), 1012–1023 (2016).

https://doi.org/10.1021/jacs.9b10533
https://doi.org/10.1021/jacs.9b10533
https://doi.org/10.1063/1.4943211
https://doi.org/10.1016/S0169-4332(99)00440-7
https://doi.org/10.1016/S0169-4332(99)00440-7
https://doi.org/10.1088/1361-6463/50/19/193001
https://doi.org/10.1364/OE.14.005279
https://doi.org/10.1364/OPEX.13.004708
https://doi.org/10.1007/s00339-008-4938-8
https://doi.org/10.1016/S0006-3495(95)80148-7
https://doi.org/10.1016/S0006-3495(00)76315-6
https://doi.org/10.1038/nature08438
https://doi.org/10.1126/science.1165758
https://doi.org/10.1038/nature12607
https://doi.org/10.1038/nmeth986
https://doi.org/10.1364/OPTCON.505871
https://doi.org/10.1152/jn.00275.2016
https://doi.org/10.1152/jn.00275.2016


Research Article Vol. 33, No. 11 / 2 Jun 2025 / Optics Express 23644

16. C. Macias-Romero, V. Zubkovs, S. Wang, et al., “Wide-field medium-repetition-rate multiphoton microscopy reduces
photodamage of living cells,” Biomed. Opt. Express 7(4), 1458–1467 (2016).

17. C. Thomsen, H. T. Grahn, H. J. Maris, et al., “Surface generation and detection of phonons by picosecond light
pulses,” Phys. Rev. B 34(6), 4129–4138 (1986).

18. L. V. Wang and J. Yao, “A practical guide to photoacoustic tomography in the life sciences,” Nat. Methods 13(8),
627–638 (2016).

19. L. Wang, C. Zhang, and L. V. Wang, “Grueneisen relaxation photoacoustic microscopy,” Phys. Rev. Lett. 113(17),
174301 (2014).

20. H. Zhang, A. Antoncecchi, S. Edward, et al., “Unraveling phononic, optoacoustic, and mechanical properties of
metals with light-driven hypersound,” Phys. Rev. Appl. 13(1), 014010 (2020).

21. M. Illienko, M. C. Velsink, and S. Witte, “Understanding photoacoustic signal formation in the presence of transparent
thin films,” Photoacoustics 38, 100617 (2024).

22. A. Antoncecchi, H. Zhang, S. Edward, et al., “High-resolution microscopy through optically opaque media using
ultrafast photoacoustics,” Opt. Express 28(23), 33937–33947 (2020).

23. G. Tas and H. J. Maris, “Electron diffusion in metals studied by picosecond ultrasonics,” Phys. Rev. B 49(21),
15046–15054 (1994).

24. K. M. Hoogeboom-Pot, J. N. Hernandez-Charpak, X. Gu, et al., “A new regime of nanoscale thermal transport:
Collective diffusion increases dissipation efficiency,” Proc. Natl. Acad. Sci. 112(16), 4846–4851 (2015).

25. T. D. Frazer, J. L. Knobloch, K. M. Hoogeboom-Pot, et al., “Engineering nanoscale thermal transport: Size- and
spacing-dependent cooling of nanostructures,” Phys. Rev. Appl. 11(2), 024042 (2019).

26. A. Beardo, J. L. Knobloch, L. Sendra, et al., “A general and predictive understanding of thermal transport from 1D-
and 2D-confined nanostructures: Theory and experiment,” ACS Nano 15(8), 13019–13030 (2021).

27. M. C. Velsink, M. Illienko, P. Sudera, et al., “Optimizing pump–probe reflectivity measurements of ultrafast
photoacoustics with modulated asynchronous optical sampling,” Rev. Sci. Instrum. 94(10), 103002 (2023).

28. P. A. Elzinga, F. E. Lytle, Y. Jian, et al., “Pump/probe spectroscopy by asynchronous optical sampling,” Appl.
Spectrosc. 41(1), 2–4 (1987).

29. A. Bartels, R. Cerna, C. Kistner, et al., “Ultrafast time-domain spectroscopy based on high-speed asynchronous
optical sampling,” Rev. Sci. Instrum. 78(3), 035107 (2007).

30. R. Gebs, G. Klatt, C. Janke, et al., “High-speed asynchronous optical sampling with sub-50fs time resolution,” Opt.
Express 18(6), 5974–5983 (2010).

31. Y. Kim and D.-S. Yee, “High-speed terahertz time-domain spectroscopy based on electronically controlled optical
sampling,” Opt. Lett. 35(22), 3715–3717 (2010).

32. H. Jang, N. S. Han, G. Kim, et al., “Unveiling ultrafast carrier dynamics of tellurium microcrystals by two-color
asynchronous sampling infrared transient absorption spectroscopy,” J. Phys. Chem. C 128(1), 268–278 (2024).

33. C. Palatchi and K. Paschke, “RTP pockels cell with nanometer-level position control,” arXiv (2021).
34. O. Matsuda, M. C. Larciprete, R. Li Voti, et al., “Fundamentals of picosecond laser ultrasonics,” Ultrasonics 56,

3–20 (2015).
35. P. Welch, “The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging

over short, modified periodograms,” IEEE Trans. Audio Electroacoust. 15(2), 70–73 (1967).
36. J. Dai, P. Mukundhan, R. Mair, et al., “Monitoring critical process steps in 3D NAND using picosecond ultrasonic

metrology with both thickness and sound velocity capabilities,” in China Semicond. Technol. Int. Conf. (2020), pp.
1–3.

37. S. Sattel, J. Robertson, and H. Ehrhardt, “Effects of deposition temperature on the properties of hydrogenated
tetrahedral amorphous carbon,” J. Appl. Phys. 82(9), 4566–4576 (1997).

38. J. L. Arlein, S. E. M. Palaich, B. C. Daly, et al., “Optical pump-probe measurements of sound velocity and thermal
conductivity of hydrogenated amorphous carbon films,” J. Appl. Phys. 104(3), 033508 (2008).

https://doi.org/10.1364/BOE.7.001458
https://doi.org/10.1103/PhysRevB.34.4129
https://doi.org/10.1038/nmeth.3925
https://doi.org/10.1103/PhysRevLett.113.174301
https://doi.org/10.1103/PhysRevApplied.13.014010
https://doi.org/10.1016/j.pacs.2024.100617
https://doi.org/10.1364/OE.405875
https://doi.org/10.1103/PhysRevB.49.15046
https://doi.org/10.1073/pnas.1503449112
https://doi.org/10.1103/PhysRevApplied.11.024042
https://doi.org/10.1021/acsnano.1c01946
https://doi.org/10.1063/5.0155006
https://doi.org/10.1366/0003702874868025
https://doi.org/10.1366/0003702874868025
https://doi.org/10.1063/1.2714048
https://doi.org/10.1364/OE.18.005974
https://doi.org/10.1364/OE.18.005974
https://doi.org/10.1364/OL.35.003715
https://doi.org/10.1021/acs.jpcc.3c06944
https://doi.org/10.48550/arXiv.2106.09546
https://doi.org/10.1016/j.ultras.2014.06.005
https://doi.org/10.1109/TAU.1967.1161901
https://doi.org/10.1063/1.366193
https://doi.org/10.1063/1.2963366

