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Abstract: BoxCARS and pump-probe geometries are common implementations of two-
dimensional infrared (2D IR) spectroscopy. BoxCARS is background-free, generally offering
greater signal-to-noise ratio, which enables measuring weak vibrational echo signals. Pulse
shapers have been implemented in the pump-probe geometry to accelerate data collection and
suppress scatter and other unwanted signals by precise control of the pump-pulse delay and carrier
phase. Here, we introduce a 2D-IR optical setup in the BoxCARS geometry that implements a
pulse shaper for rapid acquisition of background-free 2D IR spectra. We show a signal-to-noise
improvement using this new fast-scan BoxCARS setup versus the pump-probe geometry within
the same configuration.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Two-dimensional infrared spectroscopy (2D IR) is a third-order nonlinear vibrational spectroscopy
which provides bond-specific structure and sub-picosecond dynamics of molecules in the
condensed phase [1-3]. Multidimensional spectra contain a wealth of structural information
that is derived from the coupling between vibrational modes, producing characteristic spectral
lineshapes. Dynamical information on sub-picosecond time scales, such as hydrogen-bonding
lifetimes, solvent exchange rates, and conformational dynamics, are extracted from the evolution
of the lineshapes as function of waiting time [1,4—7]. Two common implementations of 2D IR
spectroscopy are based on the four-wave mixing “BoxCARS” and “pump-probe” geometries
(Fig. 1) [2,8-10]. While the signals measured in the two geometries, are in principle, identical,
there are practical tradeoffs between the two implementations: (1) in the BoxCARS configuration
the signal is emitted in a background-free direction and overlapped with a reference “local
oscillator” (LO) pulse for reconstruction of the signal amplitude and phase through spectral
interferometry [11]. Signal-to-noise ratios (SNRs) are generally higher in the BoxCARS geometry
compared to the pump-probe geometry, because the k3 intensity can be adjusted arbitrarily,
whereas in the pump-probe geometry k3 also acts as an LO, and its intensity is therefore limited
by the dynamic range of the detector. The ability to attenuate the LO is particularly beneficial
when working with weak IR probes, such as thiocyanate or nitrile vibrational modes [12—14];
(2) On the other hand, the pump-probe geometry has two important advantages. First, the
straightforward two-beam geometry streamlines the alignment process. Second, this geometry
can be implemented using a pulse shaper which provides several advantages including fast data
acquisition and scatter suppression by phase cycling [15—17]. In addition, precise control of the
pulse pairs removes the need to phase spectra. However, the lack of sensitivity in the pump-probe
geometry can be limiting, and indeed, chromophores with large oscillator strength are often used
within this geometry. [8,18-20]

Recently, significant efforts have dedicated to improving the sensitivity of the pump-probe
geometry, aiming for a background-free data collection with a pulse shaper [21-24]. Polarization
schemes can be implemented in the pump-probe geometry to obviate the need to attenuate the
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Fig. 1. Comparison of 2D IR geometries: (a) traditional BoxCARS, (b) pump-probe and
(c) fast-scan BoxCARS. In the BoxCARS geometry (a, c), the four beams outline the corners
of a box and the emitted signal travels in a background-free direction. In the pump-probe
geometry (b), the incoming beams are collinear and the emitted signal travels in the direction
of the probe beam.

probe, thereby increasing the SNR. [25,26] Xiong and Zanni adopted a polarization grating
configuration in the pump-probe setup to increase the signal strength and eliminate unwanted
background noise [21]. Jonas and coworkers introduced a Sagnac interferometer in partially
collinear 2D electronic spectroscopy (2D ES) in order to measure a nearly background-free signal
in the pump-probe geometry [22]. Fayer and coworkers enhanced the signal of monolayer/thin
films by reducing the LO field without losing the signal field in a near-Brewster’s angle reflection
pump-probe geometry, combined with a pulse-shaping system for rapid data acquisition [23].

Inspired by the work of Ogilvie and coworkers, [24] here we report on a hybrid implemen-
tation that leverages the distinct advantages of the pump-probe and BoxCARS geometries by
implementing a pulse shaper within the BoxCARS configuration. In the work of Ogilvie and
coworkers, a 2D ES spectrometer with a hybrid diffractive-optic/pulse-shaping approach was
introduced to measure background-free spectra in the BoxCARS geometry, however, diffractive
optics have significant limitations in the IR due to the large bandwidth of the pulses compared
to the center frequencies, which results in severe spatial chirp. Here we report on the design
and implementation of a 2D IR setup for rapid acquisition of background-free 2D IR spectra
with phase control of the pump pulses using a pulse shaper (Fig. 1(C)), which we refer to as
“Fast-scan BoxCARS”. This implementation combines the background-free signals from the
BoxCARS geometry with the precise timing and phasing controls afforded by pulse shaping.
Adopting a pulse shaper within the BoxCARS geometry allows for shot-to-shot modulation of the
pump pulses, complete control of the amplitude and phase of the pump pulses, and simultaneous
collection of the rephasing and nonrephasing signals. In general, our new hybrid setup provides
an enhancement in SNR as compared to conventional pump-probe setups. The drawback of this
setup is that the 2D IR spectra must be phased to obtain purely absorptive lineshapes.

2. Methods
2.1. Fast-scan BoxCARS 2D IR spectrometer

A Ti:Sapphire oscillator seeds a regeneratively amplified laser (Astrella, Coherent Inc) to output
800nm at 7 W and a 1-kHz repetition rate. Approximately 3.5 mJ of the output is used
to generate mid-IR via optical parametric amplification followed by noncollinear difference
frequency generation (TOPAS Prime/N-DFG, Light Conversion), resulting in broadly tunable
mid-IR pulses.

A scheme of the fast-scan BoxCARS setup is shown in Fig. 2. The mid-IR source beam is
routed through a 50/50 ZnSe beam splitter (BS) to generate the “pump” (transmitted) and “probe”
(reflected) beams. The pump pulse is sent through the pulse shaper (QuickShape, PhaseTech
Spectroscopy), [15,27] which is based on an acousto-optic modulator (AOM), to generate a pair
of time-delayed pump pulse pairs (k; and kj). Electronically modulating the pump pulses allows
for precise control of #; to eliminate timing instabilities or drift from mechanical stages used
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in traditional BoxCARS setups. Spatial chirp from angular dispersion in the AOM is mitigated
by active Bragg angle compensation in the pulse shaper. [28] A 50/50 ZnSe BS at the pulse
shaper output creates a copy of the modulated output pair (k;’ and k;’). Adding a #; delay
between two pump pulses in each pair, the rephasing (Sg) and nonrephasing (Syr) signals are
simultaneously generated in same direction after the beam interactions of Sg = —k;" + ky + k3
and Syg = +k; — ko’ + k3, respectively. Thus, the rephasing and nonrephasing 2D IR spectra are
measured together (Fig. 1).
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Fig. 2. Schematic view of fast-scan BoxCARS setup. The IR input is generated by a
TOPAS-NDFG setup (not shown). The input pulse (red) is split by a beam splitter (BS) into
two pulses. One pulse travels through the pulse shaper with an acousto-optic modulator
(AOM), then a second BS, resulting in two pairs of pump pulses (E; and E,, green; E|’ and
E,’, orange) and each pulse pair is separated by #;. The probe line is split into E3 (purple),
the tracer (dashed gray line), and the LO (blue) using a CaF, wedge. t; is the waiting
time between the pump and probe beams. The pump and probe pulses are focused by the
parabolic mirror (PM) onto the sample to generate the photon signal. The tracer tracks the
direction of the emitted signal and is used as the probe in pump-probe measurements, and
the LO heterodynes with the photon echo on another BS to recover the signal amplitude and
phase. All beam splitters are 50/50 dielectric beam splitters on a ZnSe substrate, and the
wedges are uncoated 3° CaF,.

Optomechanical drift between the two pump arms results in phase shifts in the rephasing
and nonrephasing signals. Because the signals are generated as a cross interaction between
the two pump beams, any time shift, Az, between the leading pulses, k; and k;’, will cause a
corresponding phase shift, Ag, of equal magnitude and opposite signs in Syg and Sk (Fig. 3).
Thus, the polarization that generates the emitted electric field in this geometry becomes sensitive
to these terms. The phase cycling scheme of ¢, = 0,  is used to collect signal on every shot
and remove the background. The final signal maintains the phase shifts; S o« 2Re*? + 2NRe ™A%,
However, because the coherence direction of the rephasing pathway is reversed compared to
the nonrephasing pathway, —iA¢ will flip its sign during measurement when the negative w;
frequency of the rephasing pathway becomes positive. Therefore, the rephasing and nonrephasing
spectra can be collected together without resulting in phase mismatch errors from drift in the
pump beams. The absorptive spectra must still be phased to correct for any LO phase drift. If
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it is desirable to collect the rephasing and nonrephasing spectra independently, one can adopt
different phase cycling schemes, [15,24,29-31] including the four-frame phase cycling scheme

described in Section S1.1 of the Supporting Information.
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Fig. 3. Diagram demonstrating how a time shift due to optomechanical drift, At, between
the two probe lines results in a phase shift, FA¢, in the rephasing and nonrephasing signals.

The probe pulse is split into three pulses using the front and back reflections from an uncoated
3° CaF, wedge: Ej3 (transmitted, 95%), the tracer (reflected, 2.5%), and the LO (reflected,
2.5%). A mechanical delay stage (ANT-95 Aerotech Inc) controls the waiting time (z,) between
the pump and probe pulses. The two pump pulse pairs (E; and E;; E;” and E,’), E3, and the
tracer are focused onto the sample area by a 10-cm off-axis parabolic mirror. The tracer beam
follows the path of the generated photon echo signal from the sample and is blocked during
data collection in the BoxCARS geometry. The photon echo signal and LO field interfere at a
ZnSe BS to recover the amplitude and phase of the signal. The LO timing is controlled via a
mechanical stage (MPS-50SL, Aerotech Inc) with a 3° CaF, wedge paired with a stationary CaF,
wedge for fine control with femtosecond resolution and a manual stage for coarse timing. The
heterodyned signal and LO are detected simultaneously on a 128-pixel X 128-pixel IR camera
(Catalina, Teledyne Nova Sensors) [32] and the detection area is binned vertically. This hybrid
BoxCARS 2D IR setup can be easily transformed to the pump-probe geometry by blocking one
pump arm, E3, and the LO, while using the tracer beam as the probe. In the signal-to-noise
benchmarks below, 2D IR spectra in the BoxCARS and pump-probe geometries are collected by
blocking/unblocking the appropriate beams without any additional realignment.

2.2. Sample preparation and data collection

Sodium azide (NaN3) (99.99+%; Sigma-Aldrich) in D,O (99.9%; Cambridge Isotope Laborato-
ries, Inc.) samples were used to benchmark the performance of the BoxCARS implementation
against the pump-probe geometry. All chemicals were used as received. The sample concentration
was 50 mM and the spectra were collected at room temperature. The absorbance of the azide
asymmetric stretching mode at 2043 cm~! was measured to be 0.5 OD in the sample used for
2D IR. Spectra were collected in both BoxCARS and pump-probe geometries by scanning the
coherence time (1) from O to 4 ps in steps of 20 fs. To reduce any unwanted pump-probe
scatter and transient absorption signals, the pump was phase-cycled by shifting the relative
phase between two adjacent pump pulse pairs by mt, and the adjacent “0 0” and “O &” pulse
pairs are subtracted and the 2D IR signal is recovered [33,34]. The waiting times (#;) were
selected from 300 fs to 3 ps as discussed below. The rotating frame frequency was set to 1800
cm™!. The excitation (m) axis was generated by a numerical Fourier-transform along the ¢,
delay time axis. The interference between the signal and local oscillator was measured in the
frequency domain to generate the detection (w3) axis. Spectra were collected with all pulses
in a parallel polarization geometry. Individual spectra were averaged over 50,000 laser shots
and collected in five successive sets, then each spectrum was individually phased and summed
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together to generate the final spectrum at each waiting time. A transient pump-probe spectrum
was collected at a waiting time of 150 fs and used in phasing the heterodyned fast-scan BoxCARS
2D IR spectra (Figure S7). Example rephasing, nonrephasing, and absorptive spectra collected
with the four-frame phase cycling scheme at a waiting time of 150 fs are included in Figure
S8. Additionally, to demonstrate the capabilities of this new optical setup for fast measurement
of weak vibrational probes, 2D IR spectra of 50 mM sodium thiocyanate (NaSCN) (>98.0%;
Sigma-Aldrich) in D0 (99.9%; Cambridge Isotope Laboratories, Inc.) were collected at a
waiting time of 150 fs with the same aforementioned experimental parameters. The absorbance
of the nitrile stretching mode at 2067 cm~! was measured to be 0.1 OD in the sample used for
2D IR.

3. Results and discussion

Example 2D IR spectra of the azide stretching mode at three waiting times collected in the
fast-scan BoxCARS and pump-probe geometries are shown in Fig. 4. In brief, the spectrum
shows a pair of peaks corresponding to the ground-state bleach (red feature, on the diagonal) and
the excited-state absorption (blue feature, below the diagonal). In general, the BoxCARS spectra
(Fig. 4) preserve the defined shape of the main peaks throughout the 3 ps measurement window
(Figure S1). The minimal background in the spectra and the well-defined main peaks, even at
long waiting times, highlight the quality of the spectra. It is worth noting that both the positive
and negative peaks in the phased BoxCARS spectra show slight vertical elongation along the
detection axis as compared to the pump-probe spectra. This can also be noted in the probe-axis
projections and the diagonal slices. This peak elongation can be attributed to fifth-order signals
which are more common in the BoxCARS geometry as a result of the high pulse energies [35,36].

In the BoxCARS geometry, E3 imparts the phase onto the emitted photon echo, which is
heterodyned by the LO field to determine the phase of the signal. [19,37] The heterodyned
signal is phased by matching the probe-axis projection of the 2D IR spectrum to the transient
pump-probe spectrum. The 2D IR spectra collected in the fast-scan BoxCARS geometry were
phased by taking the real part of the product of the analytic signal and exp(in¢), where ¢ is a
constant phase shift in the time domain. [37] Phasing the spectra involved varying ¢ from -
to it and finding the minimum root-mean-square-difference (RMSD) between the pump-probe
spectrum and the phased 2D spectrum within the phase shift range. The probe-axis projection
was allowed to shift by up to 2cm™! during the calculation of RMSD minimization to account
for any errors in the probe axis calibration. To correct for LO phase drifts, spectra were recorded
with fewer laser shots but with more repetitions, such that each resultant spectrum can be phased
individually and then averaged together at a given waiting time.

The 2D IR spectra of NaN3 in D, O collected in fast-scan BoxCARS geometry are compared
to those collected in pump-probe geometry (Fig. 4). It is indicated that both geometries capture
the same peak features in the azide stretching region. Since the spectra were normalized to
the maximum absolute amplitude, it is clear that fast-scan BoxCARS spectra contain lower
background noise than the pump-probe spectra at each measured waiting time. The background
noise in the pump-probe spectra starts to eclipse the main peaks as indicated by the distorted
contour lines of the main peaks and the relative amplitude of the noise versus main peaks.
Note that the vertical stripes in 2D IR spectra indicate shot-to-shot noise. In ultrafast laser
experiments, sources of noise include pulse energy fluctuations from instability in the laser
output, optomechanical drift in the optical setup, and environmental factors such as air currents
and thermal fluctuations. Shot-to-shot laser fluctuation from both pump and probe beams is one
major noise source for 2D IR spectroscopy irrespective of the setup geometry. In addition, phase
drift of the LO is another source of noise during data collection in the BoxCARS geometry.

To compare the effects of background noise in two geometries, we analyzed the pump-slice
amplitudes (PSAs) for both the fast-scan BoxCARS and pump-probe 2D IR spectra (Fig. 5). PSA
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Fig. 4. Comparison of 50 mM NaN3 in D,O 2D IR spectra at waiting times of 300 fs (a,d),
1000 fs (b,e), and 2000 fs (c,f), collected in the fast-scan BoxCARS geometry after phasing
(a-c) and the pump-probe (d-f) geometry. Each spectrum is an average of 250,000 laser shots
for a total data collection time of ~5 minutes per spectrum. The spectra were normalized by
the highest amplitude peak.

analysis has been described in detail previously. [38] In brief, PSA is the difference between the
maximum and minimum amplitudes along w3 at slices along the excitation (pump) axis, which
gives spectra that are comparable to the linear absorption spectra. The normalized spectra of
PSAs are shown in the upper panel of Fig. 5. The PSA analysis shows that the peak widths
and peak centers from the 2D IR spectra collected in the fast-scan BoxCARS geometry closely
match those from the spectra collected in the pump-probe geometry. The PSAs extracted from
the fast-scan BoxCARS spectra have negligible background noise so the peaks have similar
baselines and lineshapes at all waiting times. PSAs at additional waiting times are included in
Figure S3. However, the background noise in the pump-probe geometry becomes prominent
with increasing waiting times, which distorts the background as well as the lineshapes. The
improvement in the background is also investigated by the projections of the 2D IR spectra onto
the detection axis (w3) as shown in the lower panel of Fig. 5. The positive and negative peaks in
the probe-axis projection plots correspond to the positive and negative peaks in the 2D IR spectra.
The projections are normalized with respect to the maximum of the positive peaks. Note that the
ratio of the negative and positive peak intensities is ~-1 for the fast-scan BoxCARS geometry
but is ~-0.8 for the pump-probe geometry. Due to small inaccuracies in beam alignment and
the routing of the LO around the sample, the relative ratio of the negative and positive peaks is
different between the two geometries. The projections from the pump-probe spectra have greater
background noise as indicated by the baseline fluctuations. Similar to the PSA analysis above,
the fast-scan BoxCARS geometry gives relatively baseline-free projection lines and the preserved
lineshapes for the main peaks even at long waiting times. Plots of probe-axis projections at
additional waiting times are included in Figure S4. The improved background noise level from
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the fast-scan BoxCARS spectra can also be seen in the diagonal slice comparison across select
waiting times in Figure SS.
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Fig. 5. Comparison of the PSA and probe-axis projections at waiting times of 300 fs (a,d),
1000 fs (b,e), and 2000 fs (c,f), for the fast-scan BoxCARS (blue) and pump-probe (green)
geometries. The PSAs and probe-axis projections were calculated from the NaN3 2D IR
spectra in Figures S1-2 and were normalized to the maximum amplitude.

Signal-to-noise ratios (SNR) were calculated for each waiting time and compared between
fast-scan BoxCARS and pump-probe geometries (Fig. 6(a)) in order to quantify the improvement
in signal. The SNR is defined as the ratio between the maximum amplitude and the standard
deviation of the baseline noise in the PSAs (Figure S6). The SNRs decrease with increasing
waiting time for both geometries, but the SNR from the fast-scan BoxCARS was greater at all
measured waiting times. The larger standard deviation in SNR from the fast-scan BoxCARS 2D
IR PSAs at early waiting times can be attributed to the vertical elongation of the peak shapes
and phase instability, as previously discussed. The ratio between the SNR of the fast-scan
BoxCARS and that of pump-probe was calculated for each waiting time (Fig. 6(b)), which shows
a 3x improvement in SNR for the fast-scan BoxCARS spectra versus the pump-probe geometry.
This factor of 3 indicates that 9x more measurements would be necessary for the pump-probe
geometry to achieve similar SNR of fast-scan BoxCARS within this current configuration.

As an additional comparison, 2D IR spectra of NaSCN in D, 0, a weak vibrational probe, are
shown as an example of the fast-scan BoxCARS setup. Figure 7 shows a greater SNR for the
fast-scan BoxCARS geometry over the pump-probe geometry. The PSA shows a lower noise floor
in the fast-scan BoxCARS geometry (Fig. 7(c)) along with a decrease in pixel noise (Fig. 7(a)-(b)).
The 2D IR lineshapes measured using the two geometries are in close agreement as there are no
fifth-order contributions visible in thiocyanate spectra, unlike the azide data presented above.
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Fig. 6. SNR comparison between the two geometries. The dots represent the mean SNR
from five measurements at the same waiting time with error bars (a). The solid horizontal
pink line in (b) represents the mean (~3) of the SNR ratio between the fast-scan BoxCARS
and pump-probe geometries across spectra measured at waiting times from 300 fs to 3000 fs.
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Fig. 7. Comparison of 50 mM NaSCN in D,O 2D IR spectra at a waiting time of 150 fs
collected in the fast-scan BoxCARS geometry after phasing (a) and the pump-probe geometry
(b). Each spectrum is an average of 250,000 laser shots for a total data collection time
of ~5 minutes per spectrum. The spectra were normalized by the highest intensity peak.
Comparison of the normalized PSA (c) and probe-axis projection (d) calculated from the 2D
IR spectra.

It is worth noting that data acquisition in both geometries was done with the same setup. The
fast-scan BoxCARS geometry can be converted to the pump-probe geometry by using the tracer
as the probe beam and blocking one of the pump beams, the Ez beam, and the LO beam. Thus,
this pump-probe setup after conversion does not have the full power for the pump and probe
beams. Potentially, one can remove the beam splitter in the pulse shaper output to use the full
pump power in the pump-probe geometry, thereby doubling the signal and halving the SNR
improvement. Additionally, the wedge in the probe path can be replaced with another mirror
as in the pump-probe geometry to obtain greater signal. Section S1.2 includes a discussion on
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estimated signal ratios for the fast-scan BoxCARS and conventional pump-probe geometries.
With this configuration, we show that without replacing optical components and by simply
blocking/unblocking certain beams, we can make use of two different geometries on a single
optical setup. Most significantly, the implementation of the pulse shaper in the BoxCARS
geometry improves the signal-to-noise ratio in the 2D IR spectra and enables fast data acquisition
of weak IR probes with phase stability and eliminated scattering artifacts. Another avenue to
further increase the spectral quality is to utilize dual stripe detection. When the two stripes are
phase-shifted by m, the detected heterodyned signal can be doubled by calculating the difference
between the two stripes, thus eliminating the fluctuations of the LO background. Post-processing
methods can also be implemented for further signal enhancement, such as denoising spectra with
machine learning methods [39] and edge-pixel referencing. [40]

4. Conclusions

We demonstrate a new implementation of a BoxCARS 2D IR optical setup that affords an
improvement in the quality of 2D IR spectra over the pump-probe setup by making use of a
pulse shaper. It also allows for rapid acquisition of background-free 2D IR spectra with phase
stability. Beyond the incorporation of a pulse shaper and beam-splitting optics, no additional
or specialized optical components are necessary to implement this hybrid setup in pre-existing
conventional 2D IR setups. Our work further extends the capabilities of 2D IR spectrometers in
investigating weak chromophores or IR probes, such as thiocyanate and nitrile stretching probes,
or dilute samples and challenging systems like transmembrane proteins.
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