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ABSTRACT
Time-resolved optical pump–probe experiments enable the study of complex light–matter interactions on ultrafast timescales, provided that
they reach sufficient sensitivity. For instance, with pump-induced ultrafast photoacoustics, probing the typically small changes in optical
properties requires a high signal-to-noise ratio. Asynchronous optical sampling (ASOPS), using two separate pulsed lasers at slightly different
repetition rates, can be effective at removing noise by averaging many rapidly acquired traces. However, the pump–probe delay scan with
ASOPS is always as long as the pump pulse interval, which is inefficient if the delay-time range of interest is shorter. Here, we demonstrate two
modified ASOPS schemes that optimize measurement efficiency by only scanning the range of interest. The modification based on frequency
modulated ASOPS (MASOPS) is most efficient, especially in the presence of low-frequency flicker noise. We provide a proof-of-concept
measurement of ultrafast photoacoustics in which we use MASOPS to scan a time delay of 1/20 of the pump pulse interval. The resulting
noise floor is

√
20 times lower compared to conventional ASOPS, allowing for 20 times faster measurements. Furthermore, we show that by

taking experimental noise characteristics into account, more traditional pump–probe methods can also be optimized.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155006

I. INTRODUCTION

Many materials display complex dynamics on ultrashort
timescales, originating from interactions involving electrons,
phonons, thermal transport, and more. Ultrafast laser pulses pro-
vide a means to capture such transient phenomena, often through
time-resolved optical spectroscopy. In such pump–probe methods,
the dynamics are both optically initiated and detected through some
form of light–matter interaction.1

For instance, ultrafast laser pulses can be used to generate high-
frequency acoustics in absorbing materials. These pump-induced
strain pulses can subsequently be optically detected as they modu-
late the optical properties of the material.2,3 This type of light–matter
interaction has diverse applications, from studying surface acoustic
waves4,5 and other fundamental phononic phenomena6–8 to char-
acterizing and imaging biological cells.9,10 Ultrafast photoacoustics

can also be used to “look through” opaque thin layers by both excit-
ing an acoustic pulse and detecting its echo optically at the top
surface.11,12 This concept can be further extended to the detection
of buried diffraction-based markers in semiconductor device man-
ufacturing.13 Typically, the acoustically induced changes in opti-
cal properties are weak, with reflectivity changes of only 10−7 to
10−3. This makes low-noise pump–probe measurements a necessity.
Reducing noise also allows for faster acquisition, which is espe-
cially desirable for minimizing pixel dwell time in spatially resolved
measurements.

In general, the frequency content of ultrafast pump-induced
phenomena can span hundreds of gigahertz, which makes real-time
probing challenging. Instead, in a typical pump–probe experiment,
the pump-induced effects are probed at slowly increasing delay
times. This adjustable delay can be achieved with fs-to-ps resolu-
tion by splitting a single pulse into pump and probe paths and
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recombining them after a mechanically adjustable delay line, or by
using asynchronous optical sampling (ASOPS) with two separate
lasers.14 Measuring the probe reflectivity over time then gives an
equivalent-time representation of the actual reflectivity signal with
greatly reduced frequency content. Because the delay in ASOPS is
purely time-based, it does not suffer from beam pointing variation
and divergence changes, as is the case with a mechanical delay line.
However, the total measured delay is always equal to the pump pulse
interval, which is inefficient if the delay-time range of interest is
shorter.

In this paper, we present an ASOPS-based experimental appa-
ratus for ultrafast pump–probe reflectivity measurements, capable of
reaching shot-noise-limited detection sensitivity. With this setup, we
implement two modified ASOPS scanning methods that circumvent
the delay-scan inefficiency of conventional ASOPS. We demon-
strate that with our setup for measuring ultrafast photoacoustics,
adding frequency modulation to ASOPS improves noise by more
than an order of magnitude. With further analysis, we motivate that
by taking into account the noise characteristics of an experiment,
mechanical pump–probe setups can also be optimized.

A. Asynchronous optical sampling
The concept of ASOPS is schematically depicted in Fig. 1.

Each pump pulse induces the same reflectivity change in the sam-
ple, which is detected by a probe pulse. Because the pump repeats
slightly faster than the probe, the delay between the probe and the
pump slowly increases. In this way, the fast reflectivity dynamics
are sampled at a different delay for each probe pulse. With a nom-
inal repetition rate f0 and an offset Δ f , every probe pulse arrives
Δt ≈ Δ f / f2

0 later, giving an effective delay scan speed of ν = f0 × Δt
≈ Δ f / f0. The delay scan speed of ASOPS typically far exceeds that
of mechanical delay lines. For example, scan speeds of 400 ns/s and
higher are readily achievable, which would require a mechanical
stage moving at 60 m/s for a single-reflection delay line.

Usually, the pump and probe in ASOPS run at similar repe-
tition rates. Instead, in our setup, the pump runs at approximately
half the probe repetition rate. This allows us to use lock-in detection

FIG. 1. Schematic depiction of ASOPS. The pump repeats slightly faster than half
the probe repetition rate, causing an increasing pump–probe delay. Measuring the
probe intensity then recovers the ultrafast dynamics in the sample reflectivity. The
dashed probe pulses are not affected by the pump but are used for noise reduction
with lock-in detection, as explained in the setup description.

at half the probe repetition rate, as indicated in Fig. 1, which reduces
electronic noise.

B. Modified scanning methods
In conventional ASOPS, the repetition rate offset of the pump

is fixed, and many rapidly acquired traces are averaged together.
As mentioned before, this has the disadvantage that the resulting
trace is as long as the pump pulse interval, making measurements
of a short range in time inefficient. High-speed ASOPS systems
with increased repetition rates of 1 to 10 GHz can already improve
this inefficiency,15–21 but such systems do not have the flexibility
to measure longer delay times as well. Instead, by modulating the
repetition rate offset in time, the pump–probe delay can be alter-
nated back and forth over the range of interest. Such a modified
scanning scheme enables much greater efficiency in data collection.
A similar approach has been explored before in terahertz radiation
experiments.22–24 However, our approach does not require delay
time calibration and is easy to apply to ASOPS systems with a
tunable repetition rate. An alternative efficient solution with syn-
chronized lasers is to measure at a small repetition rate offset, slowly
scanning the range of interest only once but with increased integra-
tion time per unit delay. This is similar to using a mechanical delay
stage in a traditional pump–probe setup. We will thus compare these
three methods:

(1) Modulated ASOPS (MASOPS),
(2) Conventional ASOPS, and
(3) Single slow scan.

C. Signal and noise theory
To understand the signal-to-noise ratio resulting from each

scan method, a detailed analysis is instructive. We consider a sig-
nal that contains an additive noise source δa(t) with mean 0 and a
multiplicative noise source δm(t) with mean 1. The resulting mea-
sured signal for the ith trace in a (M)ASOPS measurement is then
given by

Mi(t′) = δm(ti + t′) ⋅ S(Δt(t′)) + δa(ti + t′), (1)

where S(Δt(t′)) is the true signal at pump–probe delay Δt, ti is the
trace start time (with t1 = 0), and t′ = t − ti. Since the scan speed ν is
the ratio between delay time and real time, S(Δt(t′)) = S(νt′). After
collecting N traces, the average measurement signal is given by

M(t′) = 1
N

N

∑
i=1
[δm(ti + t′) ⋅ S(νt′) + δa(ti + t′)]. (2)

The signal for the slow scan method has the same form, with N = 1.
With a pump pulse interval τ, we are interested in a short

delay-time range ατ with α ≤ 1. Then, combined with a rapid scan
rate of λ traces/s for (M)ASOPS and an integration time T, we can
find the scan speed ν for the three methods. The slow scan method
uses ν = ατ/T, ASOPS uses ν = λτ, and MASOPS uses ν = λατ. For
a desired equivalent measurement bandwidth f eq

BW, which is equal
for all methods, the required lock-in filter bandwidth fL is given by
fL = ν ⋅ f eq

BW.
If the combined noise within fL is predominantly white, the

root-mean-square (RMS) noise scales with
√

fL. After averaging,
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this is reduced by
√

N as each trace samples uncorrelated noise.
Even though MASOPS uses an fL that is a factor νMASOPS/νslow = λT
higher than the slow scan method, after averaging N = λT traces, the
noise will be the same. However, ASOPS will have

√
1/α times more

noise.
Apart from white noise, flicker noise with a 1/ f power spectral

density can be significant at low frequencies.25 There is then some
corner frequency fc below which flicker noise dominates. With lock-
in detection, additive flicker noise can be avoided by demodulating
at a frequency well above fc. The additive noise in our experiment is,
therefore, expected to be white.

However, multiplicative flicker noise cannot be removed using
lock-in detection, as it appears as amplitude modulation around
the demodulation frequency. Combined with a non-zero signal, this
multiplicative noise can have a higher contribution than additive
noise up to fc. However, as long as fL is greater than fc, additive
noise will still dominate and multiplicative noise will not play a role
in the measured signal. Moreover, for (M)ASOPS, if λ ≥ fc, the mul-
tiplicative noise δm(ti + t′) can be assumed constant for 0 ≤ t′ ≤ 1/λ.
In that case,

M(t′) ≈ S(νt′) ⋅ 1
N

N

∑
i=1

δm(ti) +
1
N

N

∑
i=1

δa(ti + t′) (3)

so that the signal shape is not changed by multiplicative noise but
only scaled by the average of δm.

For the slow scan method, fL is typically much lower than
for (M)ASOPS and can become comparable to or lower than fc.
In that case, flicker noise dominates. The integrated RMS noise
between equivalent frequencies f eq

1 and f eq
2 , or real-time frequencies

f1,2 = ν ⋅ f eq
1,2 = ατ ⋅ f eq

1,2/T, is then given by

RMSnoise ∝

¿
ÁÁÁÁÀ

f2

∫
f1

1/ f df =
¿
ÁÁÀln( f2

f1
) =
¿
ÁÁÀln( f eq

2
f eq

1
), (4)

which is completely independent of T. So, integrating longer with
reduced fL will not help to remove this noise. Averaging more traces
will still help, as the slow scan method then starts to work like
MASOPS.26

In general, the characteristics of noise and whether 1/ f noise
plays a role depend on the pump–probe experiment. Without lock-
in detection, additive flicker noise might be dominant. Furthermore,
higher noise at lower frequencies does not necessarily follow a
1/ f trend. However, the (M)ASOPS methods will still have the
advantage of higher frequency content due to their high ν com-
pared to the slow scan method. This means that low frequency noise
has less effect on the measured signal shape. In our experiments,
we measure laser-induced ultrafast photoacoustics and can compare
and verify the performance of the three methods directly, based on
their noise floor.

II. EXPERIMENTAL SETUP
The setup for measuring laser-induced ultrafast photoacoustics

is sketched in Fig. 2. The pump laser is a 1030 nm ytterbium fiber
laser with 180 fs pulse duration at 50 MHz (Menlo Systems Orange).
It is electronically synchronized to the free-running probe laser, an

FIG. 2. Sketch of the measurement setup. The pump and probe are collinearly
focused on the sample. Half of the reflected probe light is coupled into a multimode
fiber and detected by a fast detector, which is balanced with a reference probe
beam. The detector signal is then filtered and amplified at half the probe rate.

erbium fiber laser with 70 fs pulse duration at 100 MHz, from which
we use the 780 nm second-harmonic output (Menlo Systems C-Fiber
780). The pump and probe are collinearly focused on the sample. In
the following, we use a 400 nm thin freestanding aluminum mem-
brane as the test sample to characterize the measurement system
performance. To generate and detect photoacoustic signals in this
sample, we use 75 mW pump power and 2 mW probe power. A beam
expander in the probe path ensures that the probe spot is smaller
than the pump on the sample (∼4 μm vs ∼8 μm, respectively).

Half of the reflected probe light is then detected in one port of a
multimode fiber-coupled balanced detector, with a reference probe
beam in the other port. An OD6 low-pass dichroic filter in the probe
arm prevents any pump light from being detected. The fast balanced
detector (500 MHz, Femto HBPR) has a 5 kV/A transimpedance
gain, allowing for shot-noise-limited probe detection at mW-level
intensities. In addition, a lock-in amplifier (Zurich Instruments
UHFLI) filters and amplifies the detector signal at half the probe
rate. The lock-in output can either be saved directly or captured
by an oscilloscope for trace averaging in the case of (M)ASOPS.
Because the balanced detector also outputs a DC voltage, we can
extract the relative reflectivity change as ΔR/R0 =

√
2 ⋅ VRMS/VDC

(see Appendix A). Here, VRMS is the RMS voltage as measured by the
lock-in amplifier, VDC is the DC voltage, ΔR is the absolute reflectiv-
ity change, and R0 is the reflectivity without the pump. We assume
that any pump-induced effects have vanished before the secondary
probe pulses (dashed in Fig. 1) are reflected.

A. Synchronization and modulation electronics
The control electronics are shown schematically in Fig. 3. The

pump and probe pulses are internally detected with fast photodi-
odes, and their repetition rate harmonics at 1 GHz are electronically
bandpass filtered. A 20 MHz reference is subtracted from the probe’s
1 GHz, after which the resulting 980 MHz is compared to the pump’s
1 GHz, creating a 20 MHz intermediate frequency. This frequency is
phase-locked via a proportional-integral-derivative (PID) loop to a
digitally generated 20 MHz signal, which can be frequency and/or
phase modulated to provide a modulated pump repetition rate. The
PID loop with a 100 kHz bandwidth controls the pump laser with
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FIG. 3. Block diagram of the MASOPS synchronization electronics. The pump
and probe repetition rates are compared by their 1 GHz electronic harmonics at a
20 MHz offset. The resulting intermediate frequency is locked to the signal from
an arbitrary waveform generator (AWG) via a PID-loop that controls an intracavity
mirror in the pump laser. Any desired modulation can be added with the AWG.

an intracavity mirror that can be moved in large steps by a stepper
motor and fine-tuned with a piezo-element. Detecting pump and
probe phases at 1 GHz increases sensitivity, as any phase fluctua-
tions in the fundamentals are multiplied by the harmonic number
(20 for the pump and 10 for the probe, respectively). Furthermore,
the effect of phase noise in the 20 MHz reference is reduced by a
factor of 10 as well, compared to phase detection at 100 MHz. The
complete synchronization setup is a commercial system (Menlo Sys-
tems RRE-SYNCRO), with a jitter of 59 fs as measured by Menlo
Systems. In practice, the time resolution is limited by the 180 fs
pump pulse duration, which we have verified with a pump–probe
intensity cross correlation on a two-photon GaP photodetector.

We have added an arbitrary waveform generator (AWG,
Keysight 33522B) to allow for modulation of the frequency and
phase offset. A frequency shift Δ f or phase shift Δφ of the AWG
output will result in a repetition rate offset of Δ f /20 or a phase shift
of Δφ/20, respectively. Previously, the modulation was applied as a
voltage offset to the PID loop, which requires accurate voltage-to-
phase calibration22 or a known repetitive signal.23 Instead, in our
approach, the modulation is essentially directly applied to the 1 GHz
harmonic of the pump, giving a quantitative and calibration-free
conversion to the resulting time delay scan. For example, a 1 Hz off-
set of the AWG results in a delay scan speed of 1 ns/s. Due to the
AC voltage limitations of the intracavity piezo-element in the pump
laser, the scan speed modulation is limited from −20 to +20 ns/s.
Alternating traces of 1 ns long can, thus, be measured at a maximum
rate of 20 traces per second.

B. Settings for scanning methods
With modulated ASOPS in our experiment, the pump runs at

+1 Hz offset for 1/20 s and then −1 Hz offset for 1/20s, resulting
in 20 traces per second of 1 ns long with alternating direction. The

modulation is applied via phase modulation, as frequency modula-
tion otherwise results in a slight timing drift after every cycle with
our AWG. A triangle wave defines the modulation waveform, with
the transitions smoothed in order to prevent sharp PID input jumps.
The majority of the waveform (90%) remains linear, and the known
nonlinearity in the transitions is corrected in the data analysis. See
Appendix B for more details. On average, the scan speed ν is 20 ns/s.
With conventional ASOPS, the pump runs at a fixed +20 Hz offset,
resulting in 20 traces per second of 20 ns long (ν = 400 ns/s). In addi-
tion, we can do a single slow scan in T seconds by running the pump
at +1/20T Hz, resulting in a trace of 1 ns long (ν = 1/T ns/s).

The lock-in amplifier uses a fourth-order cascaded digital low-
pass filter, with its bandwidth set such that the equivalent mea-
surement bandwidth is always 1 THz. Thus, it is set to 20 kHz for
MASOPS, 400 kHz for ASOPS, and 1000/T Hz for the slow single
scan. The sample rate of the data acquisition is approximately ten
times higher to minimize aliasing.

We compare the three methods at different integration times.
For (M)ASOPS, the integration time is increased by averaging more
traces, but the scan speed and lock-in settings remain fixed. How-
ever, for the slow single scan, the scan speed and lock-in filter
bandwidth are adjusted for each integration time T.

III. RESULTS AND DISCUSSION
The change in reflectivity of the sample over time due to pump-

induced effects is plotted in Fig. 4. Initially, the pump pulse rapidly
heats up the electrons in the metal, causing a large and rapid increase
in reflectivity. The electrons subsequently transfer their thermal
energy to the lattice through electron–phonon coupling, after which
an acoustic pulse is generated by thermal expansion. This pulse trav-
els through the freestanding aluminum membrane and reflects back
and forth many times. The resulting echoes can be detected due
to the photoelastic effect, with the first one arriving after 123 ps.

FIG. 4. Pump-induced relative reflectivity change in the aluminum membrane over
time. The inset shows the fifth acoustic echo in more detail, measured with the
three methods at 20 s integration time. Each trace is offset by 0.05 × 10−3 for
clarity. MASOPS appears less noisy than ASOPS and does not have the small
oscillations present in the slow single trace.
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Acoustic damping decreases the amplitude of subsequent echoes,
but they are still clearly visible after 1000 ps. Most signal features,
such as the initial electronic peak, shape of the acoustic pulse, and
magnitude of the reflectivity change, strongly depend on the sam-
ple and experimental configuration. These effects have been studied
before27,28 and are not the focus of this work.

The inset of Fig. 4 shows a visual comparison of the three meth-
ods around the fifth echo, measured with an integration time of 20 s.
It is clear that the MASOPS and slow scan traces are significantly
less noisy than the ASOPS trace. In addition, there are small oscilla-
tions present in the slow scan trace that are absent in the MASOPS
trace. We have also observed that the slow single scan can have slight
timing drifts up to ±2 ps on a timescale of 1000 s, which are likely
caused by low frequency drift in the synchronization hardware.
However, even a mechanical delay stage with a low resolution of
0.05 mm will have an order of magnitude better timing accuracy.
The timing drift we observe is, therefore, mostly specific to our setup.
The low frequency drifts are not relevant for the (M)ASOPS meth-
ods, as they occur on a timescale that is longer than the time needed
to measure a single trace.

A. Spectral noise density comparison
In order to quantitatively compare the three measurement

schemes, we estimate their spectral noise density by using Welch’s
method.29 The method works by taking partially overlapping
Fourier transforms of small segments of the data and averaging the
Fourier amplitudes for each frequency bin. This reduces amplitude
variations at the cost of frequency resolution, allowing for accu-
rate spectral density estimation. We apply Welch’s method from
40 to 970 ps, using 36 Hann-windowed segments of 50 ps long with
optimal 50% overlap.30

The resulting spectral density estimates are shown in Fig. 5 for
20 and 1000 s integration times. There is signal content present up

FIG. 5. Spectral density estimates of the measured traces with the three different
methods, corrected for the lock-in filter response. The light colored lines are for
20 s of integration time, and the darker lines are for 1000 s. There is signal content
present up to 300 GHz, above which noise dominates. Even though the integration
time increases 50-fold, the noise floor of the slow single scan does not improve.

to 300 GHz, which has equal amplitude for all methods until noise
starts to dominate. However, the noise floors vary significantly. For
the shorter integration time, MASOPS has the lowest noise floor, fol-
lowed by the slow single scan, and then by ASOPS. In our case, this
difference is mostly relevant for high-frequency signal content above
200 GHz. However, with a weaker signal, the noise floor improve-
ment should already become apparent at lower frequencies. With
50 times longer integration, both the MASOPS and ASOPS noise
floors decrease by a similar ratio close to

√
50. In contrast, the slow

single scan does not improve at all.
The improvement with longer integration times is easier to see

by averaging the spectral density from 400 to 1000 GHz, as shown
in Fig. 6. Both MASOPS and ASOPS follow the same 1/

√
T trend,

as expected. However, MASOPS has approximately
√

20 times less
noise than ASOPS due to the much improved measurement effi-
ciency in the short time range of interest. It is possible to achieve the
same noise level with conventional ASOPS, but it will take 20 times
longer. As the slow single scan also only measures the time range
of interest, it should have similar efficiency to MASOPS. For short
integration times, the slow single scan, indeed, follows the noise
floor of MASOPS. Nevertheless, the slow scan noise floor stagnates
beyond 20 s, as is already apparent in Fig. 5. This suggests that the
slow single scan is sensitive to a different kind of noise that can-
not be removed by measuring slower and reducing the lock-in filter
bandwidth further.

B. Noise characterization
We can characterize the noise by the probability distribution of

noise amplitudes, Anoise, of the Fourier transform. For uncorrelated
Gaussian white noise, Anoise should follow the Rayleigh distribution.
To better compare the shape of the distribution for both low and

FIG. 6. Root-mean-square (RMS) noise density from 400 to 1000 GHz for differ-
ent integration times. The error bars (typically smaller than the symbols) indicate
the 95% confidence interval based on the variance within the frequency range.
MASOPS has

√

20 times less noise than ASOPS, but both methods improve with
1/
√

T . Although the slow single scan method is comparable to MASOPS for short
integration times, it reaches a plateau after 20 s.
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high values, we look at the distribution of z = log10(Anoise). This has
the advantage that normalization by the mean is a shift in z, which
preserves the shape of the histogram.31 The probability density func-
tion of the resulting Log–Rayleigh distribution with zero mean is
given by

fZ(z) = ln (10)102(z−z ) exp (−102(z−z )/2), (5)

where z = 1
2(ln (2) − γ)/ ln (10), with γ being Euler’s constant. See

Appendix C for the derivation of Eq. (5).
We estimate the probability density shape of log10(Anoise)

between 400 and 1000 GHz by taking a histogram for each fre-
quency bin in the Fourier transforms from Welch’s method. Then,
we center each histogram by subtracting the mean and calculat-
ing the average histogram over all frequency bins. To compare the
methods in the range where the slow scan method deviates, we aver-
age the resulting histograms for each integration time of 50 s and
longer. These final histograms for each method are shown in Fig. 7,
together with Eq. (5). The (M)ASOPS methods fit the Log–Rayleigh
shape well. However, the slow single scan significantly deviates,
with high-valued outliers. This indicates that (M)ASOPS averages
white, uncorrelated Gaussian noise, whereas the slow single scan
does not.

C. Low frequency 1/f noise
To further investigate the type of noise, we fix the pump–probe

delay at 300 ps and record the lock-in amplified balanced detec-
tor signal for 1 h. Again, we estimate the spectral noise density
with Welch’s method using Hann-windowed segments of 10 s long.
For 2 mW probe power, the photocurrent in each photodiode from
the balanced detector is ∼320 μA. The shot noise for both current
paths adds in quadrature, increasing its total value by

√
2. Fur-

thermore, because the shot noise is pulsed and in phase with the

FIG. 7. Probability density of z = log10(Anoise) for the noise density Anoise from
400 to 1000 GHz, averaged over all integration times of 50 s and longer. For each
method, z is centered by subtracting the mean of z. The black dashed line indicates
the theoretical Log–Rayleigh distribution for uncorrelated Gaussian noise. Only the
slow single scan deviates significantly, with high-valued outliers.

FIG. 8. Spectral noise density of the balanced photocurrent for a 1-h measurement
using different pump powers, with the pump–probe delay fixed at 300 ps. A 1/ f
trend and the shot noise level are indicated in black. Without pump, shot noise
dominates and 1/ f noise is absent. The 1/ f noise is similar for different pump
powers.

lock-in demodulation, the resulting shot noise again increases by√
2.32 The resulting shot noise current density is thus 20.3 pA/

√
Hz.

The noise density for different pump powers is plotted in Fig. 8.
Without pump, shot noise dominates. With pump, low frequency
noise appears, which follows a 1/ f trend in squared density. In our
experience, the exact slope and magnitude of this 1/ f -like noise
can change with alignment and pump power, but the 1/ f corner is
consistently around 20 Hz.

With a lock-in bandwidth of 20 and 400 kHz for MASOPS
and ASOPS, respectively, their noise floors are dominated by white
(shot) noise. However, the slow single scan method has a lock-in
bandwidth of 1000/T Hz, which becomes smaller than the 1/ f cor-
ner around 50 s integration time. In that case, the 1/ f flicker noise
starts to dominate. As shown before in Eq. (4), the average noise
will then be completely independent of T. For any pump–probe
setup that uses a slow scan method, it is, therefore, valuable to find
out if there is significant 1/ f noise present and what its corner fre-
quency is. Using an acquisition time with a corresponding lock-in
bandwidth that approaches this corner frequency is then the optimal
configuration. If a lower noise floor is required, only trace averaging
will help, which is the approach taken with (M)ASOPS.

IV. CONCLUSION
We have shown that applying frequency modulation to ASOPS

greatly increases measurement efficiency if the delay-time range of
interest is short compared to the pump pulse interval. In our exam-
ple, with a 1 ns range of interest and a 20 ns pump pulse interval,
MASOPS has

√
20 times less noise, allowing for 20 times faster mea-

surements. This advantage further increases with a shorter range of
interest or with a longer pump pulse interval. With MASOPS and
lock-in amplification, we can measure ultrafast photoacoustics at the
shot noise limit.
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Compared to MASOPS, a slow scanning method can achieve
similar noise performance, provided white noise dominates. How-
ever, if significant 1/ f flicker noise is present, longer integration
times cannot improve the noise floor. For pump–probe setups that
use slow (mechanical) scanning methods, the noise floor can, there-
fore, be optimized by setting the measurement bandwidth to the
1/ f corner frequency. In that case, further noise reduction is only
possible with trace averaging.
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APPENDIX A: EXTRACTING RELATIVE REFLECTIVITY

For a fixed pump–probe delay Δt, the probe repeats exactly
twice as fast as the pump, as indicated in Fig. 1. In general, the
nth probe pulse that reflects from the sample has an intensity
In(t) = R(n)E0δ(t − nτ/2), with R(n) as the reflectivity, E0 as the
incident pulse energy, δ(t) as the Dirac delta function, and τ as
the pump pulse interval. If the detector is linear and has infinite
bandwidth, the unbalanced voltage in the sample beam detector is
simply V(t) = S ⋅ I(t), with S being the detector sensitivity includ-
ing experimental losses. We only need to consider the effect of a
single pump pulse on the two following probe pulses since all sig-
nals are periodic with the pump. We assume that any pump-induced
reflectivity modulation vanishes quickly so that the second probe
pulse observes the unmodified reflectivity R(1) = R0. The first probe
pulse is, however, modified and observes R(0) = R0 + ΔR. With the

pump pulse arriving at t = −Δt, the DC voltage over the two probe
pulses until the next pump pulse is given by

VDC =
1
τ

−Δt+τ

∫
−Δt

V(t)dt

= S ⋅ E0

τ

−Δt+τ

∫
−Δt

[R(0)δ(t) + R(1)δ(t − τ/2)]dt

= S ⋅ E0

τ
[2R0 + ΔR(Δt)] ≈ 2 ⋅ R0

S ⋅ E0

τ
, (A1)

where we have assumed ΔR≪ R0. We always use the unbalanced
DC voltage for VDC, as the balanced signal has no DC component.
The lock-in amplifier demodulates at half the probe repetition rate
and in phase with the probe pulse train by multiplying the voltage
with

√
2 cos (2π ⋅ t/τ) and averaging. The resulting RMS voltage is

given by

VRMS =
√

2
τ

−Δt+τ

∫
−Δt

cos (2π ⋅ t/τ) ⋅ V(t)dt

=
√

2 ⋅ S ⋅ E0

τ
[R(0) − R(1)]

=
√

2 ⋅ ΔR(Δt)S ⋅ E0

τ
. (A2)

With balancing, VRMS is the same, but laser noise will be reduced.
Note that, in practice, the detector bandwidth is finite. However, as
long as the bandwidth is greater than 1/τ, VRMS remains unchanged,
as the signal at half the probe repetition rate will not be filtered
out. Hence, we can reconstruct the relative reflectivity change by
ΔR/R0 =

√
2 ⋅ VRMS/VDC.

APPENDIX B: MODULATION WAVEFORM

The phase modulation waveform we use is effectively a rounded
triangular wave. The normalized upswing ϕ̂ of the waveform is a
piecewise continuous function of the normalized time t̂, given by

ϕ̂( t̂) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

(1 − p)1 − cos (ω t̂)
2

, 0 ≤ t̂ ≤ T,
1 − a

2
+ a ⋅ t̂, T < t̂ < 1 − T,

1 − ϕ̂(1 − t̂), 1 − T ≤ t̂ ≤ 1.

(B1)

Here, 0 ≤ p < 1 parametrizes how much of the total modula-
tion range should be scanned linearly, with derived parameters
ω = π + 2p/(1 − p), T = π/(2ω), and a = ω(1 − p)/2. In our exper-
iments, we typically use p = 0.9. Since ϕ̂(0) = 0 and ϕ̂(1) = 1, the
waveform Δφ(t) for any arbitrary modulation range or modulation
rate can simply be found by scaling ϕ̂ or t̂, respectively. The wave-
form is then combined with its mirror image to form the final up-
down modulation waveform that can be uploaded to the arbitrary
waveform generator. As the phase maps directly to a pump–probe
delay, in the analysis, the nonlinear cosine part can be interpolated
to give a linear time delay axis. The conversion between a phase
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shift Δφ and the effective pump–probe delay depends on the syn-
chronization details, but in our case, 360○ results in 1 ns of delay
(see Sec. II A).

APPENDIX C: LOG–RAYLEIGH DISTRIBUTION

The Log–Rayleigh distribution has the advantage that its shape
does not depend on the mean, which helps with noise classifica-
tion. We follow a similar derivation as in Ref. 31, but use the base
10 logarithm instead of the natural logarithm.

For uncorrelated Gaussian white noise, the real (X) and
imaginary (Y) Fourier coefficients are also Gaussian distributed
with uniform random phase and equal variance. The amplitude
A =
√

X2 + Y2 then follows a chi-distribution with two degrees of
freedom, also known as the Rayleigh distribution. If the standard
deviations of X and Y are unity, then the probability density function
of A is given by

g(A) = Ae−A2/2, A ≥ 0. (C1)

With z = log10(A), z is strictly increasing and one-to-one, and
A = 10z . The probability density function of z is

h(z) = dA
dz
⋅ g(10z) = ln (10)102z exp (−102z/2). (C2)

The mean of z is given by the integral

z =
∞

∫
−∞

z ⋅ h(z)dz =
∞

∫
−∞

z ⋅ ln (10)102z exp (−102z/2)dz. (C3)

Let u = 102z/2, then du = ln(10)102zdz and z = log10(2u)/2 or
z = 1

2 ln (2u)/ ln (10). With this, the integral transforms into

z = 1
2 ln (10)

∞

∫
0

ln (2u)e−udu

= 1
2 ln (10)

∞

∫
0

[ln (2)e−u + ln (u)e−u]du

= ln (2) − γ
2 ln (10) , (C4)

where γ is Euler’s constant. The centered probability distribution is
then finally given by

fZ(z) = ln (10)102(z−z ) exp (−102(z−z )/2). (C5)

Note that this distribution is independent of the underlying standard
deviations of X and Y in a specific dataset, as long as z is shifted
by mean(z) in the data analysis. The shifted distribution will then
follow Eq. (C5) with z from Eq. (C4).
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