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Abstract: We report on the theoretical and experimental evaluation of state-selective bond
activation for coherent Raman spectroscopy and control of chemical reactivity. We compare six
different strategies for state-selective activation using shaped broadband femtosecond laser pulses.
Results for a pair of long pulses with different wavelengths are also considered. For each of these
approaches, we report on their theoretical and experimental ability to excite a desired vibrational
mode while minimizing excitation of other modes including harmonics. We find that the double
parabola spectral phase function gives the most intense Raman excitation with 10 cm™ selectivity
with the lowest background. The sinusoidal phase function produces intense Raman excitation
with high selectivity but gives a series of harmonic excitations which could hinder selectivity.
Implications of this study on several fields ranging from sensing, to controlling chemical reactions,
and selective excited state excitation by X-ray pulses are discussed.
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Introduction

Coherently driven Raman transitions, first observed in the early sixties, "> were soon discovered
to have a significant advantage over spontaneous Raman because of the 5-6 order of magnitude
signal enhancement.? Early applications included the observation of coherent rotational motion in
gas phase molecules, and the vibrational spectroscopy of liquids and solids.*>® Given the
nonlinear optical nature of the third-order polarizability responsible for coherent Raman,’
technological advances in laser technology over the last 60 years have greatly benefited the
acquisition of coherent Raman signals. In particular, advances in ultrafast laser sources with pico-
and femtosecond pulse duration enabled the observation of molecular rotations and vibrations in
the ground and excited states, coherently driven via impulsive excitation.® '2° The sensitivity of
coherent Raman for obtaining rotational and vibrational information from solids, liquids and gases,
has resulted in a wide variety of applications, for example, in microscopy,?!” 3 detection and

identification of trace quantities of dangerous compounds,* * and thermometry of
flames, 40-41:42,43
b

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which
may lead to differences between this version and the Version of Record. Please cite this article
as doi: 10.1002/jrs.6219

This article is protected by copyright. All rights reserved.

Check for updates


http://orcid.org/0000-0003-4151-5441
http://dx.doi.org/10.1002/jrs.6219
http://dx.doi.org/10.1002/jrs.6219
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjrs.6219&domain=pdf&date_stamp=2021-08-02

Ultrashort pulses with bandwidths approaching an octave can impulsively excite most if
not all possible vibrations and rotations of the molecule being irradiated. While this implies that
one can obtain an entire coherent Raman spectrum in a single laser shot, signal analysis is
complicated. Furthermore, the short pulse duration can result in intensities that may cause
ionization and degradation of the molecule(s) being studied. Therefore, there have been numerous
efforts to selectively excite a specific vibrational mode, rather than all possible vibrations, while
still using a broadband laser source. Early attempts at selective excitation used a slit to allow only
some portion of the laser spectrum to reach the sample.** Figure 1 (a), illustrates how a pair of
laser frequencies can stimulate the coherent Raman excitation of a specific state. Figure 1(b)
illustrates how impulsive excitation, as discussed earlier, can stimulate several vibrational modes
simultaneously without selectivity. Realizing that coherently driving a vibrational mode could be
best achieved by creating a series of laser pulses that match the desired vibration, as illustrated in
Figure 1(c), the quest for selective Raman excitation by temporally or spectrally shaping the pulse
begun.*>4%47 The creation of pulse trains was enabled by the development of pulse shapers.*34%-50
Having the ability to shape the amplitude, phase, and polarization of broadband pulses opened
multiple strategies to selectively drive coherent molecular motion. Figure 1(d) illustrates how an
ultrafast pulse excites all Raman shifts (dashed line), while a judiciously chosen strategy can be
devised to coherently excite a narrow range of frequencies or a narrow window in the Raman shift
coordinate. Selectively driving a single vibration can refine spectroscopic measurements, and it
can also be useful for exploring the role coherent vibrations play in chemical reactions. As coherent
Raman methods take advantage of newly available X-ray laser pulses, selective excitation may
enable the coherently driven population of specific excited states.’'->> Here, we evaluate
numerically and experimentally strategies aimed at achieving state-selective excitation using a
broadband laser source, creation of a train of pulses,**’ sinusoidal phase modulation,>*>*
pair of chirped pulses,>> © a double parabola phase function,’*% and pseudorandom binary phase

using a
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shaping.®®® Due to space limitations we will not review other uses of pulse shapers to enhance
coherent Raman signals while mitigating non-resonant contributions.”®-"4

Figure 1. Jablonski diagrams for (a) two-beam stimulated Raman scattering, (b) impulsive
stimulated Raman scattering, and (c) phase-controlled stimulated Raman scattering. The Raman
spectrum in (d) shows how contrast is determined based on the Raman amplitude present within a
spectral window centered at the desired Raman wavenumber € .
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Pulse Shaping Strategies for Selective Vibrational Mode Excitation

The Raman amplitude at a particular wavenumber €2, is given by an integral over the product

of the electric field at all frequencies separated by Q257
2z

|E(°)(QR)‘2 - TE(Q+QR)E*(Q)d§% ] (1)
0

where E(Q) = |E (Q)| -exp(ip(Q)) o« 4/S(Q) - exp(ip(L)) is the complex spectral amplitude of the
field at wavenumber ), determined by the spectrum of the pulse S(Q) and spectral phase

function ¢(€2) . Two-beam stimulated Raman uses two narrow linewidth beams separated by €,

for the first and second terms within this integral. Impulsive stimulated Raman scattering (ISRS)
uses a single broadband pulse with multiple frequency pairs acting as the two different frequency

beams in the two-beam stimulated Raman case. Multiple frequency pairs spaced by {2, contribute

to the Raman amplitude at €2, in ISRS, and the broad bandwidth of the laser is the key factor to

the significant Raman intensity achieved with this method. Additionally, due to the broad
bandwidth of the pulse, other Raman modes may be activated through a coherent combination of

frequencies within the pulse separated by a wavenumber other than €2, . This leads to a lack of
selectivity in the excitation of Raman modes when using ISRS. Phase-controlled stimulated Raman
scattering solves this problem by generating trains of pulses at a wavenumber {2, through spectral

phase manipulation. We evaluate the efficacy of a given train of pulses to elicit Raman excitation
by Fourier transforming its temporal intensity profile, resulting in what we will refer to as the
Raman amplitude.

Various parameters associated with these spectral phase functions control the wavenumber
and selectivity of the Raman excitation. Selectivity, as illustrated in Figure 1(d), for a desired

wavenumber €2, refers to the Raman amplitude within a full width at half maximum (FWHM)

divided by the Raman amplitude outside this FWHM. Various spectral phase functions have been
proposed to be used to generate these pulse trains and achieve state-selective Raman excitation.
Here, we numerically and experimentally compare six different spectral phase functions that can
generate pulse trains and compare their intensity and selectivity.

The first use of spectral phase functions to generate pulse trains was implemented by
Nelson and coworkers.*”*® Here, we use a spectral comb method to generate the pulse train.”® The
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method randomly assigns the frequencies within the bandwidth to one of N pulses, these N
pulses are delayed with respect to each other using linear spectral phase functions with different
slopes. A 3-pulse train, for example, would have the following 3 spectral phase functions:

¢ (w)=-T(0-a,) (2)
0,(0)=0(0-a)) (3)
¢y(0)=T(0-®,) (4)

Where @), is the central angular frequency, 7" is the period of the pulse train for the desired

wavenumber €2, , and each frequency @ gets evenly and randomly assigned to one of these 3

functions. An example of one of these 3-pulse comb spectral phase functions is shown in Figure
2(a). More generally, for N pulses, the £” phase function takes the form:

g (@)=(N-k+)I(w0—o). (5)
Note that the relative shift of the entire train of pulses has no bearing on the Raman excitation.

The next method to generate trains of pulses employs a sinusoidal phase function.?® This
is a two-parameter function given by:

Ppr (@) = asin(T (0 - a,)) (6)
where increasing o increases the amplitude of the sinusoid, generating more pulses in the train and
hence reducing the FWHM of the Raman excitation, and 7 is the period of the pulse train. An
example of a sinusoidal phase function is shown in Figure 2(b).

Another method first considered by Nibbering et al.> to generate pulse trains is the use of
a pair of chirped pulses. This is realized here by introducing a phase function that creates a pair of
identical pulses separated by a time t proportional to the period T with additional chirp £, given
by:

Py (@)= g(a)—a)o)2 +nsgn[cos{§(a)—a)o)}]. (7)

Alternatively, one can accomplish even better results by using a double parabola phase function.®*
This function features a cusp generated from a piecewise function of two displaced parabolas, as
shown in Figure 2(c). For a cusp at the central frequency of the laser, this two-parameter function
is given by:
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g(a)—a)o +%)2 ifo<aw,
B
2!

The parameter S 1is the chirp for both parabolas, increasing this value decreases the FWHM of

Ppa(@) = (8)

(0- o, —%)2 if 0> o,

the Raman excitation by generating more pulses in the train. The parameter A changes the spacing
between the minima of the parabolas and is the frequency of the desired Raman excitation.

The final Raman excitation method studied here is the pseudorandom binary phase
function, a method introduced by the Dantus group.*®’” This method involves the generation of a
pseudorandom pattern of 0’s and n’s within a frequency range A/ 2. The size of A/ 2, or the range
in which this pseudorandom pattern is generated, dictates the Raman excitation wavenumber. This
pattern is placed in the center of the spectrum, so the central frequency marks the end of the first
phase pattern and the start of the next identical phase pattern as shown in Figure 2(d). We
considered two cases. We also considered the case in which the pseudorandom binary phase

pattern is replicated every A/2, taking advantage of the full spectrum of the laser.
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Figure 2. The 4 spectral phase functions to be compared by their ability to selectivity excite Raman
modes, the spectrum of the pulse (dashed line) is superimposed for reference: (a) Comb phase
function for a 3-pulse train, (b) Sinusoidal phase function, (c) Piecewise double parabola phase
function, (d) Pseudorandom binary phase function. All functions correlate to a 580 cm™ Raman
wavenumber excitation.

Using Eq. 1, the stimulated Raman amplitude at each wavenumber was obtained for each
of these methods by implementing the spectral phase on a transform limited Gaussian pulse. A
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pulse train is generated in the time domain following an inverse Fourier transform of the spectrum
with the added phase function. The temporal intensity of the pulse train is then Fourier transformed
back into the frequency domain, where the near-zero region obtains the theoretical Raman
spectrum. For each method, this process may be done for each target wavenumber and the results
can be displayed as a 2D contour that shows the expected Raman spectrum as a function of target
wavenumber as shown in Figure 3. Here we used a pulse duration of 15 fs and the parameters for
each approach were optimized for a 10cm™ FWHM excitation except for the comb function where
a train with only 5 pulses was used, producing a FWHM of 100cm™. From these numerical
simulations (Fig. 3), it is clear that the sinusoid function and the repeated pseudorandom binary
phase function achieve the highest intensity at the desired target wavenumber. We also observe
that the double parabola achieves the lowest background, and hence highest selectivity. Finally,
we see a stark difference between the pair of chirped pulses and the double parabola phase
function. The factor of 16 decrease in intensity can be rationalized as follows. For a given pulse
with unit electric field amplitude, when it is divided into two pulses, the electric field amplitude is
halved and hence the intensity is only a quarter. The stimulated Raman amplitude is proportional
to the intensity of the incident pulses squared; hence one obtains the factor of 16. These methods
can be compared quantitatively by calculating the ratio between the amplitude within a 10cm™
window around the desired Raman wavenumber, such as that shown in Figure 1(d), and the
integrated signal outside the window. The ratio between these two areas represents the selectivity
that can be expected for each of the different strategies. Results from the numerical calculations
are summarized in Table 1.
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Figure 3. Calculated stimulated Raman amplitude for each of the six methods as a function of
target wavenumber, ranging from 50 cm™! to 800 cm™. Each method has been tailored fora FWHM
of 10 cm™!, except for the comb function, where results for a 5-pulse train are shown, corresponding
to a FWHM of 100 cm™'. Raman amplitudes have been multiplied by the factor shown in the lower
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Experimental Setup

The experiments were performed with a system based on a Ti:sapphire oscillator (Vitara,
Coherent), and pulse shaper with a programmable spatial light modulator controlling the phase
and amplitude of 640 pixels (MIIPS Box 640, Biophotonic Solutions Inc.), as shown in Figure 4.
The pulses were compressed to their transform limited (TL) pulse duration of 15 fs, using
multiphoton intrapulse interference phase scan (MIIPS).”®7%-80 Spectral phase masks for each of
the five methods with a Raman wavenumber of 580 cm™ and selectivity of 10 cm™ were chosen
for comparison. For each mask, autocorrelations were taken from 0-4000 fs in steps of 5 fs using
phase and amplitude shaping and were performed in a non-interferometric mode of the MIIPS 2.0
software. The intensity autocorrelations were then Fourier transformed, yielding the Raman
spectrum according to Equation 1. This was done for each of the five methods separately, and the
selectivity and Raman amplitude are the key points of comparison between the methods.
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Figure 4. Experimental setup used to generate the autocorrelations. (a) Laser diagram with 4f
shaper (b) Typical experimental autocorrelation generated by the setup (c) Fourier Transform or
Raman spectrum of the experimental autocorrelation.

Results and Discussion

For each of the five strategies being evaluated, we first compressed the laser pulses to their TL
pulse duration, implemented the specific spectral phase, and then performed an autocorrelation.
Once the autocorrelation for each method was acquired, the signal was Fourier transformed using
zero-padding out to 25 ps. Figure 5 shows the normalized Raman amplitude for each of the five
methods, along with a Raman spectrum for a transform-limited pulse. The experimental results are
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in good agreement with the theory. We are not sure why we observed two peaks between 200 and
400 cm™ for the sinusoidal function. Based on the relative area of the peaks inside and outside of
a 10 cm™! width window centered at 580 cm™, the intensity and selectivity criteria can be compared
between methods, as summarized in Table 1.
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Figure 5. (a) Experimental and (b) numerical Raman amplitude for each of the five spectral phase
functions for a target wavenumber of 580 cm™ and FWHM of 10 cm™. Shown in these plots are
results for: sinusoidal function (red), pair of delayed and chirped pulses (cyan), double parabola
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function (blue), pseudorandom binary function (light green), repeated pseudorandom binary
function (dark green). An outline of the Raman spectrum for a transform-limited pulse is shown
for reference (black). The insets show the performance of each of the functions used at the target
wavenumber.

When comparing the stimulated Raman peak intensities normalized to the TL Raman
intensity for the five strategies, reported in Table 1, we find that the sinusoid and the repeated
pseudorandom binary phases achieve the highest value experimentally and numerically. However,
both cause the appearance of harmonics as can be seen in Fig. 3. Situations requiring excitation at
a given Raman wavenumber, with little sensitivity to harmonic frequencies would prefer to use
the most intense signal at the desired Raman wavenumber. Situations requiring tight control of the
wavenumber of the Raman excitation, for example, when the Raman spectrum of the sample is
crowded, then it is best to look at the signal-to-background area ratio.

Taking the area ratio as a quantitative value for the effectiveness of each method would be
simplistic, and some analysis is required to explain these values. As shown in Figure 3, the comb,
sinusoidal, and repeated binary functions generate harmonics of the target wavenumber. Since just
the area of the Raman peak within the signal window is being divided by the Raman area outside
the window, the harmonics will decrease the area ratio for those methods. This explains the
increase in area ratio for the sinusoidal and repeated binary functions from 200 cm™ to 580 cm™.
A 200 cm! Raman peak has more harmonics within the transform-limited envelope and hence has
greater total Raman intensity outside the signal window, decreasing the area ratio. The stimulated
Raman intensity of these functions greatly exceeds the strategy of blocking sections of the
spectrum to create two narrow bands separated by the target Raman wavenumber. When using
spectrum blocking, the Raman intensity for a 10 cm™ bandwidth at 580 cm™ is three orders of
magnitude lower than the functions given here.

The comb and pseudorandom binary phase methods both use patterned pixel to pixel phase
masks. Experimentally, these methods are more sensitive to the optical resolution of the pulse
shaper, specifically at the position of the spatial light modulator. If the same frequency is shared
by two pixels, this frequency may experience destructive interference when the phase difference
between the two pixels is . No efforts were made to mitigate this issue, which likely explains the
difference in amplitude between theory and experiment. The comb method’s relatively poor results
are mainly due to the constraint that all phase masks tested had a fixed selectivity of 10 cm™. This
criterion was chosen to show the utility these functions provide in the specificity of their excitation,
as well as amplitude. This constraint caused the comb method to require 30 pulses in the train to
reach this level of selectivity, and hence led to a small number of pixels in the 640-pixel shaper to
be assigned to each pulse. This lack of intensity corresponding to each pulse led to low intensities
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that did not show up in any significant portion of the autocorrelation and hence the Raman
spectrum. Simulations of a 30-pulse train also show a very low intensity for each of the 30 pulses,
and very low Raman amplitude at the desired Raman wavenumber. If selectivity is to be sacrificed
for intensity, then simulations show that a 5-pulse train, shown in Figure 3(c) can produce modest
Raman intensities, but with a selectivity of 100 cm™. This precludes the comb method’s use in
situations requiring highly selective Raman excitation, but not from all possible situations in which
a pulse shaper is being used to generate trains of pulses.

Based on our numerical simulations and experimental results, the double parabola method
is most efficient for Raman excitation at a specific wavenumber. This assertion is based on the
double parabola’s relatively high intensity at the desired wavenumber and the lack of harmonics
that could excite other modes within the system of study. This results in the highest area ratio,
primarily because of the very low stimulated Raman background signal. The generation of this
spectral phase is easier to implement than the comb or binary methods, which require pixel
binning, careful consideration of the randomness of the pixels, and optical resolution of the shaper.

The double parabola® may be approximated by a pair of chirped pulses without the need
of a pulse shaper, however, the double parabola causes the carrier frequency of the pulses to be
shifted by the desired stimulated Raman target wavenumber. Since the creation of a pair of chirped
pulses can be accomplished by using a dispersive optical element without a pulse shaper, we assess
the effect of higher-order phase dispersion on the quality of the Raman excitation. Since third-
order dispersion (TOD) is the dominant phase distortion after chirp, TOD is expected to be the
dominant contributor to Raman excitation degradation, especially when dispersive glass is used to
introduce the desired chirp. The effect of TOD on a given stimulated Raman peak for the double
parabola method is shown in Figure 6. Note that the double parabola already assumes that the
difference between the carrier frequency of each of the two pulses matches the target stimulated
Raman wavenumber. If that is not the case, then the signal is further degraded. Finally, when
considering the use of stimulated Raman for the selective excitation of electronic states using a
pair of chirped X-ray pulses,’!**? such an implementation may take advantage of the fact that the
high-harmonic spectrum of attosecond pulses has a natural chirp, thus a pair of chirped X-ray
pulses would be optimal for such experiments, especially if their central wavelength is displaced
by the desired stimulated Raman wavenumber.
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Figure 6: Third-order dispersion (TOD) effects on the peak area for a Raman spectrum using the

double parabola method, or a pair of chirped pulses. This specific double parabola has a train
wavenumber of 580 cm™ with a selectivity of 10 cm™.. Peak area is defined as the Raman area
within a 10 cm™ window centered at 580 cm™.

Conclusions

We have performed numerical simulations and experimental measurements to quantitatively
compare the efficacy of six different selective stimulated Raman excitation strategies using a pulse
shaper. The six different spectral phase functions show varying levels of intensity and selectivity
at a given wavenumber. The sinusoidal and repeated binary phase methods have shown the highest
intensity. The double parabola, pair of chirped pulses, and binary methods were found to excite no
harmonics within the Raman spectrum. The double parabola method’s intense excitation with high
selectivity scored highest among the six methods based on the selectivity criterion listed. While
the results do not preclude the use of any of the methods for specific purposes, it is determined
that the double parabola phase function has unique selectivity for excitation of a given stimulated
Raman target wavenumber with a fairly good peak amplitude.
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Table 1: Quality criteria for each of the five methods compared in Fig. 5. The criteria are the ratio
of normalized Raman intensity within the 10 cm™ signal window to normalized Raman intensity
outside of the 10 cm™! signal window, and Raman intensity at the desired wavenumber normalized
by TL Raman intensity.
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Peak Peak Peak Area Area Area
Intensity | Intensity | Intensity Ratio Ratio Ratio
Method Type (Theory) | (Theory) | (Experimental) | (Theory) | (Theory) | (Experimental)
200 cm’! 580 cm’! 580 cm’! 200 cm! | 580 cm™ 580 cm’!
Sinusoid 1 1 0.751 0.183 0.391 0.294
Delayed +
Chirped 0.062 0.062 0.033 4.104 3.974 0.305
Pulses
Double 0.036 0.264 0.278 0456 | 3.320 0.740
Parabola
Pseudorandom | ¢ 0.264 0.196 0.651 | 0.196 0.101
Binary
Repeated | 1 0.540 0245 | 0.205 0.441
Binary
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