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Femtosecond stimulated Raman spectroscopy (FSRS) is a
powerful nonlinear spectroscopic technique that probes changes in
molecular and material structure with high temporal and spectral
resolution. With proper spectral interpretation, this is equivalent to
mapping out reactive pathways on highly anharmonic excited-state
potential energy surfaces with femtosecond to picosecond time resolution.
FSRS has been used to examine structural dynamics in a wide range of
samples, including photoactive proteins, photovoltaic materials, plasmonic
nanostructures, polymers, and a range of others, with experiments
performed in multiple groups around the world. As the FSRS technique
grows in popularity and is increasingly implemented in user facilities, there
is a need for a widespread understanding of the methodology and best
practices. In this review, we present a practical guide to FSRS, including
discussions of instrumentation, as well as data acquisition and analysis. First, we describe common methods of generating the three
pulses required for FSRS: the probe, Raman pump, and actinic pump, including a discussion of the parameters to consider when
selecting a beam generation method. We then outline approaches for effective and efficient FSRS data acquisition. We discuss
common data analysis techniques for FSRS, as well as more advanced analyses aimed at extracting small signals on a large
background. We conclude with a discussion of some of the new directions for FSRS research, including spectromicroscopy. Overall,
this review provides researchers with a practical handbook for FSRS as a technique with the aim of encouraging many scientists and
engineers to use it in their research.

femtosecond stimulated Raman spectroscopy, FSRS, stimulated Raman spectroscopy, ultrafast spectroscopy,
vibrational spectroscopy, Raman scattering

techniques, such as transient infrared spectroscopy, impulsive
stimulated Raman spectroscopy (ISRS), and ultrafast X-ray
spectroscopies. However, ESRS is compatible with nearly any
type of sample and is implemented with tabletop ultrafast
lasers with moderate pulse durations, which makes it one of the
more accessible techniques in this field.

FSRS is a three-pulse technique and is formally a six-wave
mixing spectroscopy, although it makes use of molecular
resonances to facilitate signal generation. In the FSRS, we use a
femtosecond actinic pump pulse to excite the system to a more
energetic electronic state. After a time delay (7) from the
photoexcitation, a picosecond Raman pump and a femto-
second probe pulse act on the system to create vibrational

It has been over two decades since the first introduction of
femtosecond stimulated Raman spectroscopy (FSRS) to the
scientific community,' ~* and as of June 2023, there are now
over 3300 papers that include the term “femtosecond
stimulated Raman.”” The popularity of FSRS comes from its
ability to track structural evolution with Raman spectroscopy
on the ultrafast time scale. FSRS monitors the response of
vibrational modes to photoexcitation, which allows researchers
to monitor changes in molecular and material structure on
excited electronic states and map out the multidimensional
nuclear coordinates associated with various photophysical and
photochemical processes, like internal conversion,”” intersys-
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coherences and generate the stimulated Raman signals (SRS)
that hold the time-resolved structural information about the
system. As the time delay between the Raman pump—probe
pair and actinic pump is easily tunable, it allows us to record
multiple stimulated Raman spectra as the system structurally
evolves with time following photoexcitation. This approach
maps out changes in nuclear coordinates on reactive potential
energy surfaces, thereby enabling “molecular movies” of a
reacting system.

In its early days, it was claimed that FSRS could break the
Heisenberg uncertainty principle and attain information with
simultaneously high spectral and temporal resolution. While
careful analysis of a complete fitted FSRS data set can, indeed,
provide information on time scales faster than would be
allowed by the spectral bandwidth, it is of course subject to the
same laws of physics as any other experiment. In FSRS, it is
possible to extract information on very fast time scales by
considering the evolution of vibrational coherences throughout
the entire time-resolved experiment—essentially by performing
a global fit of the entire data set rather than analyzing a single
spectrum at a single time point. Two such examples of the
power of this approach are the rapid frequency changes in
hydrogen out-of-plane modes in photoexcited rhodopsin™ and
the oscillatory frequency evolution in photoexcited green
fluorescent protein.”® In both instances, information on time
scales faster than vibrational dephasing times is extracted by
careful analysis of the complete FSRS data set and by
considering the evolution of the vibrational coherences during
spectral generation. This issue of time resolution in FSRS is
somewhat analogous to statements about imaging techniques,
such as PALM (photoactivated localization microscopy) and
STORM (stochastic optical reconstruction microscopy), which
break the optical diffraction limit—these techniques do,
indeed, obtain information at length scales well below the
diffraction limit, but this requires data processing and some
prior knowledge of the system of interest. The same holds true
for FSRS.

Apart from its excellent temporal and spectral resolution, the
FSRS technique has several other benefits. It is compatible
with most solvents, including water, and is easily combined
with a standard optical microscope for spectromicroscopy
measurements.”” Given that it is self-heterodyned with the
broadband probe pulse, it is possible to acquire a complete
vibrational spectrum in a single shot provided the user has
high-quality filters to access the low-frequency spectral region.
Additionally, the FSRS can be tuned to make use of resonance
enhancement in ground or excited electronic states, thereby
providing large signal enhancements and species selectivity.
These attributes, along with extensive theoretical background,
are covered in great detail in a series of previous review
articles.**™*

While this technique can address fundamental questions
regarding ultrafast molecular dynamics, the realization of FSRS
experimentally requires some degree of technical expertise. In
this article, we will address some of the practical factors faced
by researchers performing FSRS, including considerations in
selecting beam generation methods, aligning the three beams
to set up for a FSRS experiment, choosing a sample, and
analyzing data. Our goal is to outline a practical guide for
researchers who are planning to adopt FSRS in their own
research.

FSRS experiments require three synchronized laser beams—an
actinic pump, a Raman pump, and a Raman probe. These
beams are usually provided by a single ultrafast laser, most
commonly a chirped pulse amplified Ti:sapphire system with
fundamental pulse durations in the range of 20—200 fs;
although increasingly, FSRS is implemented with fiber-based
laser systems.

Unlike ISRS, FSRS does not require ultrashort (<10 fs)
pulses, and thus, the fundamental pulse duration and
subsequent pulse compression is not particularly crucial for
the experiment provided the pulses are short and intense
enough to achieve the nonlinear optical processes described
below. The repetition rate of the fundamental laser impacts the
choice of detection system, described later, as well as the
overall duty cycle. The total power output needed is dictated
by the number of nonlinear processes needed to generate the
desired pulses at their desired wavelengths. For example, a
FSRS system with a tunable-wavelength Raman pump pulse
will likely require more output power than a system with a
Raman pump wavelength fixed at the fundamental frequency.

FSRS experiments require three laser pulses with specific
characteristics, which are called the actinic pump pulse, the
Raman pump pulse, and the probe pulse. Figure 1 shows the
different options for each of the three beams, and the benefits
and drawbacks of each are discussed in the following section.

2.2.1. Probe. Given that the stimulated Raman signals are
self-heterodyned with the probe, the stability and spectral
bandwidth of the probe are critical to performing a high-quality
FSRS experiment. First, the probe pulse must be stable, both
on the time scale of the detection system and on the time scale
of the total experiment. For a kHz repetition rate system with
single-shot detection, we aim for root-mean-square (RMS)
deviations in the probe intensity of less than 0.5%. This means
that the small Raman pump-induced changes occurring on top
of the broad probe background will be readily visible, although
this is dependent on the particular sample of interest, including
its Raman cross section and overall concentration. Second, the
probe pulse spectrum must be smoothly varying with no highly
sloped regions, as these lead to large baseline issues in Raman
gain spectra. Finally, the probe pulse should have a spectrally
broad range to capture the entire desired spectral window,
typically ranging from 250 to 2000 cm™". The broad spectrum
results in a temporally narrow probe pulse; therefore, the
Raman interaction can be initiated with precise timing in the
excited-state potential energy surface.

To achieve these requirements, the most common method
of generating a probe pulse is to generate a white light
continuum in a medium with a modest nonlinear refractive
index and a high damage threshold. These media include
sapphire,®!¥14203541-85" Cop, 89,56-62 GdVO4‘63 yttrium
aluminium garnet (YAG),**~% liquids such as water,”***~"°
noble gases, ! or photonic crystal fibers.”>~"* The choice of
material will determine the spectral range of the probe and so
must be considered carefully for the given application. For
continuum generation in the visible and near-infrared regions
of the spectrum, sapphire is a common choice because of its
high damage threshold. For applications in the ultraviolet,
CaF, is commonly used, although generally with a rotation or
translation stage to minimize photodamage issues.*’ Photonic
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Figure 1. (a) Basic FSRS schematic. BS = beamsplitter. (b) Examples
of common methods of generating the three beams necessary for
FSRS. The femtosecond probe can be generated in crystals, liquid
flow cells, or photonic crystal fibers. The picosecond Raman pump
pulse must be picoseconds in duration and is commonly generated
with approaches such as an etalon, grating filter, or two-stage
noncollinear optical parametric amplifier (NOPA). The actinic pump
is commonly generated using femtosecond NOPA (fs-NOPA).

crystal fibers or gas-filled fibers have been used in low-pulse
energy systems, although these have lower stability.*” In some
situations, the power provided by continuum generation is
insufficient, in which case other methods, such as femtosecond
noncollinear optical parametric amplification (fs-

NOPA)*"”>~”7 and broadband up-converted multicolor array
(BUMA) can be used for probe generation.*>”*~*° Ernsting et
al. have used fs-NOPA to generate a high-power tunable probe
for FSRS; however, the spectral range is only limited to a 1200
cm™! window.*’

Most of these pulse generation approaches generate
broadband pulses with a high degree of chirp. While it is not
necessary to compress the pulses for FSRS, it is common to do
so in order to obtain broadband Raman gain spectra in a single
acquisition. If the probe pulse is highly chirped to the extent
that individual spectral components will not be temporally
overlapped with the Raman pump pulse maximum, then the
resulting stimulated Raman signal will contain only a small
portion of the spectrum in which the relative signal intensities
will be distorted by the wavelength-dependent temporal
overlap between the two pulses. For example, if the probe is
chirped to the extent that portions of the spectrum do not
overlap temporally with the Raman pump, then there will be
no stimulated Raman signal in the spectral region of the probe.
While a small amount of chirp relative to the picosecond
duration Raman pump pulse will likely not cause significant
distortion, a large amount of chirp can result in poor temporal
overlap between the fs probe and ps Raman pump pulse and
lead to a greater extent of distorted spectral intensities.
Common pulse compression methods involve the use of prism
compresso1‘s,16’39’82 acousto-optic filters,* grating filters,**%°
or chirped mirrors.*® Correction for third-order dispersion in
the probe spectrum is generally not necessary for most FSRS
experiments.

2.2.2. Raman Pump. To generate a stimulated Raman
spectrum with high spectral resolution, it is essential to use a
spectrally narrow and temporally long Raman pump. Overall,
the spectral resolution in a ground-state FSRS spectrum is
limited by the bandwidth of the Raman pump and the
instrument response function. If the Raman pump temporal
duration is shorter than the vibrational dephasing time of the
mode(s) of interest, it will truncate those vibrational
coherences and broaden the measured Raman line widths.
Thus, typical Raman pump pulse durations used in FSRS are
on the order of picoseconds, which are longer than most
ground-state vibrational dephasing times and nearly all
vibrational dephasing times on electronic excited states,
particularly for solution-based samples. Additionally, the
wavelength of the Raman pump pulse is crucial to the success
of the experiment. Wavelengths that are considerably off-
resonant with excited-state electronic transitions for a given
sample often exhibit low Raman cross sections. However,
wavelengths that are directly on resonance can lead to the
generation of additional four-wave mixing processes [such as
transient absorption (TA) or stimulated emission], which may
interfere with the SRS generation.”> Wavelengths that are
preresonant generally work quite well, although electronic
resonances can shift rapidly for highly reactive excited-state
surfaces. Therefore, there are numerous methods that have
been adopted to generate a Raman pump pulse for FSRS.
Fundamentally, these approaches all involve generating a
picosecond pulse from a femtosecond pulse, which is usually
an inherently lossy process.

The most straightforward method to generate a Raman
pump pulse is to opt for a fixed wavelength and spectrally
narrow the broadband fundamental output of the laser.”
Common approaches used involve the integration of optical
etalons or grating filters. The etalon acts as a Fabry—Perot
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resonator by transmitting only a specific range of wavelengths
and converting a portion of the broadband femtosecond
fundamental into a narrowband picosecond Raman pump
pulse by selectively removing unwanted frequencies. The
output wavelength from an etalon can be tuned across the
range of a few nanometers by changing the tilt angle, although
the tuning range is small compared with other options for
achieving a truly tunable Raman pump (Figure 2a).

The use of an etalon produces a time-asymmetric pulse that
works exceptionally well to produce very spectrally narrow line
shapes, compared with other filtering techniques, and has been
shown to reduce the nonresonant background in similar
techniques, such as sum-frequency generation spectrosco-
py."* It is important to select an etalon that has a large free-
spectral range relative to the fundamental laser bandwidth such
that there are no sidebands that also lead to stimulated Raman
signal generation, as seen in Figure 2a,b at —2° and —3°. The
etalon is extremely easy to integrate into a FSRS system but
can be expensive and may be susceptible to damage.

Another option for spectrally narrowing the fundamental
laser beam is to use a grating filter (Table 1). This can be a less
expensive and more tunable option compared with an etalon
but requires additional expertise to build and align.”” A grating
filter acts as a spectral filter by diffracting and transmitting only
a specific range of wavelengths while blocking most of the
spectral component. The grating filter approach results in
Raman pump pulses that have easily tunable temporal widths
and allows for a small degree of frequency tuning. Using a
second-order diffraction double pass grating filter, Kang et al.
recently reported the lowest spectral resolution in a FSRS
experiment (2.5 cm™').>* Grating filters can also easily be
adapted for frequency comb FSRS, which can aid in the
discrimination of Raman peaks from narrow transient
absorption features.”> The primary drawback of using a fixed
wavelength Raman pump pulse, regardless of spectral filtering
method, is the inability to tune the wavelength of the pump
pulse across a large range to access different electronic
resonances.

There are many options for generating a narrowband,
tunable Raman pump, and these approaches have seen several
advancements for use in FSRS over recent years. The key
factors to consider when selecting a method are the spectral
window in which the pulse can be tuned, the resultant
bandwidth of the stimulated Raman signal, and the conversion
efficiency of the tunable pulse. Some methods for generating a
tunable Raman pump are listed in Table 2, along with their
spectral resolution, conversion efficiency, and tunability ranges.

While implementing a tunable Raman pump can often be
more complicated than a fixed wavelength, it allows access to a
wider range of samples, which benefit from the resonantly
enhanced signal. It also enables researchers to strategically
choose multiple Raman pump wavelengths to study different
regions on the excited-state potential energy surface and build
up a more comprehensive picture of excited-state dynamics.48
However, if the Raman pump is resonant with an electronic
transition, it can deplete the excited-state population and drive
additional transitions, which compete with FSRS signals,95
including Raman pump-induced transient absorption (TA)
signals, which can create large backgrounds that distort or
cover up FSRS signals.”® This can be avoided by choosing a
wavelength that is preresonant with the molecular system’s
electronic states,”® thereby gaining some resonance enhance-
ment in the stimulated Raman signal but minimizing the TA
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Figure 2. (a) Tuning the Raman pump wavelength with the etalon
angle. (b) Stimulated Raman spectra of cyclohexane as a function of
etalon angle. (c) Stimulated Raman spectra of cyclohexane using a
grating filter (blue) and an etalon (green) with corresponding peak
amplitudes and widths in Table 1 below. Grating 4 = 798 nm, and
etalon 4 = 806 nm.

signals. Researchers have also developed a novel method of
modulating Raman pump wavelength to reduce the TA
features.”> Previous work demonstrates that exciting on or
near electronic resonance results in dispersive line shapes,
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Table 1. Stimulated Raman Gain with Etalon or Grating”

etalon grating
mode etalon Raman  Raman gain  grating Raman  Raman gain

frequency  gain amplitude width gain amplitude width

(em™) (x10%) (em™) (x10%) (em™)
801 2001 039 7402 3003+072 3L6+09
1028 262+004 153+03  173+£006 279 %13
1157 161 £ 006  66+03  109+004 255+ 10
1266 229 + 0.04 14.6 + 0.4 291 + 0.02 26.6 + 0.3
1444 1.20 + 0.07 11.6 + 0.8 2.08 + 0.0 39.8 £ 1.1

“Stimulated Raman gain in a 2 mm cyclohexane cuvette using an
etalon or a grating filter to spectrally narrow the Raman pump.
Amplitudes and widths were obtained by fitting the peaks in Figure 2¢
to a Gaussian function. Spectra were acquired for 3 s each. For both
the etalon and grating filter, the Raman pump pulse energy was 0.8 yJ,
the pulse duration was approximately 2 ps, and the beam diameter
was 15 pm, which led to a peak flux of 500 GW/cm?. The probe pulse
energy was 0.025 yJ, the pulse duration was approximately 100 fs, and
the beam diameter was 3 ym, which gave a peak flux of 7000 GW/

sz.

which complicates the resulting FSRS spectra (Figure 3). Liu
et al. have demonstrated that tuning the Raman pump
wavelength can reduce these TA effects while maintaining
high signal-to-noise ratio (SNR).*#339¢

Once the Raman pump is generated, it usually passes
through a manual delay stage and a chopper. The delay stage is
used to adjust the time delay between the Raman pump and
the probe during alignment, and the chopper modulates the
Raman pump and is important for the detection scheme, which
we discuss in Section 2.4.

2.2.3. Actinic Pump. The final beam to consider is the
actinic pump, which will photoexcite the sample. Therefore,
the wavelength must overlap with the sample’s electronic
absorption band. Most researchers opt for tunable NOPAs to
generate their actinic pump pulses since tunability is desirable
to expand the range of molecules that can be probed. After the
tunable beam is generated, compression of the actinic pump
pulse is often required to ensure short pulses that allow for
ultrafast instrumental time resolution. There are several
options for compressing the pulse, including prism compres-
sor,”%7 chirped mirrors,”®”” and deformable mirrors.'*® After
this, the actinic pump is sent into a motorized delay stage to
control the time delay between the actinic pump and the
temporally overlapped Raman pump and probe pair.

The effective time resolution of a FSRS experiment is
determined primarily by two factors: the cross-correlation of
the actinic pump and Raman probe pulse and the vibrational

Table 2. Tunable Raman Pump Generation Methods”

Raman pump Pandwidth

dephasing time of the vibrational modes under investigation.*’
Therefore, a temporally narrower actinic pulse can be helpful
for observing dynamics at short time delays. The temporal
information obtained during acquisition of a single spectrum
represents a combination of vibrational dephasing time and
cross correlation of the actinic pump and probe pulses, which
we discuss in more detail in Section 2.6.

In this section, we outline the general procedure for the
optimal alignment of the three beams. We will discuss the
alignment procedure and share what we have learned on how
to improve this process and troubleshoot. In general, we align
the Raman probe first since all signal is collected on top of the
probe, and so, it is critical that it is well aligned through the
sample and detector. Then, the Raman pump pulse is
overlapped with the probe pulse by maximizing the stimulated
Raman signal. Finally, the actinic pump pulse is overlapped
with the probe pulse through a cross-correlation measurement.
In this approach, it is important that the probe beam has the
smallest relative beam waist at the sample position so that the
Raman pump and actinic pump can have slightly larger beam
waists and still interact in the same region.

The Raman pump spatial and temporal overlap with the
probe is optimized by maximizing the stimulated Raman signal
of a standard. Cyclohexane is a common standard to use, but
the standard should be selected on the basis of its similarities
to the sample of interest—they should be of the same phase
and have similar thickness and have Raman peaks in the same
spectral region. For solid samples, a thin sheet of polystyrene
or diamond works well. The stimulated Raman signal is
obtained by adjusting both the temporal and spatial overlap of
the Raman pump with the probe. The extent of the temporal
overlap can also determine the extent of background signals,
such as cross-phase modulation (XPM). XPM will result in an
unstable, oscillating baseline and can obscure the stimulated
Raman gain. To avoid this, we use vibrating motors taped on
the Raman pump delay stage. The vibrators randomize the
phase relationship between the Raman pump and probe such
that the averaged Raman spectrum contains fewer contribu-
tions from XPM. It is important to quantify the known
maximum stimulated Raman signal for each laser system to
ensure the ideal spatial and temporal overlap between the
Raman pump and probe. For example, fluctuations in the
magnitude of the standard’s stimulated Raman signal can
indicate that the beam-focusing conditions are changing. A
benchmark for the stimulated Raman signal in a system can
ensure proper alignment for each experiment. Once the

Raman spectral bandwidth conversion tuning range

method (em™) (em™) efficiency (%) (nm)
second harmonic spectral compression (SHSC) with spectral 10 0.075-0.25 330-750
ﬁl'fering89
narrowband optical parametric amplifier (NB-OPA)” 36 38 0.03—0.68 470—-670
second harmonic bandwidth compressor (SHBC) combined 27.8 12 1 480—-750
with NOPA*
NOPA with second harmonic generation (SHG)”! 27 at 599 nm 12 at 745 nm <1 480—-780
optical parametric amplifier (OPA)*> 10 4.5 615—985
SHG with group velocity mismatch (GVM)®** 8.5 20 720—890
Pulse expander pumped by OPA™ 0.9 at 1045 nm 0.70 1000—1090

“Some options for generating a tunable Raman pump, including the bandwidth of Raman pump, the bandwidth of resulting stimulated Raman
spectrum, conversion efficiency, and tunable range. Blank boxes indicate unreported data.
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Figure 3. Resonance (a) anti-Stokes and (b) Stokes Raman spectra of rhodamine 6G in methanol at varying pump wavelengths. Solvent peaks are
indicated with an asterisk. Adapted with permission from ref 53. Copyright 2008 AIP Publishing.

stimulated Raman signal is maximized, the actinic pump is
aligned.

There are several options for maximizing the overlap
between the actinic pump and the probe. These include sum
frequency generation in a mixing crystal, transient absorption
signatures in a well-studied sample, impulsive Raman signal
generation in a highly polarizable solvent, or optical Kerr effect
cross-correlation (OKE-XC). Most FSRS groups opt for using
OKE-XC because it is highly generalizable to many sample
conditions and is free from electronic resonance effects.
Locating the “time zero,” or the delay stage position where the
actinic pump and probe have maximum temporal overlap, for a
ESRS experiment involves measuring the OKE-XC between
the Raman probe and the actinic pump. It is important to
carefully select the medium in which the OKE-XC is
measured—it should be performed with a material with a
large Kerr constant, similar phase and thickness to that of the
sample, and one that will not absorb any of the laser pulses.
Performing the OKE-XC in, for example, cyclohexane in a 2
mm cuvette and then performing FSRS measurements in a 100
nm thick crystalline sample will likely result in an offset time
zero. The two media have different thicknesses and refractive
indices, which could alter the time zero position between the
FSRS experiment and the OKE-XC measurement.

In an OKE-XC measurement, the spatial and temporal
overlap of the actinic pump and probe pulses is measured by
the pump-induced change in the polarization of the probe
pulse. Lock-in amplification is generally used, as the signals can
be quite small. An OKE-XC measurement gives two useful
pieces of information: (1) the actinic delay stage position of
maximum temporal overlap and (2) the cross-correlation time
of the actinic pump and probe pulse. Generally, it is best to
minimize the cross-correlation time by appropriate compres-
sion of both beams, and wavelength-resolved OKE-XC
measurements are helpful to identify higher-order chirp
processes impacting the cross-correlation. Common exper-
imental issues when setting up an OKE-XC experiment include

using inappropriate polarization conditions, using actinic pump
pulses that are too weak, using inappropriately aligned delay
stages that translate the beam when moving long distances, or
using a noisy probe pulse.

In this section, we discuss the considerations of FSRS data
acquisition, including factors to consider for detection and
high-duty-cycle data collection. Since excited-state FSRS
signals are generally small, with Raman gain values in the
range of 0.001—1%, optimization of the SNR is important for a
FSRS experiment.

In order to take advantage of the broadband spectral
generation, most FSRS experiments involve an array detector,
either a photodiode array”>***7>7%?71%! or 3 charge-coupled
device (ccD) detec-
tor, U6/ 16:19,21-25,43,48,50,51,57,59,62,67,68102-104 (22 pepg
involves detection of small changes on top of the large probe
beam background, the well depth and read rates are inherently
important factors. Marx and co-workers published an overview
of multichannel detectors suitable for FSRS nearly a decade
ago, and they described the ideal multichannel detector for
FSRS as having high quantum efficiency, enough pixels for
sufficient spectral breadth and resolution, high photocurrent
per pixel, and high readout rate.'”> Photodiode arrays were
used in early FSRS experiments‘%’97 because of their large, full
well depth, but older technologies had slow read rates, and
current technologies can be noisier and are less readily
available in complete packages.”® Thus, FSRS has been
performed predominantly with CCDs in recent
years,>>¥*#370%19% lthough the drawbacks of limited well
depth and readout rates can be problematic for some
applications, along with the high cost for scientific-grade
CCDs. They have the advantage of easy operation, very high
sensitivity, and low noise and tend to have high readout rates
that can allow for single-shot detection at a 1 kHz repetition
rate. Single-shot acquisition is an advantage because of the
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Figure 4. Schematic of how our group’s LabView code proceeds to run a FSRS experiment.

ability to record one FSRS spectrum in 2 ms at a 1 kHz
repetition rate (1 pump-on spectrum and 1 pump-off
spectrum). It is also possible to perform single-shot detection
with a photodiode array.*®

Some more advanced innovations have been made to data
acquisition, like using a scanning multichannel technique
(SMT) with FSRS.***”'°° Briefly, this technique averages
spectra collected at different positions of the spectrograph to
remove noise caused from variations in pixel-to-pixel sensitivity
and noise.'” Using this frequency-modulated FSRS technique,
researchers were able to decrease the smallest resolvable
Raman gain from ~1 X 107" using conventional data
processing to ~2 X 107> by removing pixel-to-pixel non-
linearities and increasing the resultant SNR.

The workflow of a FSRS experiment is also important to
consider, particularly in terms of minimizing experiment time
and mitigating any photodamage or other sample damage
concerns. Here, we describe the workflow for a typical FSRS
experiment involving a 1 kHz laser with single shot detection,
which generally takes time on the order of 1 h to run.

FSRS spectra are reported with an intensity of stimulated
Raman gain, which describes the likelihood of the Raman
pump and probe to drive a stimulated Raman transition. These
features appear as peaks on top of the broad and intense probe
spectrum. Thus, FSRS experiments are run with the Raman
pump modulated at half the detector readout rate so that the
Raman gain spectrum may be calculated by dividing
subsequent acquisitions. For single-shot detection, it is, thus,
important to ensure that the detector is triggered at 1 kHz but
with a known phase of the Raman pump modulation. To
ensure precise timing and synchronization between the laser
pulse, detector, and chopper modulating the Raman pump, we
employ a D-type flip-flop circuit. The flip-flop circuit is
triggered by the 1 kHz laser repetition rate of the laser and the
500 Hz Raman pump chopper, which allows us to collect
Raman pump-on and Raman pump-oft spectra. To acquire
stimulated Raman spectra without photoexcitation, which we
call the ground state, we use an automated shutter to block the
actinic pump beam. A method of modulating the actinic pump
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Table 3. Raman Differential Scattering Cross Sections of Common Stimulated Raman Standards

molecule mode (cm™) excitation wavelength (nm) Raman cross section (cm?/molecule-sr) reference
P-carotene 1520 514 2.04 x 107% 114
benzene 992 488 3.65 x 107% 115
crystal violet 1620 568 6.75 x 107 116
cyclohexane 802 514 829 X 107% 117
Nile blue 595 633 47 x 107* 118
rhodamine 6G 604 532 41 x 1073 119
3,3'- diethylthiatricarbocyanine 1281 800 1.51 x 107 120

during data collection to perform “active” background
subtraction has also been previously presented.’”

We run our instrumentation and data collection using a
master LabView virtual instrument (VI).'”® Each acquisition is
run in burst mode, in which acquisitions are stored in the
computer random access memory (RAM). We acquire several
thousand spectra, then average all the Raman pump-on and
Raman pump-off spectra together and write them to the hard
drive. This enables single-shot acquisition on a conventional
computer and also dramatically reduces the total file size of a
FSRS experiment. We find that averaging several thousand
spectra at once is ideal because it is fast enough to track any
changes in sample condition while resulting in manageable
data sets.

The order at which a FSRS experiment proceeds is described
here and depicted in Figure 4. The input parameters that must
be updated for each FSRS experiment include the list of time
delays, the number of acquisitions per saved spectrum, the
number of sets (equivalent to how many times to iterate
through each time delay), number of ground-state spectrum to
collect per set, the file storage location, filename, and time zero
position of the delay stage. Some of these factors, like choice of
time delay, numbers of images per frame, and number of sets,
require careful consideration. The list of time delays should
include some negative times (i.e, when the actinic pump
arrives at the sample after the Raman pump and probe pair).
This will ensure that dynamics induced by the actinic pump
can be separated from other nonlinear processes seen in the
FSR spectra. It is also important to include many time points
close to zero, both positive and negative, in order to track
initial dynamics. The time zero position may shift slightly
because of differences in thickness or refractive index in the
FSRS sample compared with the sample in which the OKE-XC
was performed, so including negative time points ensures all
dynamics are captured. The number of images per frame
should be chosen on the basis of the SNR in the ground-state
spectrum. The vibrational peaks should be clearly resolved
from the baseline, but using too many images can lead to
longer FSRS scans with a higher probability of damaging the
sample.

For a typical FSRS scan reported in a publication, each time
point is the result of ~1—100 s of total averaging. For most
samples, we find it best to both randomize the time points and
cycle through the randomized time points a number of times.
This avoids any sample damage bias in the experiment and best
accommodates any temporary issues with the experiment, such
as bubbles in a flow jet. We find that ~10 sets is reasonable for
most samples, although this will depend on the Raman cross
sections, sample optical density, and the likelihood of the
sample to be damaged by the laser beams. We also take several
ground-state spectra in each set, evenly interspersed through-
out the excited-state spectra, in order to monitor any changes

to the sample, as well as to provide a high-SNR ground-state
spectrum for data analysis.

2.4.1. Additional Directions for FSRS Data Acquis-
ition. FSRS data acquisition has the potential for improve-
ment. Most FSRS experiments have been performed on
samples with large Raman cross sections, and extending the
technique to less polarizable vibrations would be extremely
useful. Also, since high laser flux is often required for FSRS,
sample damage over the course of a FSRS scan can be
challenging, particularly in samples that require a lot of signal
averaging or in our group’s recently developed method of
spatially offset FSRS (SO-FSRS).*' Methods of data
acquisition that can improve the SNR or decrease the duration
of a FSRS scan are beneficial, and some recent advances are
encouraging in this regard.

One approach to improve the readout rates and signal-to-
noise levels of FSRS experiments involves single-channel
detection of a broadband spectrum. Dobner and Fallnich
recently demonstrated dispersive Fourier transformation FSRS
as a method to overcome the inherent time limitations of
common spectrometers used in FSRS experiments.109
Dispersive Fourier transformation is a method used to acquire
a spectrum of one laser pulse by temporally dispersing the
signal, thereby allowing each frequency component to be
resolved by a single fast photodiode."'? Their method allowed
the collection of one Raman spectrum in 2 ys with 20 averages
achieving SNR comparable with a CCD reading.'”” While
recent developments in dispersive Fourier transformation
methods have been discussed at length elsewhere,''° this
field holds promise for decreasing acquisition times for FSRS.

Compressive sensing approaches can also be used to reduce
the total duration of a FSRS experiment. Similar to
compressive sensing implementations in two-dimensional
infrared (2D-IR) spectroscopy''' and TA spectroscopy, '”
FSRS-based compressive sensing relies on reduction of the
individual time point spectra to reconstruct the full transient
dynamics. Using this knowledge, researchers can collect fewer
measurements and still retain good SNR. In practice, this
reduces the experiment time by a factor of about 2, given
sufficient prior knowledge of the dynamics. This could clearly
be useful for FSRS experiments that require lots of signal
averaging and time delays or for samples that readily
photodamage under the high flux of ultrafast lasers. More
advanced compressive sensing methods hold promise for
spectroscopy, such as FSRS, but have yet to be implemented.

There are several aspects to consider when choosing a
molecular system to study with FSRS. A key factor is the
Raman cross section, as this dictates the signal magnitude.113
In Table 3, we list the Raman differential scattering cross
section of a series of molecules commonly used for FSRS
alignment or technique development. These molecules have
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Figure S. A step-by-step process of standard FSRS data analysis methods, as shown for a crystalline rubrene sample. (a) Raw FSRS data with a total
acquisition time of 20—90 s per time point, followed by (b) one-to-one ground-state subtraction. The ground-state depletion is fit at each time
delay (dark blue overlay) and used to determine (c) the amount of ground state to add back to each excited-state spectrum. (d) Spectrum after
ground-state addition shows only excited-state contributions, which can be fit to examine dynamics, such as (e) amplitude and (f) frequencies, over
time following photoexcitation. Adapted with permission from ref 16. Copyright 2017 American Chemical Society.
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conjugated polyenes and aromatic rings and are, therefore,
highly polarizable. However, FSRS measurements have been
performed on samples with much lower Raman cross sections
than these, and preresonant enhancement can be quite
beneficial for many systems.

For most transmission-based FSRS experiments, it is ideal if
the optical density, equivalent to absorbance per path length,
of the sample at the actinic pump wavelength is around 1.0. At
lower optical densities, there are fewer molecules to provide a
Raman signal. At higher optical densities, the actinic pump
pulse will not penetrate well to the back face of the sample,
which means that only a small portion of the measured
molecules will be photoexcited. Thus, an optical density in the
range 0.7—1.2 is generally optimal. Additionally, the sample
should have low or no absorbance in the probe’s spectral
region to avoid losing signal magnitude to probe absorption in
the resulting FSRS spectra. In some cases, when samples have
high optical densities or when investigating nontransmissive
samples, FSRS can be measured in a reflective geometry rather
than transmissive.”®

Sample damage can be an issue in ultrafast spectroscopy,
particularly for biological samples, because of the high peak
intensity of the short laser pulses used. For example, for a beam
that has a 1 kHz repetition rate, 200 yW average power, 100 fs
pulse width, and is focused to 10 ym diameter, the peak power
is 2 MW, and the peak flux is 25 TW/cm?, which is more than
capable of damaging most samples. For ESRS, it is crucial to
ensure that any signals observed are representative of the
photochemistry of interest and not the result of sample
degradation over time. A simple way to look for sample
damage is to look at the ground-state Raman gain of the
sample over time. By performing this experiment with varying
beam powers and exposure time, we can determine the
threshold power to initiate sample damage and also the critical
time the sample can withstand under the exposure of the
particular laser. Typically, we set a threshold after which we
discard data. For example, once the ground-state signal is
reduced to 80% of the first ground-state spectrum, we discard
all data collected after that point. This allows us to ensure that
the majority of the signals we observe are not the result of
photodamage.

There are several methods to reduce sample damage. With
solution phase measurements, the best way to minimize sample
damage is to use a flow cell setup or a cuvette with a stir bar to
agitate the sample and ensure molecules do not spend too
much time in the laser path. The flow cell demonstrates the
most sample longevity, but this can present issues if the volume
of the sample is too small. For small sample volumes, stirring
with a microstir bar presents the next best choice. Solid
samples can be mounted over a spinning stage'”' or raster-
scanned during data collection to reduce the amount of time a
specific region spends in the laser path. Sealing solid samples
inside epoxy or superglue or using a nitrogen atmosphere helps
to prevent oxidation and delay sample damage, as well.

For anisotropic samples, such as crystals, the relative
orientation of the crystal axes and the laser polarization are
also an important experimental factor. While the Raman pump
and probe beams are parallel to each other, their orientation to
the axes of a crystal’s unit cell can change the relative
intensities of Raman modes measured.”” FSRS is typically used
to measure early time dynamics where rotational anisotropy is
generally not a factor, and so, the actinic pump is usually
paralle] to the Raman pump and probe to maximize the

excited-state signal. The intensity of Raman signal in solids is
highly dependent on crystalline orientation and the polar-
ization of the incoming laser, and different transition dipole
moments can be accessed using different polarization
conditions."”*~"** Our group’s recent work built on this
concept to observe rates of forward and back electron transfer
in betaine-30 crystals using different polarizations of the pump
and probe beams relative to the crystal axes.”’ Therefore,
polarization conditions should be considered carefully during
FSRS experiments.

In this section, we describe the basic analyses performed on the
FSRS data, followed by a discussion of more advanced data
analysis techniques. We perform most of our data analysis in
Igor Pro, Matlab, and increasingly in Python. We first average
all of the spectra corresponding to the same time point
together and subtract the averaged ground-state spectrum from
each of these time points. This one-to-one subtraction is
important because it removes any ground-state contributions,
in addition to systemic noise. Following one-to-one sub-
traction, noise levels can be reduced by about an order of
magnitude from around 1—10 X 107> counts in raw spectra to
1 X 107* counts. In a typical experiment, we find that the SNR
in one-to-one subtracted spectra is approximately 1-10,
although this will vary on the basis of the molecule’s Raman
cross section, magnitude of excited-state signals, and detector
sensitivity. Typically, one-to-one subtraction results in negative
features at ground-state frequencies because of the bleach of
the ground state (Figure Sb). Changes to solvent peak
intensities following one-to-one subtraction can indicate a
change in the resonance condition of the analyte and can also
be used to monitor the excited-state dynamics.

The FSRS process also gives TA information and can give
rise to broad four-wave mixing peaks, which can present as
background. Generally, we fit this background to a polynomial
function and subtract it. However, if there are negative or
dispersive features in the femtosecond stimulated Raman
spectra, background subtraction can introduce artifacts and
should be done carefully, and each subtraction should be
examined manually.

Because of the fact that some of the sample should be in an
electronic excited state for much of the FSRS data set, the one-
to-one subtraction results in negative ground-state Raman
features. We examine the amplitudes for these bleach features
(Figure Sb) and add back in a portion of the ground-state
spectrum in order to visualize any transient excited-state
features. For most samples, the amplitude of this depletion
over time should increase sharply at time zero, as the ground-
state is depopulated, and then gradually decrease as the ground
state is repopulated at later time delays. We typically calculate
the percent ground-state depletion at each excited-state time
(Figure Sc) and then add back this portion of the ground state
to each excited-state spectrum. Occasionally, it is better to add
back portions of a fitted ground-state spectrum so as to not
introduce additional noise. By adding back a small amount of
the ground state, excited-state features are clearer without the
large ground-state depletion signals there to obscure small
excited-state peaks and frequency shifts (Figure 5d).

Finally, we fit excited-state peaks and examine how excited-
state vibrational properties, like amplitude (Figure Se) and
frequency (Figure S5f), evolve over time. We use this
information to extract information on dynamics in the system
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under study. We also must convolute the OKE-XC with the
kinetic data to extract useful information (Figure Se) and to
account for growth of the signal at short time delays that are
the result of the temporal shape of the OKE-XC versus time-
resolved photobleaching or excited-state signal.

2.6.1. Advanced Analyses. FSRS is not immune to
spectral artifacts and features arising from other nonlinear
optical processes that can limit the ability to discriminate
Raman features. These signals are often sample-dependent,
which arises from other nonlinear optical processes occurring
in the material, such as TA, stimulated emission, XPM, and
OKE. For FSRS spectra, distinguishing Raman features from
non-Raman spectral features can present some challenges. It is
important to note, however, that this problem arises in most
nonlinear and ultrafast spectroscopic experiments, and as a
result, there are a host of methods to help overcome these
limitations through data analysis techniques or experimental
design principles. In most cases, the success of these
techniques depends on the SNR of the Raman peaks compared
with those of other spectral features.

A particularly useful method for discriminating Raman peaks
relative to broad background signals is to take the denvatlve of
the FSRS spectrum with respect to frequency For most
cases, because vibrational lifetimes are considerably longer than
electronic responses, Raman peaks are spectrally narrower than
those of other optical features. As a result, taking the derivative
of a FSR spectrum will produce sharp dispersive line shapes for
Raman modes, while broader features will generally be
relegated to the background (Figure 6). In fact, Kloz et al.
have developed a method to explicitly detect the first derivative
of a FSRS signal rather than the more traditional detection
scheme.”

This approach has a few useful benefits, with one being that
unlike many baseline subtraction algorithms, one can find both
positive and negative Raman peaks. Moreover, in particularly
crowded spectra where peaks can emerge as shoulders of
stronger peaks, the derivative spectrum can often effectively
distinguish these shoulders because of its sensitivity to
inflection points. In Figure 6a, we show the stimulated
Raman spectrum of tetra(sulfonatophenyl)porphyrin (TSPP),
followed by the first derivative (Figure 6b) of the same
spectrum. The background of the first derivative was fit and
then removed from the fitted vibrational spectrum, which
resulted in a clean fit with no background noise and clear
vibrational peaks (Figure 6¢).

The derivative approach is limited by its reliance on high
SNR and the assumption that Raman modes are significantly
more spectrally narrow than other spectral features. In the case
where signal-to-noise is weak and Raman features are difficult
to distinguish from non-Raman features, an alternative is to use
matrix decomposition methods like singular value decom-
position (SVD)."**'*” This decomposition method allows the
user to distinguish signals on the basis of common variance
and is often useful to distinguish spectral features that exhibit
similar dynamics. This can be particularly useful in instances
where large oscillatory backgrounds arise from XPM. SVD can
separate this effect as a separate component from other
spectral components with unique dynamics.

Figure 7 shows the one-to-one ground-state-subtracted
FSRS spectra (Figure 7a) of TSPP aggregates, where the
1530 and 1540 cm™! mode ground-state depletion is obscured
by the noise in comparison with the same data set in which the
first component of SVD is applied (Figure 7b). The ground-
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state depletion of the 1530 and 1540 cm™' modes is clearer,
which highlights the SVD’s ability to pull out dynamics specific
to the vibrational spectrum rather than the noise. In addition
to separating Raman spectral features from other optical
responses, this method also gives the user the ability to
separate out spectral features, which undergo unique dynamics
to produce decay-associated spectra in a similar strategy to that
typically applied to TA measurements.

For data sets with strong XPM background signals, Batignani
and co-workers recently outlined a method for distinguishing
XPM and genuine dynamics in FSRS spectra by identifying the
origin of XPM signals and subsequently removing them from
spectra of interest.”" This method involves fitting XPM signals
that occur at negative time points, where there are no
photoinduced processes at play, and using the parameters to
calculate the XPM-induced signals at early time delays (Figure
8). Then, the XPM can be subtracted from the spectra, thereby
distinguishing XPM artifacts from photoinduced dynamics.

In a unique implementation of FSRS that integrates a facile
pulse-shaping technique, Kloz and co-workers introduced a
custom optical chopper in the Fourier plane of their grating
filter to produce their Raman pump pulses that were
frequency-modulated to periodically adjust the Raman pump
central frequency and bandwidth.”> This methodology
produced effective first-derivative spectra that, for reasons
similar to those described above, emphasize the typically sharp,
spectrally narrow Raman features over broader non-Raman
spectral features. A publication by Bera and co-workers
introduced another approach to this method of shaping the
Raman pump through simultaneous generation of two
spectrally distinct Raman pump pulses, which leveraged the
Raman pump frequency dependence that is exclusive to Raman
scattering.™

Additionally, Kloz and co-workers included a further step to
their baseline subtraction that included Fourier filtration to
separate their derivative Raman features from higher-frequency
noise and baseline artifacts, which proved effective. Fourier
filtering involves the sorting of bins of data through fast
Fourier transform (often sorted by the frequency of various
features), followed by a windowing step, which filters out the
undesired spectral features from the Raman components. This
Fourier filtering process can be simply coded in MatLab and
Python coding architectures and can be used both on the
derivative Raman spectra described above and on conventional
Raman spectra, particularly when the filtering of oscillatory
background features is desired.

More recently, machine learning (ML) techniques have
been adopted to aid in Raman data analysis. ML algorithms are
able to learn and make predictions without being explicitly
programmed and have some advantages over traditional
chemometric analyses, like the ability to efficiently analyze
large data sets and identify complex patterns.'*® A recent study
demonstrated the use of a deep-learning model, a type of ML
where algorithms create a network to store data and to learn, to
denoise mass data sets. Researchers have demonstrated both
supervised and unsupervised deep-learning algorithms, where-
by a supervised approach requires high-quality data for
training, and unsupervised techniques can be trained with
noisier data.'”” The different approaches improved denoising
by 50% and 36%, respectively, when compared with traditional
denoising techniques, like fast Fourier transform filters."* ML
algorithms like this have the potential to improve FSRS data
analysis and enable researchers to uncover crucial information

in noisy data sets, which could open the door to studying
materials with less signal averaging or with lower Raman
scattering cross sections.

In this review, we have outlined some important factors for
building and operating a FSRS instrument, including beam
generation, sample considerations, and data analysis. Current
FSRS techniques are powerful in revealing crucial ultrafast
structural dynamics, and new advances in the field continue to
demonstrate its utility. FSRS is an evolving field with novel
technique developments, like surface-enhanced FSRS (SE-
FSRS),BO’131 SO-FSRS,*' coherent control,** anti-Stokes
FSRS,”” and more. These techniques open the door to
exploring new questions and building a deeper understanding
of ultrafast phenomena.

Our group recently presented a novel technique, SO-FSRS,
which probes how vibrational motions are coupled to excited-
state transport on micron-length scales.*’ Analogous to
transient absorption microscopy (TAM) but with additional
vibrational information, the SO-FSRS uses galvanic scanning
mirrors to spatially offset the actinic pump from the Raman
pump and probe. The actinic pump is raster-scanned across a
sample, while the Raman pump and probe remain stationary.
We perform a complete FSRS scan at each spatially offset
actinic pump position and observe how the excited-state
structure evolves as a function of both time and location
following photoexcitation. This technique facilitates a new
understanding of how molecular and crystal structure drive
photoexcited phenomena in solid-state samples.

Advances in optical pulse shaping in recent decades have
opened the door to coherent control experiments, where a
double-pulse scheme selectively excites specific vibrations in a
molecular system.*”'**~'3¢ Coherent control has the ability to
selectively drive molecular interactions, like activating specific
phase transitions'*®> and even bond formation.'*® While
coherent control has been applied to some Raman spectros-
copy techniques,">”"** it has only recently been applied to
ESRS.** Coherent control of FSRS can uncover coupling
between inter- and intramolecular vibrations, reveal which
lattice phonon vibrations drive or impede photophysical
phenomena, and provide greater insight in the design of
novel materials. The ability to selectively amplify and damp
specific lattice vibrations during photoexcitation and then
observe the resulting structural dynamics allows for greater
manipulation of photoinduced processes and promotes a
deeper understanding of the roles of molecular and crystal
structures in ultrafast photophysical dynamics.

Another novel technique receiving a great deal of attention
in the literature is the use of entangled photons in nonlinear
spectroscopy. Nearly a decade ago, Mukamel and co-workers
proposed using entangled photons in FSRS experiments."*” In
their proposed method, the Raman probe would be replaced
with a pair of broadband entangled photons. One photon
interacts with the sample with a third narrowband pulse
(Raman pump) in which the second entangled photon acts as a
reference and does not interact with the sample. This method
provides several advantages over traditional FSRS experiments,
like reducing SNR and allowing for the use of lower-intensity
laser light, which can reduce sample damage.'’” Other
theoretical calculations have demonstrated that using en-
tangled ghotons can selectively enhance or suppress SRS
signals.14 Recently, researchers presented a quantum exten-
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sion of FSRS called quantum femtosecond Raman spectros-
copy (QFRS) that replaces a narrowband probe pulse with a
broadband pair of entangled photons, which allows for higher
temporal resolution without sacrificing spectral resolution and
could increase the resonance enhancement by up to 4 times
without the need for higher laser powers.'*" While entangled
ESRS has yet to be experimentally realized, the use of lower
fluxes in these measurements is quite appealing, as is the
possibility of interrogating quantum phenomena while using
quantum light.

FSRS has the unique ability to track structural changes in
electronic excited states and has answered key questions for
applications in renewable energy,H’104 bioimaging,6 photo-
therapy,'* and beyond. New advances in ML techniques for
data analysis, as well as the promise of quantum-enhanced
FSRS on the horizon, demonstrate the future ability of FSRS to
investigate samples with smaller cross sections, thereby
opening the door even wider for molecular systems that can
be investigated. Recent developments in coherent control
FSRS show exceptional potential in controlling site-specific
chemistry and realizing the long-held promise of the selective
control of individual bonds. With these advances, FSRS
continues to pave the way for novel insights into ultrafast
phenomena. Moving forward, we hope this practical guide will
help researchers implement their own FSRS experiments and
drive the field to even more innovative research directions.
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