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Abstract

Aided by advances in optical engineering, two-dimensional infrared spectroscopy (2D IR) has
developed into a promising method for probing structural dynamics in biophysics and material
science. We report two new advances for 2D IR spectrometers. First, we report a fully reflective
and totally horizontal pulse shaper, which significantly simplifies alignment. Second, we
demonstrate the applicability of mid-IR focal plane arrays (FPAS) as suitable detectors in 2D IR
experiments. FPAs have more pixels than conventional linear arrays and can be used to multiplex
optical detection. We simultaneously measure the spectra of a reference beam, which improves the
signal-to-noise by a factor of 4; and two additional beams that are orthogonally polarized probe
pulses for 2D IR anisotropy experiments.

2D IR spectroscopy has successfully addressed a myriad of challenges in biophysics and
materials sciences, from measuring the conformations and dynamics of proteins [1-6] and
amyloid fibrils [7] to revealing excitonic structures of dye monolayers that have implications
in solar cell design [8]. There are many optical designs of 2D IR spectrometers, but all
require three interactions between the laser pulses and the molecules. A convenient
spectrometer design uses a pump—probe beam geometry, as shown in Fig. 1, with two laser
pulses collinearly aligned to serve as the “pump” pulses and a third pulse that “probes” the
system by both generating the third order electric field and heterodyning the signal [9,10].
The pulse pairs needed in the pump—probe geometry are well suited for pulse shaper
technology, which has been used to collect both 2D IR and 2D visible spectra [11-13]. Pulse
shapers eliminate the need for slow and inaccurate mechanical stages [14]; allow removal of
scattered light [15,16] and shot-to-shot modulation of time delays; and offer extremely good
phase stability with the ability to computer design custom pulse sequences [14,17,18]. The
spectrum of the probe pulse is typically measured on a linear mercury cadmium telluride
(MCT) array.

Because mid-IR light is invisible to the naked eye, it is important that the design of mid-IR
pulse shapers allows simple optical alignment and easy frequency tunability. The first mid-
IR pulse shaper used a standard 4f design from visible pulse shapers with cylindrical mirrors
and a change in beam height [19]. All reflective optics is a good choice for mid-IR light
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because the focal lengths are wavelength independent, but changing beam heights is difficult
with invisible light. A second-generation shaper replaced the cylindrical mirrors with lenses
to have a horizontal layout, which was an improvement on alignment, but changing
wavelengths required reoptimizing the 4f distances. Herein we report our third-generation
shaper that has both a horizontal design and completely reflective optics, made possible by
using 1D parabolic mirrors in the 4f geometry. To the best of our knowledge, a 4f design
using parabolic focusing optics has not been previously reported. We initially tried using 2D
parabolic mirrors, but it was difficult to obtain a properly focused beam after the shaper. The
cylindrical parabolic mirrors used are easy to align for proper focusing. The shaper is easy to
align and the focal lengths are independent of wavelength. Because this design is fully
reflective, it can be readily extended to visible pulse shapers as well.

Detecting the probe pulse is also a crucial step in spectrometer design. Probe pulses can be
upconverted and measured in the visible [20], measured in the time-domain with a single
pixel MCT detector [21], or its spectrum can be measured with a linear 32- or 64-element
MCT array, which is the most common choice. In this Letter, we report data collection using
a focal plane array (FPA) detector, which operates like a charge-coupled device camera but
for mid-IR light. FPA detectors are often used in Fourier transform IR (FTIR) microscopes
for imaging [22]. Over the past few years, FPA detectors that have become commercially
available have a large number of pixels (128 x 128) with fast readout times that should also
make them compatible with pulsed lasers used in ultrafast spectroscopy. We show that the
signal-to-noise of 2D IR spectra collected with an FPA detector is as good as data collection
with a linear array, but the larger number of pixels produces better data, reference detection
is easy to implement, and multiple probe beams can be simultaneously monitored for faster
data collection.

A schematic layout of our experimental apparatus is shown in Fig. 1. The general procedure
for generating shaped mid-IR pulses for 2D IR has been described before in detail [14]. For
the experiments reported here, the output of a regeneratively amplified Ti:sapphire laser is
used to pump an optical parametric amplifier followed by AgGaS, difference frequency
generation module to produce ~20 pJ/pulse of mid-IR light centered at 5 pm. A ZnSe
beamsplitter is used to split the mid-IR pulse into pump and probe paths; about 90% of the
light is sent through the mid-IR pulse shaper, which generates the pump pulse pair. The
pulse shaper consists of 5 optics: two gratings, two 1D parabolic mirrors, and a Ge
acoustooptic modulator (see Fig. 1). The output efficiency is still mainly limited by the
efficiency of the acousto-optic modulator and gratings, which is about 30%. The frequency
resolution of the shaper and all other characteristics is the same as that previously reported
because the focal lengths are the same. We see no degradation in mode quality from the
parabolic mirrors. Regarding the probe light, the remaining 10% is further split into two with
a 50-50 ZnSe beamsplitter to generate the probe and reference beams. The pump and probe
beams are focused onto the sample using off-axis parabolic mirrors, and the self-
heterodyned signal is re-collimated using a second matched parabolic mirror. The signal and
the reference beams are focused onto the entrance slit of a homebuilt astigmatism-corrected
Czerny—Turner monochromator [23] with an off-axis parabolic mirror so that they are
vertically offset by ~2 mm. When multiple polarized probe pulses are measured, additional
optics are added as described below. The dispersed signal and reference beams from the
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monochromator are detected with a 128 x 128 MCT mid-IR FPA (Teledyne Novasensors).
The 40 um pixel size of the FPA required a diffraction grating groove density of 30
grooves/mm so as to optimally fit the bandwidth of the mid-IR light, yielding a resolution of
Av =3 cmLat 5 pm. Experiments were carried out with a probe intensity at about half the
saturation level, which is the same laser power to within a factor of 2 on the FPA and linear
arrays. The FPA does have some dead pixels; for the experiments reported here, the beams
were aligned and the vertical positioning of FPA was chosen such that the dead pixels were
avoided. The FPA was read out at the repetition rate of the laser (1 kHz), using a frame-
grabber (Teledyne Dalsa Xcelera-CL LX1 Base). Several models of FPA and frame grabbers
are commercially available. For the experiments reported here, the frame grabber has a
resolution of 16 bits/pixel and the FPA analog-to-digital converter has a bit resolution of 14
bits/pixel (16 bits/pixel will be available soon). For the model used to collect the data
reported here, this resolution implies a nominal minimum delta-OD of —logyo[(214 - 1)/214],
which is ~2.6e — 50D or 26 UOD. A 4-frame phase cycling scheme was implemented during
data acquisition, where the phases of the two pump pulses are switched between 0 and m to
subtract scattered light [24]. The signal is then given by

4
Si—trame (1, T, w3)=5(p1=0, 01 =0)—S (1=, 01=0) —S(1=0,p1=7)+S (1=, p1=7) =D Sy,

n=1

)

where ¢1 and ¢, are the phases of the two pump pulses, controlled by the pulse shaper; # is
the delay between the pump pulses, called the coherence time; and 7is the delay between
pump and probe pulses, called the waiting time [24]. The frame grabber was triggered by the
pulse shaper for an A/ frame acquisition, where /=4 x Number of #-times x Number of
shots per #-time. The size of one raw frame is ~33 KB, so the number of frames that can be
acquired per trigger is limited only by the available memory buffer size. The N/ frames were
written directly to memory buffer, averaged, and saved, after which the frame-grabber
triggered again. This procedure resulted in a loss of less than 5% of laser shots during the
processing of the frames and allowed for indefinite data acquisition without filling up the
memory buffer. For comparison purposes, measurements were also performed using an
MCT line array (1 x 32, Infrared Associates) after dispersing through a monochromator
(Princeton Instruments, 75 grooves/mm, Av = 6 cm™1). The coherence time, #, was scanned
from O to 4 ps in steps of 50 fs. Data was acquired in a partially rotating frame, with the
rotating frame frequency set to 1940 cm™1 [24]. To quantitatively evaluate the signal to noise
enhancements from referencing, two samples were used: NaN3 in D50, and W(CQ)g in n-
hexane. The concentration of both samples was chosen such that the pump—probe AOD was
~15 x 1073, For reference corrected spectra, the signal for every laser shot was normalized
as
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—frame

4
Sicf (t17 T, WS): an/sflcfcrcncc.
n=1 (2)

Figure 2 shows a comparison of 2D IR spectra of NaN3 in D,0O, collected with a (a) regular
line array, (b) without, and (c) with reference correction on the FPA. All spectra were
collected at waiting time 7= 0. For each spectrum, 400 laser shots were averaged for each £
time-point. Horizontal slices parallel to the probe frequency axis of the 2D spectra are
shown in Fig. 2(d). The comparison of the spectra collected with a linear array and the FPA
[Figs. 2(a) and 2(b)] clearly illustrates that the FPA can serve as an effective detector for 2D
IR. The number of pixels affects the quality and possibly the scientific interpretation of the
data; for a given spectral range, the FPA allows for better sampling of the spectrum by
having more than twice the number of pixels.

With referencing [Fig. 2(c)], the signal to noise of the 2D spectra shows distinct
improvement (~4 x), as quantified below. To quantify this improvement, the percent relative
standard deviation (RSD, defined as: & = 100 x o/j, where o is the standard deviation, and p
is the mean) of the 2D peak signal was calculated over the 400 scans acquired. The results
are listed in Table 1. Referencing increases the signal to noise by a factor of ~4, which is
about what is expected [25,26]. Interestingly, the RSD values of the line array and the FPA
are very similar. The noise in 2D IR experiments is primarily from two sources, the laser
shot noise and pixel noise. The similarity of the RSD values for the array and the FPA
suggest that the noise in our measurements is dominated by laser shot noise. To further
quantify the pixel noise of the FPA, we compared the root-mean-square deviation (RMSD)
over a million laser shots of a strip of the dark pixels to that of a strip that had light incident
on them. The results, shown in Fig. 2(e), clearly indicate that the pixel noise is negligible
compared to the laser noise. The dynamic range was estimated to be ~65 dB from these
measurements. We also note that the FPA does not have a highpass filter that is common
with commercial line arrays. With a highpass or cold filter, the residual dark noise in Fig.
2(e) should be reduced even further. Moreover, the phase cycling scheme used here subtracts
off dark noise (see Eq. 1). Thus, we conclude that the FPA detector is a viable alternative to
linear arrays for these measurements, and might be useful in other 2D IR spectrometer
designs that do not incorporate a pulse shaper [27,28].

The limitations of experimental signal to noise can be most severe when 2D IR spectroscopy
is used to investigate real-time dynamics, where it is imperative to acquire spectra in small
fraction of the timescale of the kinetic process involved. To further test the improvements
that can be gained through having higher pixel density and reference detection, 2D IR
spectra of W(CO), in n-hexane were collected without any averaging, i.e., only a single laser
shot was acquired for each coherence time-point. The resulting 2D IR spectra, shown in Fig.
3, illustrate improvement made possible with referencing. The 2D contours are barely
discernable above the background noise without referencing [Fig. 3(a)]. With reference
correction, the 2D peaks are clearly visible [Fig. 3(b)]. These results demonstrate that
referencing with an FPA can enable experimental designs where 2D IR spectra are acquired

Opt Lett. Author manuscript; available in PMC 2017 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ghosh et al.

Page 5

in as little as a few hundred milliseconds. Compressed sensing might be further used to
shorten data collection times [29].

In addition to referencing, the FPA also opens up possibilities of experiments that require
multiple beam detection. The polarization dependence of the 2D IR signal can be exploited
to selectively enhance cross peaks, or to investigate the orientational relaxation of vibrational
modes. All such experiments typically require measurement of the third order infrared
response in orthogonal polarization conditions, namely ZZZ7 and ZZYY [24,30]. The data
is typically acquired through two separate experiments, one for each of the above
polarization schemes. Measuring both spectra simultaneously is preferable so that the two
are directly comparable and the results less susceptible to long time drift of laser sources.
Simultaneous measurements of ZZZZ and ZZY'Y signals have been performed by
Ramasesha et al. using a 2 x 64 double array, and more recently by Bakulin ef a/. using a 3 x
32 array that also incorporates a reference beam [31,32]. With an FPA, implementation of
such anisotropy experimental schemes is simpler because multiple beams can be easily
measured on its vertical axis, as shown in Fig. 4. The image in Fig. 4 was collected by
setting the probe beam polarization to 45° with respect to the pump. Waveplates followed by
wire grid polarizers were used to set the polarization of the pump and probe pulses. After the
sample, the ZZZZ and ZZY'Y components of the signal were split using a wire grid polarizer
that was set to transmit parallel polarized light and reflect perpendicularly polarized light.
The two components were then dispersed through a monochromator (described before) and
detected on the FPA. 1,3-cyclohexadione (CHD) contains two carbonyl groups that are
strongly coupled and has been previously shown to exhibit prominent cross peaks between
the two diagonal features [33]. 2D IR spectra of CHD in CHCI3 at 7= 0 collected using this
experimental scheme for the two polarization conditions are shown in Figs. 4(a) and 4(b).
The ZZYY spectra clearly indicate exhibit enhanced cross peaks compared to ZZZZ, similar
to previously reported measurements. The 3*ZZYY-ZZZZ difference spectra are shown in
Fig. 4(c), which highlights the cross peaks. Unlike previous difference measurements, the
difference was computed in the time domain for every laser shot. Simultaneously measuring
both ZZZ7 and ZZY'Y signals cuts the data acquisition time in half and improves their
comparison and subtraction.

In summary, we have reported a new design for a mid-IR pulse shaper that offers significant
ease of implementation over existing designs. It has been previously demonstrated that the
technology of mid-IR pulse shaping can be readily extended to a visible pulse shaper [12].
The advantages of our new all reflective pulse shaper design can be similarly utilized for
visible pulse shaping to simply the experimental challenges of 2D-electronic spectroscopies,
which should serve to encourage more research groups to employ such techniques.
Furthermore, we have demonstrated the applicability of mid-IR focal plane arrays as suitable
detectors in 2D IR experiments. The FPAs offer larger pixel density, allowing detection of
infrared transition over a larger bandwidth and facile implementation of reference detection
scheme along with simultaneous measurements of multiple polarization experiments. An
FPA in combination with a mid-IR pulse shaper can also be used to do benchtop FTIR
imaging, as we have recently demonstrated [34]. FPA detectors appear to be a viable
alternative to linear arrays and set the stage for more sophisticated 2D IR microscopy
experiments.
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Delay Stage

Fig. 1.
Schematic layout of the pulse shaper (inset) and optical setup for reference detection. PM,
parabolic mirror; G, grating; BS, beamsplitter; M, monochromator.
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Fig. 2.
(a)—(c) Comparison of 2D IR spectra of NaN3 in D,O collected using a linear 1 x 32 array

(a) and the 128 x 128 FPA, without and with referencing [(b) and (c)]. (d) Slices across the
2D spectra taken parallel to the probe axis at wpymp equal to the 2D peak maximum. (e)
Comparison of the RMSD of illuminated and dark pixels of the FPA, calculated over a
million laser shots.
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Fig. 3.

Comparison of single shot 2D IR spectra of W(CO)g in n-hexane collected (a) without and
(b) with referencing using the FPA.
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Fig. 4.
(a)-(c) 2D IR spectra of CHD in CHCl3z at 7= 0 for (a) ZZZZ, (b) ZZYY, and (c) 3*ZZYY-

ZZZZ polarization schemes. (d) Image of ZZYY and ZZZZ signal components and a
reference beam (from top to bottom) on the FPA. (e) Corresponding spectra of (d).
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Table 1

Relative Standard Deviations of the 2D Peak Signal Measured with Linear Array, the FPA, and FPA with
Referencing

Linear FPA, without FPA, with
Array Referencing Referencing

% RSD 29.5 25.7 7.6
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