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Abstract: Pulse shapers are widely utilized in two-dimensional (2D) spectroscopy to generate
a pump pulse pair with variable time delay and relative carrier—envelope phase. Their use in
action-detected 2D spectroscopy has recently garnered interest due to the compatibility with
microscopy and potentially higher sensitivity down to the single-molecule level. However, under
the conditions necessary for action-detected 2D spectroscopy experiments, pulse shapers are
prone to exhibiting nonlinear responses, obscuring the molecular response. Here, we illustrate the
potential sources of nonlinearity in an acousto-optic programmable dispersive filter (AOPDF) and
demonstrate methods to account for them in data collection and processing, enabling artifact-free
action-detected 2D spectroscopy measurements.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Multidimensional optical spectroscopy is widely used to study the energetic structure and ultrafast
dynamics, such as energy transfer, in a wide range of solid-state, condensed-phase and gas-phase
systems [1-3]. In two-dimensional (2D) spectroscopy, the correlation between excitation and
detection frequency is measured using a sequence of laser pulses. Typically, the excitation axis
is resolved via Fourier transformation of the time delay between the first two pulses (¢; delay),
which optimizes the time- and frequency-resolution trade off [1], whereas the detection axis
is directly measured with a spectrometer. The use of a Fourier transformation to resolve the
excitation axis in 2D spectroscopy requires a phase-stable pulse pair with better than A/100
interferometric precision [1]. Multiple methods for scanning the #; delay in 2D spectroscopy have
been implemented, such as with beam splitters and delay stages [4—9], wedges or rotating cover
slides [10-13], or birefringent wedges [14]. To ensure phase stability, many of the aforementioned
methods employ passive (e.g., diffractive optics, common optics) or active (e.g., interferometric
tracking) phase stabilization.

Pulse shapers have emerged as an attractive tool for creating pulse pairs in both the visible and
infrared regimes due to the inherent phase stability and high degree of phase control that they
provide. The use of pulse shaping for multipulse optical spectroscopy measurements analogous
to NMR was discussed by Warren and Zewail [15], and subsequently applied to 2D spectroscopy.
The two most common pulse shaping methods are in the 4f geometry with a liquid-crystal [16]
or acousto-optic [17] modulator at the Fourier plane or with an acousto-optic programmable
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dispersive filter (AOPDF) [18]. Both 4f [19,20] and AOPDF [21-23] pulse shapers have been used
in 2D electronic and vibrational spectroscopy. Pulse shapers based on acousto-optic modulators
have the advantage of faster update rates compared to liquid-crystal-based pulse shapers, often
enabling shot-to-shot pulse shaping [21,24]. In addition to being able to create pulse pairs with
varying time delay, pulse shapers also offer control over the relative carrier—envelope phase
(CEP) and higher-order phase terms. The control over the higher-order phase terms enables pulse
compression to account for dispersion in the pulse shaper itself or other optical elements. The
CEP control enables phase cycling of the pulses to suppress unwanted signals and isolate the
nonlinear signals of interest [25]. Introducing a time-varying CEP allows the #; delays to be
scanned in the partially or fully rotating frame [26]. This enables undersampling, which reduces
the number of #; delays needed and thus the experiment time.

Action-detected (e.g., fluorescence, photocurrent) 2D electronic spectroscopy (A-2DES)
has recently gained interest as a complementary method to coherently detected 2D electronic
spectroscopy (C-2DES) due to the potential sensitivity and ability to easily separate signals
in the collinear geometry, which is compatible with microscopy. In A-2DES, a fourth pulse
projects the coherent signal onto a population in an excited state that can be read out via an
observable, such as fluorescence [27-31], photocurrent [32—-34], photoelectrons/ions [35,36].
The addition of the fourth pulse also introduces a second excited-state absorption (ESA) pathway
that can complicate the interpretation of action-detected 2D spectra [37,38]. Given the utility
of pulse shapers in C-2DES, they have also been used to generate all four pulses for A-2DES.
Fluorescence-detected 2DES (F-2DES) was first demonstrated by the Warren group [39]. Since
then, pulse shapers have been employed for A-2DES by multiple groups using the detection of
fluorescence [27-29,40], photoelectrons [35], photocurrent [41,42], and mass spectrometry [43].
Additionally, pulse shapers have been utilized to generate pulse trains for collinear C-2DES and
higher-order (i.e., higher than fourth order) nonlinear spectroscopy [44—48].

Both the new modes of detection and the increasing demands on the pulse shaper imposed
by A-2DES motivate the investigation of potential artifacts and unwanted signals. It has been
shown that incoherent mixing between linear responses can occur in A-2DES from a wide range
of processes including exciton—exciton annihilation, Auger recombination, or nonlinearities
in the detector [49-52]. Distinct from incoherent mixing which occurs during the detection
period, an important potential source of artifacts in A-2DES that has had limited discussion
in the literature is the nonlinearity associated with the use of pulse shapers to create the laser
pulse sequence. The effect of artifacts from LCD-based pulse shapers on A-2DES has been
addressed by realizing a complete and automated spectral interferometry characterization of
all pulses during all scanning steps [53]. Here, we focus on providing a detailed discussion of
the pulse shaper nonlinearities for AOPDF pulse shapers, which are widely used for A-2DES.
Such nonlinearities can also impact C-2DES experiments employing AOPDF pulse shapers to
generate the pump pulse pair, but to a lesser degree since a two-pulse sequence is generated
instead of a four-pulse sequence. For example, the maximum time delay between pulses is
typically a few hundred femtoseconds in traditional C-2DES using a pulse pair, in comparison
with A-2DES experiments using a four-pulse sequence where multiple delays are scanned, often
utilizing the full range of available delays of the pulse shaper. Generating fewer pulses also
makes it easier to operate in the linear regime of the RF generator while maintaining sufficient
pulse energies. Furthermore, the RF waveforms for creating four pulses are more complex and
may therefore be more prone to nonlinearities. These nonlinearities in the context of AOPDF
pulse shapers for A-2DES have been briefly discussed in a doctoral thesis [54] and in a few
recent publications [55,56]. Recently, there was a detailed discussion of the RF nonlinearity
in the context of higher-order infrared spectroscopy using a 4f acousto-optic pulse shaper [24].
Given the increasing interest in using pulse shapers for A-2DES, a detailed description of the
nonlinearities and how to avoid or manage them is warranted.
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Here, we will focus on RF-related nonlinearities present in an AOPDF pulse shaper with a TeO,
crystal (Dazzler, Fastlite) in F-2DES using light harvesting complex II (LH2) and a molecular
squaraine heterodimer (ASQAB3) [28] as example systems. We also propose two methods to
account for the nonlinearities. These methods could be generalized to other pulse shapers (e.g.,
AOPDFs with Ge or quartz crystals) and other action-detection methods. The exact regime
exhibiting nonlinearity will depend on the pulse shaper, RF generator and wavelength range used.
We discuss two main sources of nonlinearity that are important to avoid or to correct in A-2DES
measurements. The first type of nonlinearity is the crystal-position-(i.e., delay-)dependent
diffraction efficiency caused by variations in the overlap between the acoustic and optical waves
at different positions within the crystal. This is particularly important when measuring long time
delays between the first and last pulse. We show how this can be corrected to minimize intensity
variations as the maximum time between the pulses is increased (also discussed by Fastlite in the
Dazzler manual). The second type of nonlinearity is the RF nonlinearity, which occurs due to
nonlinearities in generating and amplifying the RF wave and in converting it into an acoustic
wave. We characterize the RF nonlinearity using one-dimensional (time and frequency domain)
as well as two-dimensional (time domain) measurements of the laser as a function of RF power,
and numerical simulations of the two-dimensional signal. Finally, we discuss how and under
what circumstances the RF nonlinearity can be corrected, illustrating the process for F-2DES
measurements of LH2 and dSQAB3 with different RF powers.

2. Experimental setup

The experimental setups are described in detail in Supplement 1, and an overview of the
experimental setups are shown in Fig. 1. Briefly, femtosecond laser pulses are spectrally
broadened and partially compressed before being sent into the Dazzler. As seen in Fig. 1, all
four pulses for the experiment are generated from a single input pulse by the Dazzler, which
controls the relative time delays (¢, t2, #3) and relative phases (¢12, ¢13, ¢14) between pulses.
We used a compatible RF amplifier (T4 generation, standard power or 50 W, Fastlite) to generate
the acoustic pulses sent to the Dazzler to produce the pulse trains. Careful collimation of the
beam after the pulse shaper is important to ensure pulse overlap between pulses generated over
the entire crystal due to a small spatial walk-off introduced by diffraction at different positions in
the crystal [57]. A variable, reflective neutral density wheel before the sample is used to adjust
the power at the sample position as the RF power is changed. The pulses are then focused at the
sample position. Laser-only measurements are performed by sending the laser beam directly into
the avalanche photodiode (APD) [time domain] or the spectrometer [frequency domain], while
fluorescence is collected in the 90° geometry on an APD, as illustrated at the bottom, right of
Fig. 1.

For linear autocorrelation measurements, the time delay was scanned from —200 to 200 fs in
steps of 0.25 fs in the lab frame, enabling higher-order signals to be resolved in the frequency
domain. For the linear spectral interferometry, the time delay between the pulse pair was set
to 200 fs. For the 2D measurements of the laser and LH2, #; and 73 were both scanned from
0 to 91 fs in 7 fs steps in the partially rotating frame [58], i.e., with a pulse-shaper reference
frequency of wrer = (1 — yo)wo, Where wy is the central frequency and yo=0.11. For the 2D
measurements of dSQAB3, ¢, and 3 were both scanned from O to 88 fs in 4 fs steps in the
partially rotating frame with yo =0.1. To extract the rephasing and non-rephasing contributions,
we employed a 27-fold phase cycling scheme [25,27,29]. The LH2 sample had a maximum
OD of 0.26 (1 mm path length) and the dSQAB3 had a maximum OD of 0.35 (0.2 mm path
length). The LH2 and dSQAB3 samples were flowed with a peristaltic pump and a micro annular
gear pump, respectively, to prevent photobleaching. The total pulse energy was kept constant
at 6 nJ for the measurements of LH2 regardless of the RF power used to generate the pulse
trains in the pulse shaper with a variable ND filter. For the dSQAB3 measurements, the pulse
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Fig. 1. Overview of the experimental setup (top) and detection schemes for the different
measurements (bottom).

energy was 17 nJ when RF=0.005, and 120 nJ when RF =0.05 or 0.2. For the fluorescence
measurements, long-pass filters were used to ensure spectral separation of the fluorescence from
potential scattering of the laser. Reflective ND filters were used to guarantee that the signal on
the detectors (APD or CCD) was in the linear regime of the corresponding detector.

3. Characterizing and accounting for nonlinearities

Acousto-optic pulse shapers are used to produce four individual pulses with specific time delays
and phases from one input pulse [Fig. 2(a)]. The existence of nonlinearities in acousto-optic
pulse shapers is well known [24,54,55,59-62]. As illustrated in Fig. 2(b), there is a saturation of
the amount of light diffracted (pulse energy) versus the RF power used to generate the acoustic
pulses due to the RF saturation. Only for low RF powers is the response linear, i.e., nonlinearity is
negligible. The development of new experiments, such as A-2DES, introduces new requirements
for RF pulse shapes and powers, warranting the characterization and correction of nonlinearities
as they pertain to the new experimental parameters.

3.1. Crystal-position-dependent diffraction efficiency

AOPDF pulse shapers utilize birefringent crystals to vary the amplitude, time delay and phase
of the output pulses [63]. Within the AOPDF pulse shaper, a time-dependent acoustic wave is
launched by a transducer driven by an RF generator. The traveling, acoustic wave propagates
along the z-axis, producing a spatially dependent grating with the temporal shape of the RF
signal. The incident optical pulse, also propagating along the z-axis, experiences z-dependent
diffraction from the acoustic grating, such that the different frequency components of the pulse
are diffracted efficiently at crystal positions where the phase-matching condition is met. The
polarization of the diffracted wave is perpendicular to that of the input wave. Therefore, the
position in the birefringent crystal at which the diffraction occurs determines the absolute group
delay of the various frequency components of the diffracted pulse [63]. In AOPDF pulse shapers,
there are variations in the diffraction efficiency as a function of position in the crystal due to
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Fig. 2. Characteristics of an AOPDF pulse shaper like the Dazzler. (a) Principle of an
AOPDF pulse shaper as it is used for A-2DES: generating a four-pulse sequence with variable
delays and variable relative phases from a single input pulse. (b) The normalized RF power
vs measured pulse energy shows a clear saturation effect. The linear fit was performed on the
lower seven RF powers measured and represents the expected pulse energy in the absence of
nonlinearity.

the complex diffraction pattern of the acoustic beam in the crystal. Analogous variations in
diffraction efficiency are observed in 4f pulse shapers as a function of aperture position [64].
The Dazzler was designed to minimize this, but careful alignment is required especially when
utilizing the full extent of the crystal. The location of the Dazzler aperture with respect to the
beam was adjusted to ensure that the same spectral bandwidth was transmitted in three positions
across the crystal (near the front, near the middle, near the end) and the intensity variations were
minimized. The total maximum delay between the first and last pulse is significantly larger when
scanning t1, f, and #3 with a pulse shaper for A-2DES compared to when only scanning #; for
C-2DES, since conventionally 7, is scanned with a delay stage and the Fourier transformation of
13 is measured with a spectrometer. When the maximum time delay scanned in an experiment is
only a few hundred femtoseconds, as is the case for C-2DES, the deviation is small. However, in
A-2DES, it is desirable to scan time delays spanning the entire crystal to maximize the accessible
waiting times, requiring all the pulses to have comparable intensity as ?{, #,, and #3 are varied.
To characterize and correct for this diffraction efficiency variation, we measured the diffracted
intensity of a single pulse from the Dazzler while varying the delay.

Briefly, we applied a short acoustic waveform (in time) with constant gain in 100 fs increments
of absolute time delays across the crystal. The use of the constant gain mode ensures the peak
RF power is conserved regardless of the phase settings of the RF wave. For the RF waveform
inputs, we used a width of 30 nm and no applied 2", 3", and 4™ order phase, centered at 825 nm.
This resulted in a relatively short acoustic waveform (as visualized in the Dazzler software)
that still had a good amount of diffracted intensity for high signal-to-noise measurements.
Then, we measured the diffracted intensity at each absolute time delay (i.e., crystal position)
on a spectrometer. The integrated signal from the spectrometer at each delay (normalized to
the average diffracted intensity) is depicted as the green curve in Fig. 3(a). There is a large
variation in the measured diffracted intensity as a function of delay (proportional to crystal
position). Figure 3(b) illustrates how and where the diffraction occurs in the crystal, with the
different opacities of the diffracted pulses representing the diffracted intensity. To correct for
the crystal-position-dependent diffraction efficiency, the diffracted intensity must be scaled to
yield a position-independent output intensity. A scaling factor is calculated based on the relative
diffracted intensity. This scaling factor is used to apply a constant amplitude filter reducing
the regions with high diffraction efficiency to match the lowest diffracted intensity. With the
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Dazzler, this is done using the “ctimexxx.txt” (where “xxx” refers to the center wavelength of the
Dazzler parameter set) file. A description for the “ctime” time correction is available as a pdf
from Fastlite in the Dazzler manual. We describe the settings we used and how to calculate the
scaling factor in Section 2 of Supplement 1. The results of this procedure are shown as purple in
Fig. 3(a) and (c), where the variation of diffracted intensities is much smaller after correction. On
the edges of the crystal, there is still some significant variation. However, the region of consistent
diffracted intensity is much larger after the scaling factor is applied [Fig. 3(b) vs (c)], enabling a
larger range of waiting times while maintaining constant pulse energy.
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Fig. 3. Diffracted intensity of a single pulse from the Dazzler as a function of the Dazzler
delay, which is proportional to the position where diffraction occurs in the crystal (a) and
illustrations of the basic operation of an AOPDF pulse shaper with the crystal shown in
gray with the ordinary and extraordinary axes and the optical pulses shown in green (b) and
purple (c). When the optical wave diffracts from the acoustic grating at a given position in
the crystal (i.e., delay), the polarization flips. Before correction, there is a large variation in
the diffracted intensity as seen in the graph (a, green curve) and the corresponding opacities
of the diffracted pulses versus delays in the illustration of the acousto-optic crystal (b). After
correction (a, purple curve and c), the diffracted intensity is fairly uniform with the largest
deviations near the crystal edges.

The delay-dependent diffraction efficiency described above is only relevant to AOPDF pulse
shapers and is not present in 4f pulse shapers in which the acoustic wave propagates perpendicular
to the optical wave. Instead, 4f pulse shapers exhibit nonlinearity across the acousto-optic
modulator, which must also be accounted for [24,59]. While delay-dependent diffraction intensity
variations could result in spectral distortions and obscure any #, dependence of A-2DES spectra,
the largest source of nonlinearity affecting the final 2D spectra stems from the RF generator.
We refer to this nonlinearity as RF nonlinearity, which is dominated by the RF saturation, but
also includes possible contributions from the conversion of the calculated wave to the generated
wave, and the RF wave to the acoustic wave. Details of how to characterize and account for RF
nonlinearities in the context of F-2DES measurements with the Dazzler will be discussed in the
following sections.


https://doi.org/10.6084/m9.figshare.30584858

Research Article

Vol. 33, No. 25/15 Dec 2025/ Optics Express 52799 |

Optics EXPRESS :

3.2. Characterizing RF nonlinearity in linear measurements

The RF nonlinearity as a function of RF power can be easily visualized by collecting linear
measurements of the laser-pulse train for different RF values while the signal level on the detector
is kept constant (within linear operation of the detector). This enables determination of the
linear regime of RF power for a given set of experimental conditions. Because the generated RF
waveforms depend on the wavelength, bandwidth, and applied higher-order phases, the linear
regime will differ slightly depending on the experimental settings. This characterization can
be done in either time or frequency domain. Note that all RF power values given below are
normalized to the maximum RF power.
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Fig. 4. Linear field autocorrelation of the four-pulse train where only #, is scanned
(t1 =13 =0) for different normalized RF powers. (a) Linear autocorrelations for several
normalized RF powers in the time domain. (b) Linear spectra from Fourier transformation
of the linear autocorrelations for several RF powers around the central laser frequency wq
(top) and around 2w (bottom). Note that for RF powers less than 0.02, the 2w contribution
is below the noise floor.

For the time-domain measurements, we measure the linear field autocorrelation of the four-
pulse train where #| = t3 = 0, while scanning #, in the lab frame. In this measurement, nonlinearity
results in signals at harmonics above the fundamental frequency (wg) upon Fourier Transformation.
We opted to perform the autocorrelation measurements with pulse trains consisting of four pulses
to ensure that the RF pulses are as similar as possible to those used in the A-2DES measurements.
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At t; =0, the signal on the detector was kept constant for all RF powers with a variable ND filter
to eliminate any possible differences due to detector nonlinearity. In the time domain, we can
clearly observe increasing nonlinearity with higher RF power. For low RF powers the envelope
of the linear autocorrelation is symmetric with respect to the average intensity values measured
at long absolute delays as expected [Fig. 4(a), pink, gold, and green]. However the shape of the
autocorrelation changes drastically for higher powers of 0.5 [Fig. 4(a), blue] and 1.0 [Fig. 4(a),
purple], despite retaining the symmetry in time. Besides the asymmetry of the envelope of the
main peak, we can even observe a deviation from the baseline for long delays. Since the applied
waveform changes with the delay, the imprinted nonlinearity is a function of the delay. The
effect of nonlinearity is easier to quantify in the frequency domain via Fourier transformation, as
illustrated by Fig. 4(b). With increasing RF power, we first observe a change in amplitude of the
linear spectrum at wy while the spectral shape stays the same. When the RF power increases
to 0.1 and above, the spectral shape is increasingly distorted. The amount of nonlinearity can
be directly quantified by inspecting the higher harmonics of the linear autocorrelation. Even
for RF powers as low as 0.05, which give an apparently intensity-symmetric autocorrelation
envelope in the time domain [Fig. 4(a), green] and lead to a reduction in amplitude of the signal
without any spectral distortions [Fig. 4(b)], a clear signal at 2w( can be observed. The presence
of any intensity above the noise floor at 2wy in the linear autocorrelation is a clear indication
of RF nonlinearity, which will lead to artifacts in A-2DES spectra. For very high RF powers
(e.g., 0.5 and 1.0), even higher harmonic signals at 3w and 4wq appear, as illustrated in Fig. S1
Supplement 1, showing the high degree of nonlinearity for such RF values. It is important to note
that the linear regime is not a fixed range, but will vary depending on wavelength, bandwidth,
and applied phase. Therefore, it is important to characterize the linear regime whenever the input
parameters are changed. The measurements in Fig. 4 are meant to illustrate how to easily identify
the linear regime.

The measurements in Fig. 4 clearly demonstrate that the RF nonlinearity manifests itself when
only one time delay is scanned. This is also important for the case of C-2DES employing a pulse
shaper in the pump—probe geometry. In this setting, an AOPDF (or another pulse shaper) is
inserted into the excitation beam of an ordinary pump—probe setup. The pulse shaper is then
used to generate a pulse pair with variable delay, which is a relatively simple way to transform
a pump—probe setup into a coherently detected 2D setup [19]. To characterize the conditions
for generation of the pulse pair in the linear regime even further, we measured the spectral
interference of a pulse pair with a delay of 200 fs via a CCD for different RF powers as C-2DES
is typically measured in the frequency domain. We ensured that the intensity on the detector was
constant by using a variable neutral density filter to eliminate any effect of detector nonlinearity
in the same way as for the autocorrelation measurements discussed above. As expected, the
spectrum of the pulse pair consists of several fringes [Fig. 5(a)] with the spacing corresponding to
the 200-fs time delay between the pulses. The pronounced fringe contrast reflects the high degree
of phase stability and beam overlap. For different RF powers, a change in the fringe intensity is
visible, particularly at the edges of the spectrum. This is consistent with the spectral deviations
observed in Fig. 4(b) from the autocorrelation of the pulse trains. Upon Fourier transformation
into the time domain and taking the positive half of the time axis, the largest peak is at 200 fs,
corresponding to the set time delay between the pulses. Note that the smaller peaks left and right
of the main peak at 200 fs are caused by the Fourier transformation since we are not applying any
window function. The nonlinearity appears as peaks at multiples of 200 fs (e.g., 400 fs, 600 fs,
800 fs) with higher RF powers.

It is worth emphasizing that the time-domain and frequency-domain measurements shown
in Fig. 4 and Fig. 5 illustrate the same effect. In both cases, there are spectral variations when
the RF power is increased to high values (>0.5) and a growing peak at 2w or 2f,. However,
the time-domain measurement is more sensitive to nonlinearity. In Fig. 4(b), there is noticeable
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Fig. 5. Effect of nonlinearity for a four-pulse train with #, =200 fs delay between pulses
2 and 3 (t; =13 =0). (a) Spectral interferograms of the pulse train for different RF powers
normalized to the central fringe to highlight spectral deviations. (b) Fourier transform of the
results in (a) normalized to the intensity at the pulse delay (200 fs).

intensity at 2w for RF powers beginning at 0.02, while the first RF power with noticeable
intensity at twice the delay between the pulses is 0.2 [in Fig. 5(b)].

3.3.  Acousto-optic artifacts in F-2DES

In F-2DES, the signal is measured as a function of time delays (¢1, t,, #3) and relative phases (¢12,
©13, ¢14). Typically, 27-fold phase cycling, where ¢, =0, 2m/3, or 4m/3, is used to isolate the
rephasing and non-rephasing signal contributions using weighted linear combinations [25,27,29].
Similar to the autocorrelations described in Section 3.2, the signal of the laser-pulse trains for
F-2DES generated by the Dazzler can be measured to help quantify the artifacts occurring from
the RF generation that can contaminate the 2D signal. This procedure was previously reported in
the literature to quantify the contribution of the nonlinear artifact to the nonlinear signal of a
sample response [55]. For our experiments, the signal level on the detector was attenuated with a
variable ND filter to the same intensity used in the linear autocorrelation experiments, ensuring
the only possible source of nonlinearity to be the RF generator. After performing the weighted
linear combinations of the 27 phase combinations, we recover the nonlinear artifact signals which
have the same frequency and phase relationship as the rephasing and non-rephasing signals of
interest. In the ideal case where nonlinear artifacts are absent, only noise is recovered. However,
as explained in Section 3.4, and Section 8 of Supplement 1, nonlinear artifacts can survive the
27-fold phase cycling procedure, contaminating the nonlinear signal of the sample as illustrated
in Fig. 6.

If we operate the RF generator in the linear regime (e.g., 0.005), the nonlinear artifact signal is
approximately zero and we observe only noise in the rephasing time-domain signal [Fig. 6(a),
left]. As the RF power is increased into the nonlinear regime, there is a noticeable signal above
the noise floor [Fig. 6(a), middle]. The artifact manifests itself as an elongated stripe along the
diagonal of the rephasing time-domain map. The nonlinearity is strongest when #; = 3, resulting
in a large signal along the diagonal in the time domain as reported previously [55]. As the raw
signals for all three RF powers shown in Fig. 6(a) were recorded with the same detector intensity,
the differences in amplitude of the signal after the weighted linear combination directly report on
the magnitude of the nonlinearity. Upon Fourier transformation into the frequency domain, there
is a clear narrow peak along the diagonal in the rephasing spectrum [Fig. 6(b), middle and right]
when the RF power is in the nonlinear regime. At the lowest RF powers only a small peak along
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Fig. 6. Nonlinear artifact that contaminates the rephasing spectrum (real part) for RF powers
of 0.005 (left), 0.05 (middle), and 0.5 (right) at , = 0. (a) Time-domain maps. (b) Spectra
in the frequency domain. Note that the spectrum for the lowest RF power is scaled by 101.98
so the observed features are predominantly noise.

the diagonal is present [Fig. 6(b), left]. We note that this data has been scaled by ~100x so this
residual is typically smaller than the nonlinear response of the sample. It is also not symmetric
along the diagonal like the signal for higher RF powers [Fig. 6(b), middle and right] confirming
any nonlinearity for the lowest RF power is at the noise floor. There is also an artifact in the
non-rephasing spectrum, as illustrated in Fig. S2 Supplement 1, but the nonlinearity is more
significant in the rephasing spectrum, as we will explain further below. It is also worth noting
that this artifact is present regardless of 5, as seen by the similar time-domain rephasing plots at
a tp delay of 500 fs in Fig. S3, Supplement 1.

The presence of these artifacts interferes with the signal of interest, changing the peak amplitudes
and shapes, when measuring F-2DES spectra. To illustrate the effect of the RF nonlinearity on
F-2DES spectra, we measured the light-harvesting complex II (LH2) of Rhodoblastus acidophilus
with the same three RF powers used to measure the nonlinear artifact signal in Fig. 6. The
absorptive F-2DES spectra for the three different RF powers and two different waiting times are
shown in Fig. 7. We also show the rephasing and non-rephasing spectra for the same RF powers in
the time and frequency domain for #, = O fs in Fig. S4 and S5 Supplement 1, respectively. For the
lowest RF power (0.005), the RF nonlinearity is insignificant, as shown in the direct measurement
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of the pulse train with the same experimental settings in Fig. 6(b, left) being below the noise
floor. Therefore, the observed spectral response originates fully from the sample. As seen in
Fig. 7, left column, the F-2DES spectrum of LH?2 consists of the two diagonal peaks for the B§0O
and B850 bands and two cross peaks. The diagonal peaks are quite round, while the cross peaks
have comparable amplitude to each other and are of the same order of magnitude as the diagonal
peaks. The RF nonlinearity artifact is elongated along the diagonal (Fig. 6) so this would stretch
the lineshape of the diagonal peaks along the diagonal if it was significant. This spectrum is
also in good agreement with previous F-2DES measurements of LH2 using a phase-modulated
experimental setup that is not susceptible to the RF nonlinearity. One can refer to references
[32,65,66] or Fig. S11 of Supplement 1 for verification. From the laser measurements, we know
there is some nonlinearity for the medium RF power (0.05) and that the nonlinearity is mainly
present along the diagonal in frequency space. This results in the elongation of the peaks in the
F-2DES spectrum in Fig. 7 (middle column). Additionally, the ratio of the diagonal to cross
peak intensity increases due to the addition of the artifact intensity on the diagonal. However,
the general spectral features and frequencies are still identifiable under the medium RF power
(0.05) conditions. Once the RF power is increased into the highly nonlinear regime (e.g., 0.5),
the F-2DES spectrum is dominated by the artifact, leading to elongated diagonal features and a
complete suppression of the cross peaks. The same trend is visible for the rephasing and less
pronounced for the non-rephasing spectral contributions, which are shown in Supplement 1 (Fig.
S4 and Fig. S5). While using high RF powers leads to obvious artifacts, the identification of the
artifact contribution is much more difficult in the medium regime (0.05) where the artifact leads
to slight distortions of the lineshapes that may easily be misinterpreted. For example, at later
waiting times (¢, = 500 fs) the 2D spectra are slightly skewed above the diagonal. However, this
change in spectral shape does not occur from a molecular response. Measuring the nonlinear
artifact signal directly, as in Fig. 6, provides an easy handle for determining the presence of RF
nonlinearity at a given RF power.

Ideally, all F-2DES experiments would be performed in the linear regime with low RF powers.
As illustrated here, the excitation power needed for high signal-to-noise ratio (SNR) F-2DES
data of LH2 is low enough that RF powers in the linear regime are more than sufficient. However,
depending on the required experimental conditions for a given sample and the maximum diffracted
power from the Dazzler, which depends highly on the second-order dispersion and alignment,
achieving the desired SNR while operating in the linear regime may not be possible. For medium
RF powers (e.g., 0.05), where the nonlinearity is relatively small, it is still possible to identify
molecular information from F-2DES spectra. However, care needs to be taken when considering
lineshapes and relative peak amplitudes at a given , because the presence of the RF nonlinearity
artifact will distort the spectrum. Thus, it is desirable to remove the artifact, especially when
higher RF powers are needed to achieve suitable SNR. We discuss two approaches that correct
the artifact in Sections 3.5 and 3.6.

3.4. Modeling and simulating artifacts in F-2DES

To develop procedures for artifact correction, we first aim to find a suitable description of the
observed artifact. The ideal spectral electric field of a four-pulse sequence with the parameters
t=(to, 11, 12, t3) and @ = (¢1, @2, ¥3, Y4) can be expressed as

Ew, t,¢) = A(w)e—i{wl+[w—wo(1—yo)]to} +A(w)e—i{svz+[w—wo(1—yo)](to+t1)}

ey

+A(w)e—i{¢3+[w—wo(1—’)’0)](f0+t1+12)} +A(w)e—i{904+[w—w0(1—70)](to+t1 +lz+13)}’
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Fig. 7. Absorptive 2D spectrum of LH2 for three different RF powers of 0.005 (left), 0.05
(middle), and 0.5 (right). The top row displays the spectra for , = 0 fs while the bottom row
shows spectra for #, = 500 fs.

where vy is the rotating frame parameter, #( is the temporal offset which is assumed to be zero in
the following, and A(w) is a Gaussian envelope with spectral width o,
(= wp)’®

— | @)

A(w) = exp (— 752

which is normalized to its maximum absolute value, rendering all fields dimensionless in the
simulation. The Dazzler artifact can be phenomenologically described as a spectral nonlinearity
which results from distortions of the acoustic wave caused at high RF powers. In contrast to
genuine optical nonlinearities resulting from material polarization and which are local in time (as
is the case for, e.g., second-harmonic generation), the artifact produced by the Dazzler arises
locally in frequency because during the shaping process, each frequency is diffracted at a different
location in the Dazzler crystal. If the Dazzler is operated in the nonlinear regime, the emitted
spectral laser fields can thus be expanded as

Enonlin(w, t, (P) ~ E(O.), ts (P) + (IEZ(U), t’ (P) + ﬂE3((U, t’ (P) +... ’ (3)

with second-order and third-order terms scaled by the dimensionless quantities @ and g,
respectively, which correspond to nonlinear pulse-shaper behavior. This spectral nonlinearity is
especially problematic in the case of multi-pulse sequences as a multitude of unwanted higher-
order electric field terms are generated. According to experimental observations (comparing
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Fig. S5 with Fig. S8 of Supplement 1), the quadratic term in Eq. (3) is dominant and thus we set
B =0 in the following. To illustrate the impact of this nonlinearity, we calculate the intensity
as it would be detected on a photodiode by spectrally integrating the absolute magnitude of the
squared amplitude of Eoniin(w, t, @), considering terms up to second order in a,

Snonlin(ts (P) = flEnonlin(w, t, (P)lzdw'
= HIE@, Lo’ +a[Ew, tLO)E (. t.g) , )
+ Ew, t@)(E" (. t.)Y]+a’|Ew, t.¢)|'} dw +0(c?)
where we sample ¢ corresponding to a 27-fold (1 X 3 X 3 x 3) phase-cycling scheme to resolve

individual fourth-order [in E(w, t, )] nonlinear signal contributions. We then extract the
rephasing (R) and non-rephasing (NR) nonlinear signal contributions of the artifact using [25]

2 2 2
1 —1 —im in
Sar,R(t) = ﬁ Z Z Z Snonlin(t’ (P)e 1A<p21e A%le Apat ) 5)
n=0 m=0 [=0
| & &2 A A 4
Sar,NR(t) = ﬁ Z Z Z Snonlin(t, (P) et[A(,Dzl e—lmA<P3l eznA<p41, (6)
n=0 m=0 [=0

with the phase increments Ay = Agz| = Aps =27/3. Figures 8(a) and 8(b) show the simulated
time-domain maps for the rephasing and the non-rephasing signal contributions of the artifact in
the case of @ = 1. Note that in the absence of any nonlinearity, i.e., @« =0, Egs. (5) and (6) do
not yield any signals that survive the phase-cycling procedure, as expected for an ideal pulse
shaper. If o > 0, nonzero signals appear because the artifact represents a source of nonlinearity
due to the self-modulation term o |E(w, t, ¢)|* which is generated by interference of nonlinear
electric-field terms in Eq. (4). This self-modulation term carries the phase signatures of rephasing
and non-rephasing signals and thus survives the phase-cycling procedure. We simulated the
signals with a Gaussian spectral width of o =50 nm centered around 825 nm with a partially
rotating frame parameter of yp =0.11 and varied #; and #3 from —91 to 91 fs in 27 steps with
t, =0 fs. In the rephasing signal [Fig. 8(a)], the typical stripe is evident along the diagonal, as
observed in Fig. 6(a) for higher RF powers. The stripe has a Gaussian cross section according to
Eqg. (2). The weak oscillatory behavior along the antidiagonal is caused by the partially rotating
frame and displays an undersampled electric field oscillation. In the non-rephasing time-domain
map, the artifact is antidiagonal due to the different phase signature which effectively changes
the sign of #;. As a result, the non-rephasing contribution of the artifact is less prominent
than the rephasing contribution when only positive delays are scanned, which is how A-2DES
experiments are typically performed. The positive delay section of the rephasing signal [red
square in Fig. 8(a)] is extracted and shown in Fig. 8(b) together with the measurement of the
laser intensity at RF =0.05 (Fig. 6(a), middle, replotted in Fig. 8(b) for comparison). The good
agreement between simulation and experiment confirms that the artifact predominantly originates
from the second-order nonlinearity as employed in the simulation. The artifact is also present
with a lower amplitude even for very small values of a, as shown in Fig. S8, Supplement 1.

We also carried out simulations with inclusion of the cubic term in Eq. (3). If higher-order
electric-field terms are present, oblique lower-amplitude stripes appear due to additional cross-
correlation contributions in both rephasing and non-rephasing time-domain maps [Fig. S8(c),
Supplement 1]; however, the (off-)diagonal artifact is still dominant.

It is worth noting that the shape of the spectral amplitude A(w), especially the bandwidth, as
well as the rotating frame parameter y( have an influence on the shape of the artifact. This causes
the artifact to appear broader in the time-domain map in the case of a smaller spectral bandwidth.
Note further that (non)linear chirp, when identical in all four pulses, does not affect the shape of
the artifact, since such “global” phase terms vanish in Eq. (4).
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Fig. 8. Normalized time-domain maps of simulated Dazzler artifacts (real part). (a) Sim-
ulated rephasing and non-rephasing signal contributions in case of @ = 1. The simulation
corresponds to the detection of the intensity of four-pulse sequences with scanned time
delays and phases on a single-pixel detector after weighted linear combination. The artifact
manifests as a strong diagonal stripe in the rephasing signal, whereas it is an antidiagonal
stripe in the non-rephasing signal. (b) The close-up of the positive—positive quadrant marked
in red in panel (a) is shown along with the experimental data at RF = 0.05 from Fig. 6(a),
middle, plotted here again for comparison.

3.5. Artifact removal by amplitude scaling

To compensate for the acousto-optic nonlinearity of the pulse shaper, the spectral amplitude,
and in turn the amplitude of the acoustic waveform, can be scaled by a “correction factor” as
briefly discussed in literature [54]. Because the nonlinearity depends on the exact shape of the
RF waveforms generated, the precise nonlinearity at a given RF power will be slightly different
for every combination of time delays and phases. To calculate the correction factor, one first
needs to measure the laser intensity as a function of all time delays and phases needed for the
desired F-2DES experiment at a low RF power in the linear regime [e.g., 0.005, Siin(t, ¢)] and at
the desired RF power needed to reach the target SNR [e.g., 0.05, Sponiin(t, ®)]. Taking the ratio
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of the two measurements for every time and phase combination yields the correction factor

i 2
Lt = St @ [IE@. tq)ldo

= = , (N
Snontin(t, (P) [ |Enontin(w, t, (P)|2dw

where Sjin(t, @) and Syoniin(t, @) are normalized to their respective maxima prior to calculating
the ratio. Note that this correction factor needs to be recalculated any time the input spectrum to
the Dazzler changes or a different set of time delays, phases or RF powers is used. The correction
factor is then used as a scaling factor for each pulse shape when performing the measurement
with the desired RF power,

Peore(t, (P) = f(t, (P) Prontin(t, (P)7 (8)

where Pponiin(t, @) and Po(t, @) refer to the RF powers of each pulse shape before and after
correction, respectively. As the correction factors are based on measured laser intensities,
deviations may occur due to the nontrivial relationship between measured optical intensity and
applied RF power. For this reason, the correction factors have to be determined iteratively, i.e.,
Scorr(t, @) [the laser intensity measured at the desired RF power with P.o.(t, @) applied] is
measured and reinserted as a new Syoniin(t, @) in Eq. (7) to receive a new set of {(t, ¢p). The
iterations repeat until the nonlinear artifact signals recovered from Sco(t, @) via phase-cycling
exhibit no visible artifacts above the noise floor (i.e., that the rephasing 2D time-domain map
resembles Fig. 6(a), left). The final correction factor is thus the product of all the intermediate
correction factors for each iteration. The measurement of the sample is performed with the final
correction applied. More details are discussed in Section 6 of Supplement 1.

As an illustration, we examine the absorptive F-2DES spectrum of the molecular dimer
dSQAB3 at , = 30 fs. Unlike LH2, dSQAB3 requires much higher excitation power to achieve
good SNR, as illustrated by the noisy spectrum measured with low RF power in the linear regime
[Fig. 9(b), 0.005 Reference]. With higher RF powers, the spectra exhibit significantly improved
SNR, while suffering from more visible nonlinear artifacts [Fig. 9(a), 0.05 Uncorrected and 0.2
Uncorrected], elongating the diagonal peaks and, in the extreme case of RF = 0.2, even the cross
peaks, along the diagonal. The aforementioned amplitude correction method largely removes
these artifacts [Fig. 9(a), 0.05 Amp. and 0.2 Amp.].

It is worth emphasizing that the amplitude correction approach assumes that only the amplitude
of the RF pulse is changing. Therefore, it is unlikely that the correction will work well for a
laser source that exhibits substantial intensity or spectral fluctuations over the course of the
measurements. In addition, the autocorrelation measurements of the laser shown in Fig. 4
demonstrate that there are spectral changes for very high RF powers. When the correction is
attempted under such conditions, the final spectrum is overcorrected along the diagonal. This
could possibly explain the extended hole in the middle of the spectrum of RF =0.2 [Fig. 9(a),
0.2 Amp.] which is not visible in the low-power uncorrected measurement. By comparing the
laser spectrum in the linear RF regime (e.g., 0.005) to the laser spectrum with the desired RF
power for the experiment, it is easy to confirm if only the amplitude is changing with increased
RF power or if there are also spectral changes. This check makes it straightforward to determine
whether this correction method will work.

3.6. Artifact removal by subtraction

The amplitude correction of the waveforms is a rather time-consuming procedure in view of
several iterations of measurements needed to obtain suitable correction factors, and it also has
certain limitations as discussed above. In the following, we show an alternative approach which
can be carried out in a single measurement and that works well in the regime of medium RF
powers that tend to exhibit artifacts.
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Fig. 9. Correction of the nonlinear artifact for molecular dimer dSQAB3 at 7, = 30fs.
(a) Comparison of the corrected and uncorrected absorptive 2D spectra measured at medium
RF power (RF =0.05, top row) and high RF power (RF =0.2, bottom row). Uncorrected:
Raw spectra without any correction. Amp.: Corrected spectra using the amplitude correction
method as described in Section 3.5. Subtraction: Corrected spectra using the subtraction
method as described in Section 3.6. (b) Left: Reference absorptive 2D spectrum at low
RF power (RF =0.005). Right: Comparison of the anti-diagonal lineshapes of the upper
diagonal peaks (blue dashed lines in all the absorptive 2D spectra) fitted to a Lorentzian
function. Medium and high RF powers are compared separately in two plots. Black curve
labeled “0.005”: Taken from the low RF power reference spectrum. Red curve labeled
“raw”: Taken from the uncorrected spectra. Green curve labeled “amp”: Taken from the
amplitude-corrected spectra. Blue curve labeled “sub’: Taken from the artifact-subtracted
spectra. Note that all the absorptive 2D spectra are normalized to the maxima of the
uncorrected spectrum at RF = 0.2, with the scaling factors indicated on the bottom right of
each spectrum.
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In general, the occurrence of the artifact in F-2DES experiments implies that the artifact-
associated components of the pulse sequences contributed to the sample response, resulting in
an artifact-contaminated fluorescence signal. These contaminations persist even after applying
the phase-cycling procedure. To describe this situation using response functions and to
avoid the complexity of convolution integrals in the time domain, we adopt a simplified
frequency-domain description of the signal. In this approximation, the total artifact-contaminated
fluorescence signal F(w) is expressed as a sum of contributions involving different powers of
the artifact-affected electric field Eponiin(w). In particular, considering up to the fourth power of
Eontin(w) and ignoring higher-order terms, both the fourth and the second power of Eyonjin(w)
(|Enontin(w)|* and |Enoniin(w)|?) contribute to the fluorescence signal. Note that we explicitly
include | Epontin(w)|* because this quantity, due to the nonlinearity, contains field terms that have
suitable phase patterns to generate fluorescence by a fourth-order process as well. By expanding
| Enontin(w)|* and |Epontin(w)|?> with an artifact-affected electric field up to second order as in
Eq. (3), Enontin(w) = E(w) + @E*(w), we obtain various terms in different orders of E(w). Given
the fact that only terms with equal powers of E and E*, i.e., E™(E*)" with m =n where m > 2 and
n > 2, contribute terms with phase combinations of fourth-order signals that can be extracted by
phase cycling, the total fluorescence signal can be expressed as

Fo(@) * QP(@)EX()(E* ())* + 0 () EX(w)(E* ()’

9
+ 0w}’ B (w)(E" ()’ + Q¥ () ENw)(E" (), )

where all electric field terms scaled by « represent electric-field components that are associated
with the artifact. In Eq. (9), 0")(w) represents the n-th order frequency-dependent response
function. While the desired rephasing and non-rephasing fourth-order signals are represented
by QW (w)E*(w)(E*(w))?, the artifact-terms that scale with E2(w)(E*(w))?, E3(w)(E*(w))’ and
E*(w)(E*(w))* also include field permutations with phase combinations that coincide with those
of the desired fourth-order signals, as shown in Section 8 in the Supplement 1. In other words, the
artifact represents a contamination that has the same phase signature as the desired fourth-order
signals. In the case of weak artifact strength, only the term o> E*(w)(E*(w))? is significant and
higher-order terms, both in @ and E, can be neglected. Then, the total signal can be expressed as
the sum of the “true”” molecular signal Fymple(w) and an artifact signal Fy(w):

Fiot(0) = Fample(®) + Far(w) QP () EX(w)(E*(w))* + QW (w)EXw)(E*(w))* . (10)

Since Fy(w) includes terms that share the same phase signatures as the desired signal
contributions in Fgample(w), Far(w) cannot be removed by any means of phase cycling. However,
we can make use of the measurement of the laser-pulse train, i.e., Eq. (4), which provides the
term Sy (w) = a?|E(w)[* that also survives phase cycling and contains information on the same
field distortions as the artifact-affected term Fj, in the fluorescence signal. Thus, S, can be used
as an approximate measure to subtract the artifact. To account for deviations between F,.(w) and
Sar(w), we aim to find a scaling factor n * 0 (w) such that

Fy(w) ~ nSar(w). (1)
Then one can eliminate the artifact by simple subtraction,
Fsample(w) ~ Fio(w) = nSar(w). (12)

In the following, we seek to perform the artifact correction with the experimental time-domain
maps, where the artifact is more discernable from the molecular response. A subtraction with
time-domain maps is a valid approach because, due to the linearity of the Fourier transformation,
a subtraction performed in the frequency domain is equivalent to a subtraction in the time
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domain. While S,(t) can be obtained by measuring the laser intensities across the variation
of all pulse-sequence parameters [Eq. (4)], the determination of the scaling factor 7 is not
straightforward, as it must compensate for #;-dependent variations arising from the sample
response function O™, which effectively modulates the artifact amplitude in the fluorescence
signal. To find suitable values for 77, we aim to find 77(#;) such that subtracting the scaled artifact
signal from the total signal leaves only noise in a region of the real-valued rephasing time-domain
map where sample coherences have decayed. In particular, we select a quadratic section of the
time domain map (¢#; > 7 and #3 > 7, where 7 is a positive time after which the sample coherences
have decayed) where only artifact signal is expected to remain. We perform this procedure for
every t, delay by minimizing the variance of the residual:

n(t2) = argmin{Var[Fi r(t] = 7,13 2 7) — pSurr(t1 = 7,13 > 7)]}. (13)
neR

The right column of Fig. 9(a) shows the corrected 2D spectra of dSQAB3 using the subtraction
with the optimized 7(#;) of Eq. (13). For #, = 30 fs, we have determined n(30 fs)=0.63
at RF=0.05 and (30 fs) =0.92 at RF=0.2, where we used 7 =44 fs. For both RF powers,
the artifact can be corrected and the lineshape distortions are removed. We have also tried
this approach on LH2 (see Supplement 1, Fig. S9 and S10). While the spectrum can be
corrected for RF = 0.05, the correction is not possible at RF=0.5. At such high RF powers, the
higher-order terms 40©)(w)a? E3(w)(E*(w))? and a*Q®(w)E*(w)(E*(w))* in Eq. (9) as well
as new terms generated by cubic electric-field terms in Eq. (3) become significant. Thus, the
deviation between F,: and S,; increases in a nontrivial way which cannot be compensated by
a scaling factor. Moreover, the artifact exhibits spectral distortions for which the subtraction
cannot account for. Hence, the conditions for the subtraction are only satisfied in case of
low artifact-contamination regimes. In principle, such artifact correction can be carried out
“on-the-fly” by simultaneously measuring a part of the excitation beam used in the F-2DES
experiment along with the fluorescence of the sample using two separate detectors. Such an
approach saves acquisition time and minimizes correction errors due to laser stability drift.

Finally, we examine the anti-diagonal lineshapes of the upper diagonal peaks of the raw
and corrected absorptive 2D spectra. For each 2D spectrum displayed in Fig. 9, we take an
anti-diagonal line that crosses the center of the upper diagonal peak (blue dashed lines that
intersect with the diagonal at 15210.3 cm™! ), retrieve the data and fit them to a Lorentzian function.
The full width at half maximum of these fitted Lorentzian curves are reported in Table 1. As
demonstrated in Fig. 9(b, Lineshape 0.05), the normalized Lorentzian fits are similar in shape for
medium RF power when compared to the low RF power reference (black curve labeled “0.005”),
indicating that the artifacts are not very strong and the extent of correction is minor. However, if
uncorrected, the lineshape is considerably narrower for high RF power measurements (Lineshape
0.2, red curve labeled “raw”) compared to the low RF power reference. Both correction methods
improve the lineshapes for the high RF power measurements (green curve labeled “amp’ and blue
curve labeled “sub”). We note that Zhao et al. recently reported a related approach to correcting
nonlinearities in their Dazzler-based F-2DES studies of quantum dots [67].

Table 1. Full width at half maximum of the Lorentzian anti-diagonal lineshapes

in Fig. 9
RF power 0.005 0.05 0.2
Correction Reference Raw Amp Sub Raw Amp Sub
FWHM (cm™) 328.46 319.83  359.02 328.44 | 221.43 308.84 279.60
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4. Conclusion

We have discussed the effect of nonlinearity introduced by pulse shapers in action-detected
two-dimensional (2D) spectroscopy. Here, we focused on fluorescence-detected 2D spectroscopy
using an acousto-optic programmable dispersive filter (AOPDF). For higher radio-frequency
(RF) powers, the optical output power does not scale linearly. This simple effect has a significant
impact on action-detected 2D spectra. If a pulse pair is created, such as in the case of linear field
autocorrelations, the nonlinearity can lead to spectral distortions of the retrieved spectrum for
high RF powers. The nonlinearity manifests itself in signal contributions at the harmonics of
the central frequency. The range of RF powers that exhibit nonlinearity depends significantly
on the wavelength, bandwidth and applied phase. Therefore, it is critical to characterize the
linear RF regime for the specific experimental parameters of a given experiment. The nonlinear
artifacts are most significant when a four-pulse sequence is generated with a single AOPDF,
such as in the context of action-detected 2D spectroscopy. The nonlinearity results in a large
artifact on the diagonal in the 2D spectra. Recognizing the characteristics of the artifact can
help differentiate it from molecular responses. The artifact can distort the lineshape significantly
as we have demonstrated in the case of one of the antenna complexes of purple bacteria (LH2)
and a molecular dimer (dSQAB3). Performing measurements on the laser pulses directly and
RF-power-dependent measurements can also help differentiate the artifact from the molecular
response.

The extent to which the nonlinear artifact needs to be suppressed relative to the molecular
signal depends on the specific experimental investigation. In order to investigate lineshapes,
the nonlinearity needs to be below the noise floor requiring low RF powers. However, if the
focus of the investigation is dynamics involving the cross peaks, slight lineshape distortions
from the artifact along the diagonal using medium RF power may not influence the observed
dynamics. Although the nonlinear artifact is present in both rephasing and non-rephasing spectra,
it is more prominent in the rephasing spectra. We have outlined two approaches to correct
for the acousto-optic nonlinearities, which work well if the artifact is solely due to amplitude
deviations from the expected diffraction. We discussed an “amplitude correction” scheme, which
is based on appropriately scaling the RF power of every streamed pulse sequence to enforce linear
pulse-shaper behavior at high RF-power regimes. Such a correction can only be applied in the
case where the laser spectrum is stable and the spectral output of the pulse shaper is not distorted
by high RF powers. This correction procedure may lead to a decreased signal-to-noise ratio
as it requires additional measurements. As a second artifact-correction approach, we showed
that the measurement of the integrated intensity of the artifact-contaminated light fields on a
photodetector can be used to subtract the artifact contamination in F-2DES. This approach can be
implemented through simultaneous measurement of sample fluorescence and the laser intensity
but is limited to low artifact-contamination regimes and requires sufficient temporal sampling.

Overall, our results demonstrate that RF and acousto-optic nonlinearities from pulse shapers
can result in large spectral responses that obscure the molecular response in multidimensional
spectroscopy, as shown here for F-2DES where the pulse shaper is used to generate all four pulses.
This effect will also distort coherently detected 2D spectra measured in the collinear geometry
with a single AOPDF generating all the required pulses, or in the pump—probe geometry where the
AOPDF creates the excitation pulse pair when RF powers outside of the linear regime are used. To
take full advantage of AOPDF pulse shapers for implementing multidimensional spectroscopies,
care should be taken to either operate within the linear regime of the RF generator, or to account
for and correct RF nonlinearities where necessary. When the acousto-optic nonlinearity is
corrected, higher RF powers in the nonlinear regime can be used, enabling a larger range of
accessible excitation energies. We note that the crystal-dependent diffraction efficiency should
be also corrected when an AOPDF shaper is used to create long time delays, as is done here for
F-2DES.
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