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Abstract
Recent technological advances have led to major changes in the apparatuses used to collect 2D IR
spectra. Pulse shaping offers several advantages including rapid data collection, inherent phase
stability, and phase cycling capabilities. Visible array detection via upconversion allows the use of
visible detectors that are cheaper, faster, more sensitive, and less noisy than IR detectors.
However, despite these advantages, many researchers are reluctant to implement these
technologies. Here we present a quantitative study of the S/N of 2D IR spectra collected with a
traditional four-wave mixing (FWM) apparatus, with a pulse shaping apparatus, and with visible
detection via upconversion to address the question of whether or not weak chromophores at low
concentrations are still accessible with such an apparatus. We find that the enhanced averaging
capability of the pulse shaping apparatus enables the detection of small signals that would be
challenging to measure even with the traditional FWM apparatus, and we demonstrate this ability
on a sample of cyanylated dihydrofolate reductase (DHFR).
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Introduction
Two-dimensional infrared spectroscopy (2D IR) can reveal kinetic and dynamic information
on a myriad of molecular systems.1 Despite the wealth of information that 2D IR can
provide, relatively few research groups utilize this technique because 2D IR spectrometers
are expensive and difficult to build and operate. The Zanni group has shown that direct
infrared (IR) pulse shaping simplifies 2D IR data collection and analysis,1–11 and similar
approaches have been employed for 2D electronic spectroscopy as well.12–16 We have
developed a detection system that uses a visible CMOS array to measure upconverted IR as
an inexpensive alternative to liquid-nitrogen-cooled mercury-cadmium-telluride (MCT)
arrays.17 Together, these technological developments may allow more research groups to
use 2D IR spectroscopy in the future.

Despite the advantages that pulse shaping and upconversion detection offer, these methods
have not yet been widely adopted in the 2D IR community, in part because many researchers
fear that these techniques could adversely impact the limit of detection and signal-to-noise
ratio (S/N) enough to make some experiments inaccessible. Although both technologies
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should, in principle, reduce the size of the observed signal and the S/N, no studies have
quantified the severity of these effects in practice. Kumar, Tamimi, and Fayer recently
reported a comparison of the spectral diffusion measured using a pulse shaper in the rotating
frame with that measured using a more conventional 2D IR spectrometer.18 Over a relatively
narrow frequency range of interest and with modest linear absorbance, as is often the case in
2D IR, the lineshapes from these measurements should be the same leading to the same
experimental FFCF,19–21 and their experiments confirmed this expectation. They did not
however, address the more significant question of what experiments will be accessible with
a pulse shaper. In particular: Will it still be possible to measure the spectral diffusion for
weak chromophores in dilute solutions such as for proteins?

The most commonly used experimental apparatus for 2D IR spectroscopy, the socalled four-
wave mixing (FWM) apparatus, uses a multiple-beam interferometer to generate three
independently controlled beams that focus into the sample in a so-called “boxcar” geometry
to produce a vibrational echo response. The vibrational echo is background-free. Thus, the
intensities of the input beams are only limited by the amount of available light. After the
sample, the vibrational echo overlaps with a local oscillator for heterodyned detection.

A pulse shaper transforms a pump-probe spectrometer into a 2D IR spectrometer. For the
same total power, the signal in the pump-probe geometry will necessarily be less than in the
boxcar geometry because the pump-probe experiment is a self-heterodyned measurement,
which means the probe beam provides both the third electric field and the local oscillator.
Independent control of the power of the third electric field and the local oscillator does not
exist. Because the probe beam illuminates the detector in the pumpprobe geometry, the
dynamic range of the detector places an upper limit on the intensity of the probe pulse and,
therefore, the third electric field that gives rise to the signal.

Although the signal in the pump-probe geometry is inherently smaller than that for FWM,22

a pulse shaper offers several advantages. In the FWM apparatus, mechanical delay lines
controlled by computerized stages determine the relative timings of the pulses, most
importantly the time delays between pulses one and two and between the signal and local
oscillator. The inherent uncertainty in the exact zero of those time delays results in spectra
with phasing ambiguity after Fourier transformation into the frequency domain. One must
correct this phase error using the projection-slice theorem, which says that the 2D IR
spectrum integrated over ω1 must reproduce the frequency-dispersed pump-probe spectrum.
So, by independently measuring a pump-probe spectrum for the same waiting time, we can
adjust the phase of the 2D IR spectrum so that the corrected spectrum obeys the projection-
slice theorem. Therefore, every 2D spectrum requires the measurement of the appropriate
pump-probe spectrum to properly phase the data, effectively setting the detection limit to the
weakest measurable pump-probe spectrum. This limitation can be particularly problematic
in a conventional FWM apparatus because the total IR intensity is divided evenly among the
three excitation pathways, which is not optimal for pump-probe experiments. In the case of
the pulse-shaper apparatus, self-heterodyned detection and the near-perfect control over the
time delay between the first two pulses eliminate the phase errors. As a result, the spectra
obtained using the pulse shaper are correctly phased as measured and can be automatically
averaged without correction during data processing.

In addition to the inherent phase stability and accurate timings, the pulse shaper also
acquires data very rapidly and maximizes the available signal while minimizing
contributions from scattered light. The pulse shaper also controls the phases of the two pump
beams it generates. NMR spectroscopists were the first to realize the benefits of phase
control, including phase cycling and phase incrementing, which are widely used in modern
NMR spectroscopy. Phase cycling allows for isolation of the desired signal from scattered
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light and other contributions that come out on top of the probe beam without chopping the
pump beam, and phase incrementing shifts the observed carrier frequency to a longer
wavelength, which allows a larger fully sampled step size.

Recent efforts have demonstrated improvements to the traditional FWM apparatus that
provide many of these benefits of pulse shaping without a pulse shaper. Balanced detection
allows for additive signals while subtracting away unwanted pathways and scattered light.23

Continuous scanning of the translation stages enables rapid data collection with a
mechanical stage.24, 25 Specialized optics such as a wobbling Brewster window can create
sub-cycle delays for a quasi-phase cycling technique.26 Active-phase stabilization of the
FWM apparatus can reduce phase drift and improve the accuracy of the time axis of the
delay stages,27, 28 which is effective at reducing phase drift and accurately determining the
time delays but adds experimental complexity to the FWM apparatus. Finally, one can
correct the phase error of the delay lines by presetting the phase using the interference
patterns formed by the pulse pairs (1,2 and 3,LO) in the boxcar geometry at the focal plane
of the experiment,29 but this process is tedious, as it involves scanning a very small pinhole
at the focal plane to map out the interference patterns for each pulse pair, and it must be
repeated periodically to correct for imperfect phase stability even with a phase-stabilized
apparatus.

Although these optimizations of the FWM apparatus realize most of the advantages of using
a pulse shaper, they add considerable complexity to the experimental apparatus and do not,
in general, result in a complete or trouble-free solution to the phase problems. Ultimately,
we do not compare the pulse-shaping apparatus to a fully optimized FWM apparatus with
continuous scanning, balanced detection, phase stabilization, and absolute phase correction,
which would certainly show superior S/N. Rather, we compare to a more conventional
FWM apparatus similar to that used by most researchers in the field with stepped
mechanical delays and signal isolated by a chopper in one arm of the interferometer. Our
aim is to address how the signal-to-noise and limit of detection of a pulse shaper apparatus
compare to those of a more conventional FWM apparatus and whether or not the signals
from weak chromophores in dilute solutions will be accessible with a pulse-shaper apparatus
as these are the central questions that limit the widespread adoption of this method.

Many practitioners of 2D IR spectroscopy use MCT array detectors to increase the rate of
data collection, but IR arrays are extremely costly and lack the sensitivity and pixel density
of cheaper visible arrays. Upconversion of the IR electric field in an appropriate nonlinear
optical (NLO) crystal is an effective strategy to gain the benefits of visible detection in the
IR, a strategy that has been employed for many years.30–32 The simplest upconversion
setups use a narrow-band visible source to upconvert the IR spectrum for visible detection.
In this arrangement, the frequencies in the IR spectrum are given by the difference between
the measured upconverted spectral frequencies and the frequency of the narrow-band visible
light. One alternative to this approach that has been used for 2D IR spectroscopy is chirped-
pulse upconversion, which collects vibrational spectra with a visible array using the zero-
order reflection from the compressor grating in a Ti:Sapphire amplifier as the upconversion
source.33, 34 This technique cleverly uses a source of visible light that is discarded in most
optical setups. The uncompressed 800 nm light, strictly speaking, is a broadband source, but
only a small portion of the visible bandwidth temporally overlaps with the fs IR pulse in the
NLO crystal because of the large chirp on the pulse. DeCamp and Tokmakoff demonstrated
another approach to upconversion in which a grating spectrally disperses the IR beam
spatially onto a wide (8 mm) NLO crystal, and a broadband femtosecond 800 nm pulse
mixes with the IR in the NLO crystal.35 The spatial dispersion of the IR before the NLO
crystal provides the spectral resolution of the upconverted light, which the bandwidth of the
visible source does not limit.
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In our group, we have developed an apparatus that uses bandwidth-narrowed 800 nm light to
do sum-frequency-generation in a MgO-doped LiNbO3 crystal.17 Only half of our laser
output pumps our OPA. The rest is available for upconverting the IR. A three-optic zero-
dispersion stretcher with a variable-width slit at the Fourier plane narrows the bandwidth of
the 800 nm beam before mixing with the IR. The unique feature of our setup is the CMOS
array detector that we use to measure the spectrum. A 1024-pixel single-line CMOS array
(Imaging Solutions Group LW-ELIS-1394A) placed at the focal plane of the spectrometer
measures the upconverted probe spectrum on every laser shot. This array has a much higher
pixel density than IR arrays and is a very low-cost (<1500 USD) detector compared to MCT
or CCD arrays. In addition, the camera collects spectra at a maximum line-rate of 10 kHz,
meaning that this same detector could be used with laser systems having a much higher
repetition rate than is commonly used today. In principle, visible detection by upconverting
the IR light should reduce the S/N of a 2D IR spectrometer by introducing an additional
nonlinear optical process that should add noise to the measurement. Nobody, however, has
tested the practical impact of visible detection on the S/N of a 2D IR experiment with a
weak chromophore, and it is difficult to predict.

This manuscript compares the signal-to-noise ratio measured using a traditional FWM
apparatus and a pulse-shaping apparatus while keeping as many experimental variables as
possible constant. This manuscript also compares the measured S/N of the pulse-shaping
apparatus with single-channel IR detection and with upconversion and CMOS-array
detection. Although we do identify some of the potential sources of the differences we
observe, we do not attempt to exhaustively study and attribute these differences as we are
most interested in identifying the limit of detection of the pulseshaper with upconversion
apparatus. We use a dilute solution of methylthiocyanate (MeSCN) in dimethylformamide
(DMF) as the probe molecule for the comparison. MeSCN absorbs at 2155 cm−1 in DMF
and is a relatively weak chromophore (ε 200 M−1 cm−1) by 2D IR standards. We choose
DMF, a background-free solvent, to eliminate errors in the measurement of the S/N that
might occur because of a solvent background. Finally, we also demonstrate the feasibility of
experiments on weak chromophores in dilute solutions using the pulse-shaper apparatus by
measuring a 2D IR spectrum of the protein dihydrofolate reductase (DHFR) with two
cyanylated cysteine labels.

Experimental
We base the two different 2D IR experimental setups used in this work on identical
amplified Ti:Sapphire laser systems (Spitfire Pro) that output 800 nm pulses at a 1 kHz
repetition rate. The pulses are 90 fs in duration with about 4 mJ of pulse energy. A 5:3
reflective telescope reduces the beam diameter, and then a 50/50 beam splitter divides the
beam. Approximately 800 µJ/pulse of the reflected light pumps a home-built two-pass
optical parametric amplifier (OPA) based on a β-barium borate (BBO) crystal (θ=27°, type
II). The energy difference between the signal and idler beams from the OPA is tunable, and
we adjust this difference to the desired mid-IR frequency. Difference frequency generation
(DFG) of the signal and idler in a AgGaS2 crystal (θ=50°, type II) produces the desired mid-
IR radiation. Both systems produce 6 µJ mid-IR pulses 130 fs in duration, centered at 2155
cm−1 with a full-width at half-maximum (FWHM) of 115 cm−1. We carefully kept the
power, pulse duration, and focusing conditions of both systems as identical as possible. The
optical setups of the 2D IR spectrometers differ greatly after the production of mid-IR
radiation and we describe each in more detail below.

The FWM apparatus illustrated in Figure 1 is based a four-beam interferometer that collects
the heterodyned vibrational echo response as a function of one frequency and two time
variables. The three IR pulses that focus into the sample produce the vibrational echo

Rock et al. Page 4

J Phys Chem A. Author manuscript; available in PMC 2014 July 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



response. The two time variables in between the two pairs of pulses are commonly known as
the evolution time and the waiting time. The evolution time, τ, is the time delay between the
first and second pulses, and the waiting time, T, is the time delay between the second and
third pulses. The vibrational echo response overlaps in space and time with a fourth electric
field, the local oscillator, for heterodyned detection.

A monochromator disperses the signal and local oscillator to measure the intensity of the
heterodyned response as a function of the frequency axis ω3 that is conjugate to the time
delay between the third interaction pulse and the local oscillator. The monochromator scans
ω3 while a delay stage steps τ at a fixed value of T. The interference between the echo and
the local oscillator produces an interferogram as a function of τ for each frequency value in
ω3. A Fourier transform with respect to the τ axis converts it to the frequency domain and
provides the ω1 frequency axis in the 2D IR spectrum.

ZnSe beam splitters divide the mid-IR radiation to create the three pulses that generate the
echo response. Mechanical stages fitted with retroreflectors scan τ and T. A 3° CaF2 wedge
sends a small portion of the third beam to a fourth delay stage to become the local oscillator.
Square gold-coated mirrors form the three pulses into a boxcar geometry after the delay
stages. A 90° off-axis parabolic mirror (100 mm focal length) focuses the three beams in the
sample to a focal spot size of approximately 150 µm, and a second parabolic mirror
collimates the light after the sample. An iris isolates the third order response in the
−k1+k2+k3 phase-matching direction after the second parabolic mirror. A 2-inch 3° CaF2
wedge combines the third-order signal and the local oscillator after the sample. A lens
focuses them both through the entrance slit of a commercial monochromator. The
monochromator sends its output through the exit slit to a single-channel HgCdTe (MCT)
detector. The stage that controls the τ axis undersamples the interferogram with 11 fs steps
from 0 to 3500 fs to collect the rephasing spectrum and from −3500 fs to 0 fs to collect the
non-rephasing spectrum. The monochromator scans the ω3 axis from 2180 cm−1 to 2100
cm−1 with 2 cm−1 steps. The sum of the rephasing and nonrephasing spectra produces an
absorptive 2D IR spectrum.

A mechanical chopper blocks every other laser shot in one of the input beams. A gated
integrator integrates and holds the detector response, and a lock-in amplifier (Stanford
Research Systems) isolates the contribution to that response that depends on the beam being
chopped. We set the lock-in time constant to 10 ms, so the signal is the average of ∼5 laser
shots since the chopped shots do not produce signal.

The pulse-shaper apparatus, modeled after the design of Shim et al,36 is a zero-dispersion
stretcher with a Ge-based acousto-optic modulator (AOM) at the Fourier plane. An arbitrary
waveform generator (AWG) sends a 75 MHz acoustic wave to the Ge. The acoustic wave
creates a diffraction grating in the AOM. The phase and amplitude of the acoustic wave sets
the phase and amplitude of the diffracted pump beam. The AWG sends a new acoustic wave
to the AOM on every laser shot, meaning that we can change the pulse shape on every laser
shot.

The pulse-shaper apparatus, illustrated in Figure 2, produces a 2D IR spectrum in a pump-
probe experimental geometry. The pump beam provides the first two electric-field
interactions, and the probe beam is the last electric-field interaction and the local oscillator.
Figure 3 shows the beam geometries at the sample in the pump-probe apparatus (A) and
with a boxcar arrangement (B). An uncoated CaF2 wedge reflects a small portion of the
mid-IR radiation to become the probe beam. The remaining mid-IR light is the pump beam
and goes to the pulse shaper. Figure 2 shows the optical layout of the pulse-shaping
apparatus, and the zero-dispersion stretcher. The pulse shaper employs frequency-domain
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shaping to create two pulses in the pump beam, and scans the time delay between them, τ.
The pulse shaper also controls the relative phases of the two pump pulses, which allows
phase cycling. Phase cycling isolates the signal from the background, removes scattered
light contributions, subtracts transient absorption signals, and shifts the signal to the rotating
frame to allow a larger fully sampled step size.1, 2, 37–39 The pulse shaper shifts the observed
frequency by 1800 cm−1 and fully samples the observed ∼355 cm−1 oscillation with 24 fs
steps.

The time delay between the pump and probe beams is the waiting time, T. The shaped pump
beam propagates to a mechanical delay stage fitted with a retroreflector to control T. A 90°
off-axis parabolic mirror focuses the pump and probe beams in the sample to approximate
beam diameters of 150 and 100 µm respectively. A second parabolic mirror collimates the
probe beam after the sample and then sends it to the detection system.

Two different detection systems collect spectra on the pulse-shaper apparatus. Both
detection systems disperse the probe beam in a spectrometer. One method scans the grating
angle and collects the probe spectrum with a single-channel MCT detector similar to the
four-wave mixing apparatus, except that we collect the integrated intensity of the probe
beam on every laser shot rather than using the lock-in amplifier so that we can take
advantage of the ability to phase cycle with the pulse shaper. The second detection system
collects the entire spectrum of every laser shot with a CMOS array. Figure 4 illustrates the
two different detection systems for the pulse-shaping apparatus.

The CMOS array is a Si-based visible detector, so the probe beam must be upconverted to
the visible. The 50/50 beam splitter at the beginning of the apparatus dumps the excess light
from our amplifier, which provides the 800 nm light for upconversion. In principle,
however, other leftover beams, such as the 800 nm pump light that is dumped after pumping
an optical parametric amplifier, could provide this 800 nm light for upconversion. A
waveplate/polarizer combination attenuates the upconversion light. A three-optic zero-
dispersion stretcher based on an 1800 g/mm grating (Richardson Gratings) and a 500 mm
EFL spherical mirror with a variable-width slit (Newport SV-0.5) at the Fourier plane
produces the narrow-band 800 nm beam that upconverts the IR probe beam. Both the width
of the slit and its position along the Fourier plane are adjustable to control the bandwidth
and center frequency of the output, respectively.

An 800 nm dichroic mirror on CaF2 that transmits IR light combines the bandwidth-
narrowed 800 nm light and the IR probe beam. Lenses, placed just before the dichroic mirror
in each arm, focus the narrowband 800 nm and mid-IR beams to approximate beam
diameters of 30 µm and 200 µm, respectively. The beams co-propagate into a wedged 5×5×3
mm MgO:LiNbO3 crystal (θ=46.5°, type I, Crylight Photonics) placed at the focus. Sum
frequency generation in the crystal produces broadband visible light near 685 nm, whose
spectral profile reflects that of the original IR pulse. We adjust the intensity of the
narrowband 800 nm light until the sum frequency radiation is ∼90% of the total bit depth of
the detector. At typical IR and upconversion pulse energies, approximately 0.25 µJ and 1 µJ
respectively, the sum frequency output is visible to the naked eye.

A lens focuses the upconverted visible light into a 300 mm focal length spectrometer
(Princeton Instruments 2300i). A 1024-pixel single-line CMOS array (Imaging Solutions
Group LW-ELIS-1394A) placed at the focal plane of the spectrometer measures the
upconverted probe spectrum on every laser shot. The CMOS camera is not sold as a focal-
plane array ready to be mated to a spectrometer. A custom flange connects to the mounting
holes on the front of the camera body, and mates to the spectrometer. The simple mounting
flange is the only alteration to the camera body required to place the array at the focal plane;
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the mounting plate on the spectrometer allows adjustment along the focal axis to place the
array precisely at the focal plane of the spectrometer. The camera is compatible with NI-
IMAQdx drivers, so adaptation of the camera for IR spectroscopy is straightforward with
LabView™ IMAQdx software. We developed all camera-control software in LabView™.

The camera connects to a computer via a FireWire™ cable. The FireWire™ cable provides
power to the camera and transfers data from the onboard 14-bit A/D converter to the
computer. The camera requires a differential line-rate trigger with TTL levels. A homebuilt
circuit converts a normal TTL-level 1 kHz trigger that is synchronous with the laser output
to a differential trigger that transmits to the camera via a custom cable provided by the
manufacturer. We must also synchronize the camera triggers with the masks sent to the
arbitrary waveform generator (AWG) for pulse shaping the IR, pump light. The same
custom circuit gates the triggers for the camera and the AWG so that it triggers the camera
only when masks are sent to the AWG. A counter on a standard multifunction DAQ card (NI
PCI-6036E) controls the gate on both triggers to ensure the camera and AWG each receive
the same number of triggers and remain synchronous.

The bandwidth of the 800 nm radiation limits the absolute resolution of the spectrometer.
The pixel pitch of the CMOS detector is 7.8 µm, corresponding to a detector-limited
resolution and bandwidth of ∼0.4 cm−1 and ∼400 cm−1, respectively, when using a 1200 g/
mm grating with the 300 mm spectrometer. The FWHM of the 800 nm light is ∼0.2 nm,
which corresponds to ∼3 cm−1 resolution in our spectrometer. We can improve the
resolution by narrowing the slit width in the 800 nm pulse shaper and can use a diffraction
grating with a higher groove density to adjust the detector-limited bandwidth and resolution.

We adjust the concentration of MeSCN to find the detection threshold of the FWM
apparatus. The lowest measurable concentration at which we can phase the data is ∼120 mM
with the current IR power (6 µJ per pulse), focusing conditions (∼150 µm focal spot), and
laser stability. Note that all of these conditions could be improved to decrease the threshold
concentration. At the threshold concentration, the four-wave mixing apparatus cannot detect
the signal at longer waiting times (T > 5 ps). We measure the waiting-time dependence of
the signal in a sample with a concentration of 240 mM. Two CaF2 windows separated by a
50 µm Teflon spacer hold the sample. FTIR spectra confirm that the absorbance of all
samples is consistent. We purchase the MeSCN from Acros Organics and the DMF from
Sigma-Aldrich and use all chemicals as received.

As a demonstration of the capabilities of the spectrometer, we also report a 2D IR spectrum
of the protein dihydrofolate reductase (DHFR) that we cyanylated at the two native
cysteines. Wild type Escherichia coli DHFR is expressed and purified as described
elsewhere.40 250 µl of 2–3 mM DHFR is washed several times by centrifugal membrane
filtration (MW cutoff of 10 kDa) in 100 mM KH2PO4 buffered to pH 7.0. Cyanylation of
DHFR is carried out by the method described by Fafarman et al.41 2.5 molar equivalences of
Ellman’s Reagent42 (5,5’-dithiobis(2-nitrobenzoic acid))(DTNB, Sigma) prepared in 100
mM KH2PO4 are added to DHFR, which has 2 naturally occurring cysteine residues, and
incubated for 1 hour. DTNB reacts with the cysteine thiols to form disulfide linked protein-
S-TNB and free TNB-, the latter of which is monitored spectrophotometrically by following
the absorbance at 412 nm. After this reaction is complete, excess TNB- is washed several
times from DHFR in phosphate buffer using centrifugal membrane filtration (MW cutoff of
10 kDa.) A solution of 2.4 M KCN is prepared in 200 mM KH2PO4, and the pH is brought
to 7.2 by adding 10 µl aliquots of concentrated HCl and monitoring the pH. This solution is
used to add >50 times excess KCN to the DHFR-TNB solution to displace TNB- and
ultimately convert the cysteine thiol to a thiocyanate. This reaction is also monitored
spectrophotometrically. Excess KCN and TNB- are washed from the cyanylated DHFR
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solution using buffer and centrifugal membrane filtration. Cyanylation of DHFR is
confirmed by MALDI-TOF MS and FT-IR absorbance at 2163 cm−1.

Results and Discussion
The traditional FWM apparatus, with a mechanical stage and single-channel detection,
collects a 2D IR spectrum in about 1 hour. The pulse-shaping apparatus with single-channel
detection collects and averages 115 spectra in an hour. Continuous scanning of the τ time
with the pulse shaper obviously reduces the measurement time significantly. In addition,
although the FWM apparatus must scan both the rephasing and non-rephasing surfaces to
sum together for the absorptive spectrum, the pulse-shaping apparatus collects the
absorptive spectrum directly. Thus, for consistency we compare the S/N of a traditional
FWM apparatus and a pulse-shaping one, each using a single channel detector, by collecting
data for the same total laboratory measurement time. Thus, the spectra that we collect using
the pulse shaper represent an average of 115 spectra, but the FWM spectra are the result of a
single scan of the rephasing and non-rephasing spectra summed together to give the
absorptive correlation spectrum. For the spectra collected with the upconversion detection
system, we use 115 scans as we do for the single-channel detector, but this measurement is
much faster than the single-channel and FWM measurements and can be completed in
approximately one minute.

Figure 5 shows 2D IR spectra of 240mM MeSCN at three different waiting times (T=250 fs,
20 ps, 30 ps) collected with the FWM apparatus (top row), the pulse shaper with single-
channel MCT detection (middle row), and the pulse shaper with upconversion and visible
CMOS detection (bottom row). We normalize all spectra to the maximum of the 0-to-1
transition, and the contour levels vary from −1 to 1 with 21 evenly spaced intervals to allow
visual comparison of the signal-to-noise levels of the spectra.

For each of the spectra, we determine the signal level from the difference between the
maximum and minimum values of the peaks. To quantify the noise of the pulse-shaper
spectra we calculate the RMS noise of a spectral area from ω3 = 2180 cm−1 to 2170 cm−1

and ω1 = 2180 cm−1 to 2100 cm−1. In the data taken with the array, the noise is correlated in
ω3 because the array collects the entire ω3 spectrum on each laser shot, and the variations in
the total pulse intensity make the dominant contribution to the noise at each frequency in the
probe spectrum. As a result, we calculate the noise using a region that is composed primarily
of slices along the ω1 axis. For the FWM spectra, we calculate the noise using RMS
variation in the intensity in the spectral area from ω1 = 2110 cm−1 to 2120 cm−1 and ω3 =
2100 cm−1 to 2180 cm−1. The gray boxes in the spectra in Figure 5 illustrate the areas used
in the noise calculations for each of the spectra. We use a different spectral area for the noise
calculation of the FWM data because a small amount of signal remains in the FWM data in
the spectral range used for the pulse-shaper noise calculation. The spectrometer used to
collect the FWM data had a shorter (150 mm) focal length so the resolution in ω3 is not as
high for the FWM data as for the other spectra. As a result, the signal tails to higher ω3
frequencies in the FWM data than in the pulse-shaper spectra. In both cases, however, we
have taken care to calculate the noise in areas where no signal appears.

As would be expected, the noise is essentially constant for all of the spectra taken with each
data collection apparatus, regardless of the waiting time. Therefore, the reported noise is the
average noise of all of the spectra for each type of data collection: FWM, pulse shaping with
single-channel MCT detection, and pulse shaping with CMOS array detection. Table 1
shows the average noise for each data collection apparatus. Table 2 lists the signal and S/N
of all the spectra taken. With the pulse-shaper apparatus, we collected three spectra at each
waiting time for both data collection schemes. Therefore, the average noise reported for both
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data collection schemes is the average of 9 spectra, and the signal reported for each waiting
time is the average of 3 spectra. The signal reported for each four-wave mixing spectrum is
from a single scan. The reported FWM noise is the average RMS noise calculated in the
three 240 mM spectra.

The four-wave mixing apparatus, as expected, produces the greatest signal. The signal
depends on the power of the three input beams and the local oscillator. The signal also
greatly depends on the focal volume, as a larger energy density produces a larger signal. The
focal volumes of the pulse-shaping apparatus and the four-wave mixing apparatus were
matched as closely as possible as noted above. However, three beams need to overlap at the
focus in the FWM apparatus, while only two beams need to overlap in the pulse shaping
apparatus meaning that the interactions volumes will never be exactly the same. The initial
IR power for both FWM and pulse-shaping systems is the same, but the two systems have
vastly different optical setups after the production of IR radiation, so the total throughput is
different. Although the throughput of the pulse shaper itself is only about 35%, the total
throughput of the pulse-shaper apparatus as measured by the total power at the sample is
somewhat higher than for the FWM apparatus because of the larger number of optics in the
interferometer. Nevertheless, the total field strength in the FWM apparatus is greater than in
the pulse shaper apparatus even though the measured power is less because the measured
power is the sum of the squares of the fields rather than the square of the sum of the fields.
Ultimately, at early waiting times, the signal collected by the FWM apparatus is
approximately 10x greater than the signal collected with the pulse shaper using either
detection system. At longer waiting times, however, the signal from the FWM apparatus
appears to decrease more rapidly than with the pulse-shaping apparatus. This effect is likely
the result of imperfect phase correction of the spectra and underscores one of the major
challenges of the FWM apparatus. To phase correct the spectra using the projection-slice
theorem the S/N ratio must be great enough to accurately compare to the pump-probe
spectrum. If the S/N ratio is poor, then it will be difficult to accurately correct the phase. As
a result of imperfect phase correction, the sum of the rephasing and nonrephasing spectra
will lead to imperfect cancellation and summation of the dispersive and absorptive
components of the line shape respectively. The imperfectly phased spectra, when summed,
will then result in a smaller signal in the correlation spectrum. This phasing problem does
not arise with the pulse-shaping apparatus because of the inherent phase accuracy of the
shaper and of the pump-probe geometry.

The FWM spectra are single scans of the 2D IR surface, while the pulse-shaper spectra are
the average of 115 scans, so the FWM spectra have significantly greater noise. The largest
source of noise comes from the shot-to-shot variations of the laser intensity. Shot-to-shot
fluctuations are much greater than the dark noise of either the MCT or CMOS detectors, so
we assume detector noise to be negligible. Both laser systems are identical amplified
systems, so the shot-to-shot fluctuations should be similar. If the noise scales ideally, and

both systems produce the same noise, then the noise should scale as , where N is the
number of shots averaged for each point. A lock-in amplifier with a 10 ms time constant
collects the FWM signal; therefore, each time step is effectively the average of ∼10 laser
shots. The pulse shaper uses a 4-pulse phase cycle, so each time step is the average of 4 laser
shots. Therefore, after averaging 115 spectra, each time point is the average of 460 laser
shots. If our assumption that the shot-to-shot fluctuations of the local oscillator are the
dominant noise source is correct, then the difference in the noise for the single-channel
pulse-shaper spectra and the FWM spectra should be given by the square root of the ratio of

the number of laser shots per point, i.e.  For our
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experiments, then, the noise of the shaper spectra should be 0.025 , which is
in perfect agreement with our measurements, supporting our assertion that shot variations of
the laser are the dominant noise source. Thus, the pulse-shaper apparatus results in less noise
because we average more laser shots per spectrum than in the FWM spectra. This averaging
is only possible because of the inherent phase accuracy of the pulse-shaper apparatus. We
would not be able to do this kind of averaging on our FWM apparatus because we would
still need to be able to phase correct each individual 2D IR spectrum because the phase
errors are not consistent from one measurement to the next.

The noise on the upconverted signal should, in principle, be greater than for the
singlechannel data because of the additional nonlinear process, but our experiments show
that the spectra taken with the CMOS array have lower noise than those taken with the
single-channel detector. This result suggests that the benefits of array detection outweigh the
noise of the additional nonlinear process. Specifically, the CMOS array collects 115 spectra
in about a minute, while the single-channel MCT detector collects 115 spectra in about an
hour. The decreased data collection time substantially reduces noise associated with long-
term drift of the laser system. The array also collects the entire ω3 spectrum of every laser
shot, so there is no shot-to-shot noise across the ω3 axis. The additional noise due to the sum
frequency process must be less than the noise reduction benefits associated with more rapid
data collection using the array. Of course, this benefit would also be expected when using an
MCT array.

As expected, the signal for the pulse-shaping apparatus in the pump-probe geometry is much
smaller than for the FWM apparatus. The spectra collected with the single-channel
pulseshaper apparatus have signal amplitudes that are more than a factor of 10 smaller than
in those collected with the FWM apparatus. This difference results from the fact that in the
FWM apparatus, the intensities of the third interaction and the local oscillator are
independently controlled. Indeed, this feature is a key advantage of the FWM method.

Interestingly, the signal in the pulse-shaping experiments with the two different detection
methods is not the same. This result is somewhat surprising since the spectra with these two
different detection systems were collected at the same time, switching back and forth
between detection systems after making repeated measurements for each waiting time.
There were no changes to the laser alignment or the energy distributions in either the pump
or probe beams between these measurements. As a result, the differences in the signals
between the singlechannel and CMOS array detected spectra must be the result of
differences in the detection systems. Consistently in all of the spectra, the signal for the
spectra collected using the CMOS array with upconversion is approximately 40% larger
than in the corresponding spectra taken with the single-channel MCT detector. This result is
likely due to the increased dynamic range of the CMOS array, which allows us to upconvert
a larger fraction of the probe beam effectively increasing the amount of light that reaches the
detector. Since the signal is the difference of phase-cycled spectra, more light reaching the
detector will result in a larger absolute signal and thus a larger difference between phase-
cycled shots, effectively increasing the total signal.

The current CMOS detector does come with some important limitations that should be noted
as well. First, the on-board A/D convertor only has 14-bit resolution. This effectively
imposes a limit on the minimum OD change that can be measured on a single scan of 0.06
mOD. Smaller differences require considerable signal averaging. Nevertheless, the signals
we report are all in the range of tenths to hundredths of a mOD and we demonstrate
measurements of signals as low as 0.003 mOD (vide infra). Clearly, a higher bit depth
camera would improve our apparatus, and these are available commercially, but this
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limitation is not prohibitive. A second weakness of this approach is that it does not easily
lend itself to shot referencing as is often employed with two-stripe MCT array detectors.
Referencing can improve the S/N ratio by as much as a factor of 10. In the upconversion
apparatus, referencing would require a two-line camera, which is available, but would likely
be somewhat less effective because it would be difficult to make the signal and reference
upconversions identical. Finally, the current upconversion apparatus is limited to
wavelengths shorter than ∼5 µm (2000 cm−1) because of absorption in the MgO:LiNbO3
crystal. Recent reports from Marie Louise Groot’s group, however, demonstrate
upconversion at wavelengths out to ∼10 µm (1000 cm−1) using AgGaGeS4.43

Combining the signal and noise measurements into the critical figure of merit, the S/N ratio,
we find that at early waiting times the S/N for the single-channel measurement with the
pulse shaper is a factor of 2 worse than in the FWM experiment, but at later waiting times,
where imperfect phase correction of the data reduces the signal amplitude in the FWM
experiment, the S/N ratio of these two apparatuses are nearly the same. This result is, of
course, unique to the case where the signal approaches the limit of detection. For the spectra
taken with the pulse shaper and the CMOS array, however, the improvement in the noise as
a result of the rapid data collection and the increase in the signal compared to the single-
channel MCT detector result in a S/N ratio that is a factor of 2 greater than for the single-
channel detector at all waiting times and is as good or slightly better than the S/N ratio for
the FWM data at all waiting times. These results show that the advantages of pulse shaping,
specifically the rapid scanning of the τ time axis by changing the pulse shape on every laser
shot, the ability to phase cycle the pump beams to isolate the desired third-order response,
and, perhaps most importantly, the phase accuracy and stability that allow for on-the-fly
averaging of the spectra, result in a measurement where the S/N ratio is as good as with a
conventional FWM apparatus.

It is worth noting that incorporation of features like active phase stabilization, quasi-phase
cycling, balanced detection, and rapid scanning in the FWM apparatus would certainly lead
to a superior result compared to the pulse-shaping apparatus we report, but these
improvements would also substantially increase the complexity of the experiment. This
increase in complexity has been a significant barrier to more widespread adoption of these
improvements. In contrast, the pulse-shaper apparatus is, comparatively, much easier to
align and work with on a day-to-day basis and there is even a commercial version available
from Phasetech Spectroscopy that can easily be implemented in an existing IR pump-probe
apparatus.

The biggest advantage of the pulse shaper is the ability to directly acquire correctly phased
data. The collection of perfectly phased data offers several important benefits. First, data
analysis is greatly simplified. The experimenter does not need to collect a pump-probe
spectrum for every 2D spectrum to properly phase the data; therefore, data collection is
expedited. Second, the experimenter can average the spectra during data collection, so the
signal on a single scan does not need to be above the noise background. Extended averaging
allows the observation of signals that cannot be detected with the traditional FWM
apparatus. The lowest easily detectable concentration of MeSCN in DMF taken with our
traditional FWM apparatus with the current IR power (6 µJ per pulse), focusing conditions
(∼150 µm focal spot), and laser stability is 120 mM. Figure 6 shows the 2D IR spectra of
120 mM MeSCN taken with the three different data collection methods. Imperfect phasing
of the rephasing and non-rephasing spectra from the FWM experiment results in an extra
peak in the correlation spectrum. In fact, the non-rephasing signal is almost unidentifiable at
this concentration.
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For comparison and as a demonstration of the potential to detect the signal from weak
chromophores at low concentrations, Figure 7 shows the 2D IR spectrum of cyanylated
dihydrofolate reductase (DHFR) in water, taken with the pulse shaper and CMOS array
detector averaging 150,000 scans for T = 1000 fs. DHFR is a small protein with two
cysteine groups. Cyanylated cysteines have an extinction coefficient of 130 M−1cm−1.41

Thus, this chromophore is even weaker than MeSCN. There are two cyanylated cysteines for
each DHFR molecule and the total concentration of DFHR in the sample is 2.32 mM
yielding a effective concentration of chromophores of 4.64 mM. The two cyano groups are
indistinguishable and thus contribute to the spectrum additively. The signal is very weak and
the measurement is extremely challenging, so we do increase the total IR power to 15 µJ per
pulse and improve the focusing condition so that the IR beam diameter at the sample is
approximately 50 µm for both pump and probe beams. In addition, the signal is more
difficult to resolve in water because water is not background-free at 2160 cm−1 and absorbs
some of the emitted signal. Furthermore, the water itself generates a background signal that
becomes significant at these low signal levels and must be subtracted off. There are several
previous studies of weak chromophores at low concentrations using FWM,44–46 but there
have been no previous reports of such a weak signal using a pulse shaper leading to
uncertainty about whether such experiments are possible with this apparatus. This
measurement demonstrates that signal averaging, made possible through the inherent phase
accuracy and stability of the pulse shaper, enables the observation of very weak signals and
shows that such systems are still accessible with an apparatus using a pulse shaper in the
pump-probe geometry in spite of the decreased signal level inherent with this beam
geometry. To our knowledge this spectrum is the first example of a 2D IR measurement of a
cyanylated cysteine in a protein, and this result demonstrates the measurement of a signal
that is as small as any reported in the literature to date.

Conclusions
This manuscript compares the S/N measured with a traditional FWM apparatus to the S/N
measured with a pulse-shaping apparatus to assess the ability of the pulse-shaping apparatus
to access weak chromophores at low concentrations. We choose the sample concentration
for the comparison based on the smallest easily phase corrected signal using the traditional
FWM apparatus. Under our experimental conditions, the pulse-shaping apparatus with the
CMOS array detector and upconversion of the IR light into the visible results in spectra with
a similar S/N ratio as with the conventional FWM apparatus. The pulse shaping apparatus
can detect much smaller signals because of the potential for signal averaging. A traditional
four-wave mixing apparatus cannot average signals that are not detectable in a single scan,
because each spectrum requires correction of the frequency-dependent phase. A fully
optimized FWM spectrometer should produce greater S/N than what is presented here, but
we compare the pulse shaper to a conventional FWM apparatus, without active phase
stabilization, quasi-phase cycling, balanced detection, and rapid scanning, which is similar
to what is in widespread use. Furthermore, we demonstrate that the benefits of array
detection significantly outweigh the noise due to upconversion and that the increased
dynamic range of the CMOS detector compared to MCT actually increases the measured
signal with this detector. We demonstrate the potential of this apparatus to access weak
chromophores in dilute solutions by measuring the 2D IR spectrum of the protein DHFR
with two cyanylated cysteines.
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Figure 1.
Optical layout of the FWM apparatus
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Figure 2.
Optical layout of the pulse-shaper apparatus: the design is identical to a pump-probe
spectrometer, except that an infrared pulse shaper is placed in the pump beam. The inset
shows the optical layout of the pulse shaper.
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Figure 3.
Illustration of the pump-probe beam geometry (A), and the boxcar beam geometry (B) as the
beams focus into the sample. The probe beam acts as the third electric field interaction and
the local oscillator in the pump-probe geometry. The local oscillator is overlapped with the
emitted signal after the sample in the boxcar geometry so that the intensities of the third
interaction pulse and the local oscillator are independently controlled.
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Figure 4.
Optical layout of the two detection schemes used in the pulse-shaping apparatus: (A) Single
channel MCT detection scheme (B) Visible detection scheme utilizing upconversion and a
CMOS array
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Figure 5.
The rows are spectra collected with the three apparatuses: FWM with single-channel MCT
detection, pulse shaping with single-channel MCT detection, and pulse shaping with
upconversion and CMOS array detection. All spectra are of 240 mM MeSCN in DMF. The
columns are three different waiting times, T=250fs, 20ps, 30ps. The gray boxes on the 240
mM spectra highlight the areas used in the RMS noise calculations.
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Figure 6.
2D IR spectra of 120 mM MeSCN collected with the three different data collection
apparatuses. All spectra were collected under the same conditions that the 240 mM spectra
were collected.
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Figure 7.
The 2D IR spectrum of 2.3 mM cyanylated DHFR in water at T = 1000 fs. Each DHFR
protein has two cyanylated cysteines with molar extinction coefficients of 130 M−1cm−1.
The spectrum is the average of 150,000 scans of the pulse-shaping apparatus with CMOS
array detection.
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Table 1

The RMS noise calculated as the average noise from all spectra of each measurement type regardless of T
delay.

Measurement Type Average Noise

Four-Wave Mixing 0.025 ± 0.003

Single Channel (Pulse Shaper) 0.0037 ± 0.0005

Array (Pulse Shaper) 0.0024 ± 0.0005
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