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Abstract

Generating wavelength-tunable picosecond laser pulses from an ultrafast laser source is
essential for femtosecond stimulated Raman scattering (FSRS) measurements. Etalon
filters produce narrowband (picosecond) pulses with an asymmetric temporal profile thatis
ideal for stimulated resonance Raman excitation. However, direct spectral filtering of
femtosecond laser pulses is typically limited to the laser fundamental and harmonic
frequencies due to very low transmission of broad bandwidth pulses through an etalon.
Here, we show that a single etalon filter (15 cm™ bandwidth, 172 cm™ free spectral range)
provides an efficient and tunable option for generating Raman pump pulses over a wide
range of wavelengths when used in combination with an optical parametric amplifier and a
second harmonic generation (SHG) crystal that has an appropriate phase-matching
bandwidth for partial spectral compression before the etalon. Tuning the SHG wavelength to
match individual transmission lines of the etalon filter gives asymmetric picosecond pump
pulses over a range of 460-650 nm. Importantly, the SHG crystal length determines the
temporal rise time of the filtered pulse, which is an important property for reducing
background and increasing Raman signals compared with symmetric pulses having the
same total energy. We examine the wavelength-dependent trade-off between spectral
narrowing via SHG and the asymmetric pulse shape after transmission through the etalon.
This approach provides a relatively simple and efficient method to generate tunable pump
pulses with the optimum temporal profile for resonance-enhanced FSRS measurements

across the visible region of the spectrum.

' Present Address: Department of Chemistry, Western Michigan University, Kalamazoo, Ml 49008 USA



l. Introduction

Stimulated Raman scattering (SRS) and femtosecond stimulated Raman scattering
(FSRS) are powerful vibrational spectroscopy techniques for studying the dynamics of
chemical systems.™ These nonlinear measurements take advantage of the frequency
resolution from a narrowband picosecond (ps) pump pulse combined with the temporal
resolution of a broadband femtosecond (fs) probe pulse to record the dephasing of optically
induced vibrational coherences in the frequency domain.'> ' The temporal resolution is a
result of the vibrational coherence being initiated only within the temporal envelope of the
broadband (fs) probe pulse, whereas the spectral resolution depends on the bandwidth of
the narrowband (ps) pump pulse.’'” An essential requirement of this mixed time-frequency
domain measurement is the generation of narrowband pump pulses from an ultrafast laser
source. The ability to tune the Raman excitation wavelength is also necessary in order to
allow resonance enhancement of specific analytes, including transient species that would
otherwise give Raman signals that are too weak to observe.'®?'

Narrowband pump pulses are often generated using nonlinear optical techniques
designed to give spectrally narrow output, or by direct spectral filtering of femtosecond laser
pulses. Nonlinear techniques generally are more efficient and allow greater tunability. For
example, narrowband optical parametric amplifiers (OPAs) produce Gaussian-shaped ps
pulses directly,?>?* whereas spectral compression via second harmonic generation (SC-
SHG) using a long (few cm) pathlength SHG crystal provides an efficient way to convert the
output from a traditional fs OPA into spectrally narrow ps pulses.?*?¢ The SC-SHG approach

generates pulses with a distorted temporal profile and typically requires additional spectral



filtering using a four focal plane (4f) filter.?® Importantly, both of these nonlinear approaches
ultimately produce ps pulses with symmetric temporal profiles that provide good frequency
resolution, but also result in background contributions due to unwanted interactions
between the leading edge of the pulse and the sample.? Such interactions deplete the
population of target molecules and induce undesirable transient signals, including
contributions from excited-state absorption (ESA), ground-state bleach (GSB), and
stimulated emission (SE), all of which complicate the processing and interpretation of the
stimulated Raman spectrum. Background sighals are especially difficult to disentangle in
the case of excited-state FSRS measurements, and represent one of the primary limitations
of the technique.30-32

An alternative method of generating narrowband ps pump pulses with more favorable
asymmetric temporal profiles uses a Fabry-Pérot etalon filter.®* 3* Etalon filters rely on the
interference between two highly reflective surfaces to transmit light only at wavelengths that
match integer multiples of the pathlength between them.3 Constructive interference at
resonant wavelengths is responsible for “trapping” light within the mirror cavity, with the
leakage of light in the forward direction resulting in transmission at discrete wavelengths.
The reflectivity of the two mirrors and the distance between them determine the bandwidth
of the transmission lines and the spacing between those lines, respectively. In the time
domain, pulsed irradiation results in the transmission of light with an asymmetric temporal
profile that represents the exponential decay of intensity as light escapes the etalon cavity.
In other words, incident pulses with a relatively short duration are converted into asymmetric

pulses with a profile that matches the rising edge of the incoming pulse, but has an



exponentially decaying tail from the ring-down of the cavity. If the pulse duration is short
compared with the round-trip time of the etalon cavity, which occurs when the bandwidth of
the incident pulse is larger than the spacing between the transmission lines, the temporal
profile of the outgoing pulse will also be modulated at the difference frequency of the bands.
Such oscillations can be eliminated through additional filtering to remove the side-bands in
the frequency domain, or by using an etalon with a larger spacing between transmission
lines.

In the context of SRS or FSRS measurements, the asymmetric pulse shape from an
etalon filter helps to mitigate electronically resonant background signals by significantly
reducing the number of pump photons that arrive before the broadband probe pulse initiates
the vibrational coherence. Etalon filters have been used successfully in FSRS,3% %37 2D-
FSRS,%*-° high resolution Raman imaging,*"- %2 and surface enhanced Raman spectroscopy
(SERS) measurements.®®* However, the typical implementation uses etalon filters with
relatively high finesse (=100) in order to provide high spectral resolution and to avoid
transmission in the side-bands. The finesse is defined as the ratio of the free spectral range
(FSR; the spacing between transmission lines) and the bandwidth of the individual
transmission lines.*® The trade-off in using a high finesse etalon filter with a typical
bandwidth of a few cm™ is very low transmission efficiency for femtosecond laser pulses
having a few hundred cm™ of bandwidth, because most of the pulse energy is rejected by the
filter. Thus, low throughput has traditionally limited this approach to the laser fundamental
and harmonic frequencies, where low efficiency can be compensated by high incident

power.



In this contribution, we demonstrate that a low-finesse etalon filter provides a
valuable middle ground between the tunability of nonlinear optical techniques and the
favorable temporal profile from direct spectral filtering with an etalon in order to generate
optimally shaped ps laser pulses for broadband stimulated Raman measurements. The
benefits of the asymmetric pulse profile are most pronounced for resonance Raman
scattering, where background effects due to optical excitation can be significantly reduced
compared with symmetric pulses. First, we demonstrate the broad wavelength tunability of
the low finesse etalon filter over ~200 nm in the visible region (460-650 nm) and show how
different conditions for second harmonic generation (SHG) preceding the etalon affect the
resulting output pulse shape. A key point is that too much spectral narrowing in the SHG
stage will eliminate the benefits of the etalon filter. Next, we examine the relationship
between the rising edge of the asymmetric pump pulse and the magnitude of electronically
resonant background signals in the resonance-enhanced SRS spectrum of the fluorescent
dye rhodamine 6G (Rh6G). Finally, we highlight the superior performance of optimally
shaped ps pulses for tunable resonance-enhanced SRS measurements by varying the

excitation wavelength across the lowest-energy absorption band of Rh6G.

Il. Experimental

We obtain Raman pump and probe pulses from the output of an amplified Ti:sapphire
laser (Coherent, Legend Elite HP, 1kHz, 35 fs). We generate tunable pump pulses by directing
a portion of the laser fundamental into an optical parametric amplifier (OPA), followed by

one or two stages of second harmonic generation (SHG) using type-I BBO crystals. The final



stage of SHG uses a long pathlength crystal to limit the phase-matching bandwidth and
produce spectrally narrow pump pulses, as described previously.?® The length of the SHG
crystal determines the initial bandwidth of the pump pulse (prior to spectral filtering),
therefore we use crystals with path lengths of 2 mm (23.4°), 7 mm (22.8°), or 25 mm (21.1°),
as indicated for each measurement. Figure S1 compares the representative spectral profiles
for SHG at 555 nm using each of these three crystals.

The output from the BBO crystal passes through a custom air-spaced etalon filter
(Light Machinery) with 25 ym separation and 85-90% reflectivity in the range 400-750 nm.
Based on the transmission spectrum, the etalon filter has a FSR of 172 cm™ and 15 cm™
bandwidth, giving a finesse of ~11.5. The etalon is mounted on a manual rotation stage for
fine-tuning the transmission frequency to match the output of the SHG crystal. After the
etalon, the beam passes through a 4f spatial filter consisting of a dispersive grating (500 nm
blaze wavelength, 1800 grooves/mm), a cylindrical lens (f= 200 mm), and an adjustable slit
for limiting the bandwidth of the transmitted pulse. A planar mirror immediately behind the
slit directs the beam back through the cylindrical lens and grating with a slight vertical offset
in order to re-collimate the beam before it is attenuated and focused into a 2 mm cuvette
containing the sample with a typical energy of 0.25-1.0 pJ/pulse. The overall efficiency
depends on many factors (see below), but we typically attenuate the output of the OPA to
achieve the desired pulse energy at the sample while also limiting the incident power at the
etalon. In most cases, we use the 4ffilter with a relatively wide slit width of 150 ym to remove
satellite bands following transmission through the etalon (see Figure S2), however we also

examine the slit width dependence over the range 30-150 ym. For comparison, we remove



the etalon for some measurements and use only the 4f spatial filter with a slit spacing of 30
um to generate temporally symmetric Gaussian pump pulses with ~15 cm™ bandwidth.
Changing the experimental conditions by tuning the Raman excitation wavelength,
using a different BBO crystal length, or adding/removing the etalon filter is relatively straight-
forward. We tune the pump wavelength by changing the angle of the SHG crystal to match
the output of the OPA. Changing the SHG crystal or adding/removing the etalon requires only
minor realignment of the beam and a moderate change in pump-probe time delay of up to
~40 ps to compensate for the different arrival time at the sample. We maximize the overall
throughput of the etalon filter by tuning the incident angle to match the peak intensity from
SHG. The angle of the etalon and the placement of the slit in the 4f filter are optimized by
observing the spectral profile of scattered Raman pump light in real time on the detector.
We obtain broadband (fs) probe pulses by focusing a second portion of the laser
fundamental into a circularly translating CaF, disk for white-light continuum generation. A
pair of parabolic mirrors collimate and then focus the probe beam into the sample, where it
overlaps the pump beam with parallel (vertical) polarization. After the sample, the probe
beam passes into a 1/4 m imaging spectrograph (Newport, MS260i) where a grating (1800
line/mm) disperses the light onto a 2068-pixel linear CCD array (Hamamatsu, S11155-2048-
02). Using a 50 pm entry slit on the spectrograph provides an instrument-limited spectral
resolution of ~10 cm™. The probe light is measured on the CCD at the full 1 kHz repetition
rate and the Raman pump beam is blocked at 500 Hz for background subtraction. Each SRS
spectrum that we report is an average over 4.5 x 10° laser shots for a baseline noise level

<0.05 mOD, which is well below the limit required for the Raman spectra reported here.



Solvent Raman bands were used to calibrate the Raman frequency shift for each SRS
spectrum prior to baseline correction (see Figure S3).

We measure the temporal profile of the Raman pump pulses by recording the time-
dependent SRS signal of neat cyclohexane or methanol as a function of the delay between
pump and probe pulses, and then integrating over the center bandwidth for one of these
Raman bands (typically the 801 cm™ band of cyclohexane or the 1033 cm™ band of
methanol). This approach (see Figure S4) gives an accurate representation of the temporal
profile of the pump pulse.’ 3° Each time-dependent spectrum represents the average of 4
scans with 3000 shots per time point and a 0.1 ps step size. We record the spectral intensity
profile of the pump pulses by observing scattered light on the CCD array and averaging 8000

shots.

I1l. Results and Discussion
A. Picosecond Pulse Generation

We illustrate the broad wavelength tunability of the etalon filter by generating
asymmetric ps pump pulses for SRS measurements at three different wavelengths. Figure
1a shows the transmission spectrum of the etalon across the entire visible region. Each one
of the transmission lines, which have equal spacing of 172 cm™, is suitable for generating
Raman pump pulses after tuning the OPA and SHG output into resonance. Importantly, the
transmission efficiency of the etalon is limited by the 15 cm™ bandwidth of the transmission
line, and therefore requires prior spectral compression in order to allow sufficient

throughput at the desired Raman pump wavelength. The degree of spectral compression
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depends on the SHG crystal length (Figure S1), which is inversely proportional to the phase-
matching bandwidth.?® Figure 1 shows temporal profiles for the Raman pump pulses at
representative wavelengths of 460, 545, and 650 nm, as well as the resulting SRS spectra for

neat cyclohexane.
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Figure 1. Transmission spectrum of the etalon (a), temporal pulse profiles after passing the output
of a7 mm BBO crystal through the etalon at representative wavelengths (b), and the resulting SRS
spectra for neat cyclohexane (c).



The pump pulses at all three wavelengths in Figure 1 were generated using a 7 mm
BBO crystal for SHG prior to the etalon. In each case, the pulse profile has an asymmetric
shape with an exponential decay that is characteristic of the etalon filter. However, the
temporal profile for 460 nm pulses has a slower rising edge compared with the pulses at
longer wavelengths. In general, the rising edge of a transmitted pulse matches the temporal
profile of the incident field, whereas the exponential decay on the falling edge reflects the
ringdown of the etalon cavity. More efficient spectral narrowing at shorter wavelengths
results in a longer pulse duration following SHG, and therefore a slower rising edge for the
460 nm pulses. In contrast, the 7 mm crystal provides less spectral compression at longer
wavelengths, due to reduced group velocity dispersion, giving the sharper rising edges at 545
and 650 nm. The SRS spectra that we measure for neat cyclohexane (panel c) are essentially
the same for all three Raman excitation wavelengths because the spectral resolution is
determined by the trailing edge in the temporal profile of the pump pulse.

Figure 2 highlights the importance of the SHG crystal length in determining the
temporal pulse profile, as well as the wavelength dependence of this process. The top panel
of the figure shows the pulse profiles immediately after SHG at 460 nm. Spectral
compression is related to the walk-off between incident and second harmonic fields in the
SHG crystal,?® and therefore depends on the length of the BBO crystal. This pathlength
dependence is evident from the different temporal profiles for 460 nm pulses generated
using the 7 and 25 mm BBO crystals. The longer (25 mm) crystal produces an extended tail
on the rising edge of the pulse profile, compared with a more abrupt onset for pulses

generated using the shorter 7 mm BBO. The broader phase-matching bandwidth fora 2 mm
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BBO crystal (not shown) produces a pulse width of only 250 fs and almost no tail on the rising
edge, but also provides significantly less spectral narrowing and therefore limits how much

light passes through the etalon.
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Figure 2. Temporal pulse profiles as a function of BBO crystal length and spectral filtering. The
pulse profiles are normalized by area in (a) and (b), and by maximum amplitude in (c).

The temporal profiles obtained directly from the SHG crystal are not favorable for
SRS, therefore we use the etalon filter to provide an asymmetric pulse shape that better

matches the decay of the vibrational coherence in a stimulated Raman measurement. The
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middle panel of Figure 2 shows the pulse profiles at 460 nm after passing through the etalon
filter. Notably, the exponential tail on the trailing edge is essentially the same in both cases,
because it reflects the transmission properties of the filter, even though the difference in the
rising edge is preserved. Normalizing the pulse profiles by area emphasizes the difference in
the relative intensity as a function of time for two pulses having the same total energy but
different rise times. The 25 mm BBO gives a much slower rising edge, whereas the 7 mm BBO
provides a better balance between spectral narrowing (for throughput) and a faster rising
edge for reduced background signals.

Spectral compression is less efficient for SHG at longer wavelengths, but the
pathlength of the crystal still affects the pulse profile. Figure 2c shows temporal profiles for
pulses that were generated at 575 nm using three different BBO crystal lengths and then
passed through the etalon. Although there is a smaller change in the rising edge as a function
of crystal length compared with 460 nm, we show below that even a small difference can
have a large impact on the background signal in resonance-enhanced SRS measurements.
For comparison, Figure 2c also includes the temporal profile that we obtain using the 4ffilter
with 30 um slit width. As shown previously, the 4f filter generates a symmetric pulse profile
and gives substantially better SRS spectra compared with unfiltered pulses by eliminating
broad bandwidth components that are generated at the front edge of the SHG crystal,?® but
this comes at the expense of background signals arising from resonant excitation.

The overall efficiency for generating tunable asymmetric Raman pump pulses with
the etalon filter depends on several competing factors and varies with wavelength. In

particular, the path length of the SHG crystal affects spectral compression, and therefore
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impacts the transmission efficiency of the etalon (see Table 1). This effect is exacerbated by
using the 4f filter to remove side-bands when the incident bandwidth is larger than the
spacing between the transmission lines of the etalon. For example, removing the side-bands
with a 150 pm slit width in the 4f filter results in an overall transmission efficiency of 28% for
575 nm pulses generated using the 25 mm BBO, 13% for the 7 mm BBO, and 6% for the 2 mm
BBO (after compensating for reflection losses from the grating). For comparison, the
combination of the etalon and 4f filter is only slightly less efficient than using a 30 um slit
width in the 4f filter (and no etalon) to provide similar spectral narrowing for any of the BBO
crystals. In other words, the efficiency is primarily limited by the degree of spectral filtering

in each case, but only the etalon gives the desired asymmetric temporal pulse profile.

Table 1: Transmission efficiencies at 575 nm for three different SHG crystal lengths’

2mmBBO | 7mm BBO | 25 mm BBO | Relative

Std. Dev.

Etalon transmission? 14.7 % 22.7% 30.3% 0.6%
Etalon + 4f Filter (150 um slit)® 56% 13.1% 27.8% 2.5%
4f Filter (30 pm slit)* 7.9% 17.7% 41.9% 2.0%

' Measured with SHG input attenuated to give ~0.3 pJ/pulse at the sample position.
2 Including side-bands.

3 After removing etalon side-bands and accounting for grating efficiency.

4 After accounting for grating efficiency.

The transmission efficiencies in Table 1 only account for losses due to the spectral
filtering process. The overall efficiency for converting fundamental laser light to tunable
picosecond pulses also depends on the optical parametric process (typically ~10-15%

conversion into signal or idler), the SHG process (up to ~30% efficient depending on focal
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conditions and crystal length), and transport to the sample (~30% efficiency, including two
reflections from the grating in the 4f filter). All of these factors depend on wavelength and
experimental conditions, and we typically attenuate the output of the OPA prior to SHG in
order to obtain an optimum pulse energy of 0.5-1.0 pJ at the sample for SRS measurements.

Generating pump pulses at wavelengths below ~570 nm requires an additional stage
of nonlinear conversion from idler to near IR prior to SHG with the long BBO crystal, which
further limits the overall efficiency at these wavelengths. However, even at 460 nm we obtain
at least ~0.25 ylJ/pulse at the sample, which is sufficient for SRS measurements and is
compensated by stronger Raman scattering at shorter wavelengths.*** The overall
conversion efficiency at 460 nm is ~0.02% compared with the 1.3 mJ of fundamental used
to pump the OPA, and increases by about an order of magnitude at longer wavelengths.
Considering that the combination of an OPA with SC-SHG and an etalon filter provides
tunable pulses, this compares favorably with the efficiency of 0.3% that was reported
previously for direct spectral filtering of the laser fundamental at 800 nm using an etalon with
finesse of ~100.3% The tunability of the direct filtering method is limited to angle tuning of the
etalon across the bandwidth of the incident pulse, roughly 400 cm™ for 35 fs pulses,®
compared with the full range of visible wavelengths that we span using the output from a
tunable fs OPA with SHG for partial spectral compression and an etalon to provide the
desired pulse shape. This full tunability is only possible because of the increased
transmission through the filter following partial spectral compression using SHG with a long

BBO crystal.

14



B. Stimulated Raman Scattering

One of the most important benefits of the asymmetric pulse shape is the reduction
of background signals originating from electronically resonant excitation. Figure 3 illustrates
this point by comparing resonance-enhanced SRS spectra using symmetric and asymmetric
pump pulses at 545 nm for Rh6G dissolved in methanol. Figure 3a shows the temporal
profiles that we obtain by integrating over the 1033 cm™ Raman band of neat methanol for
pump pulses generated using either the 25 mm BBO and the 4f filter or the 7 mm BBO with
the etalon filter. The temporal profiles are normalized to the area under the curve, which
illustrates the higher peakintensity of the etalon pump pulse forthe same total energy. Figure
3b shows the transient absorption (TA) signal for Rh6G under the same excitation conditions
and integrated over the full ~40 nm range of probe wavelengths. The rising edge of the TA
signal represents a convolution of the temporal profile of the pump pulse with the underlying
dynamics of the molecule before the arrival of the probe pulse. The TA measurement
highlights the different magnitudes of the background signal as a function of time delay for
the two pulse shapes. The TA signal reaches the same total amplitude after ~2 ps because
the total pulse energy is the same in each case, but the symmetric pulses excite a
significantly larger fraction of Rh6G at negative delay times.

We typically record SRS spectra by setting the broadband probe pulse at the
maximum of the ps pump pulse (a delay of t = 0 ps in the figure) in order to maximize the
Raman signal. At this delay time, the signalincludes contributions from both SRS and TA (see
Figure 3c), but the latter is ~50% smaller for asymmetric pump pulses. Importantly, the TA

signal contains overlapping contributions from GSB, ESA, and SE, all of which are time-
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dependent and therefore complicate the interpretation of the background signal in SRS
measurements due to the convolution of the fs dynamics of the molecule and the ps pulse
shape. Moreover, the relative amplitude of the TA signal depends on the pump wavelength
(see Figure S5), and becomes even larger for more resonant excitation wavelengths.
Comparing the signals in Figure 3 reveals that the background att =0 ps is smaller by
nearly a factor of two for asymmetric pulses, without diminishing the strength of the Raman
bands. In fact, after baseline correction the Raman bands are actually stronger in the case
of the etalon filter, as shown in Figure 3d, where the Raman signal is ~1.5 times larger for
asymmetric pump pulses. Alternatively, we can set the probe pulse to arrive 0.4 ps before
the maximum of the symmetric pulse in order to achieve the same background signal as the
asymmetric pulse (Figure 3e). Although the earlier time delay provides improved
performance for the symmetric pulse,? %54’ the resulting Raman signal is still weaker than
we observe using an asymmetric pulse with the same total energy (Figure 3f). The enhanced
SRS signal for asymmetric pump pulses is a result of the higher peak intensity compared
with symmetric pump pulses having the same total energy. The higher intensity of the
asymmetric pulses at t = 0 initiates a stronger Raman response in combination with the
broadband probe pulse. Having fewer pump photons arrive prior to the probe pulse also
reduces the depletion of ground-state population before initiating the Raman measurement.
Importantly, these observations suggest that the background signal can be reduced even
further by attenuating the asymmetric pump pulses to give the same total Raman signal

strength as the symmetric pulses.
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Figure 3. Comparison of symmetric and asymmetric pump pulses at 545 nm for resonance-
enhanced SRS of rhodamine 6G in methanol. Temporal pulse profiles (a), time-dependent
transient absorption signal (b), raw signal at specific time delays (c and e), and SRS spectra after
baseline correction (d and f). The asterisks indicate solvent bands.

Considering the significant reduction of background signals using the etalon filter, it
is usefulto examine the dependence of the rising edge more closely. To this end, we illustrate
the transition from asymmetric to symmetric pulse profile by varying the slit width in the 4f
filtter (Figure 4). All of the above measurements with the etalon used the 4f filter with a slit
width of 150 ym in order to eliminate satellite peaks from adjacent transmission lines in the
etalon filter without otherwise narrowing the bandwidth (see Figure S2). Here, however, we
examine the effect of incrementally closing the slit to further alter the pulse profile. Figure 4
shows the variation in temporal and spectral profiles, as well as the resulting SRS spectra,
for 555 nm pump pulses generated using the 7 mm BBO crystal and a combination of etalon
and 4f filters. In order to facilitate the comparison of background signals, we attenuate the
pump beam to give the same total pulse energy at the sample in each case. In the limit of a

30 pm slit width, the temporal profile is fully symmetric and matches the temporal and
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spectral profiles that we achieve with the same slit width in the absence of the etalon filter.
Intermediate slit widths of 60 and 100 um only have a small impact on the spectral and
temporal profiles compared with the 150 pm slit. However, even a small decrease of the
bandwidth in the frequency domain, and therefore a small change in the rising edge of the
temporal profile, has a significant impact on the relative intensity of the background signal

in the SRS measurement (Figure 4c) and decreases the Raman signal strength (Figure 4d).
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Figure 4. Temporal (a) and spectral (b) pulse profiles and the resulting spectra before (c) and after
(d) baseline correction as a function of slit width in the 4f spatial filter. The SRS spectra in (d) are
offset for clarity; asterisks indicate solvent bands.

Finally, we emphasize the finer tunability of the etalon filter by measuring resonance
Raman excitation profiles across the first absorption band of Rh6G. Figure 5a shows the

optical absorption spectrum of the dye in relation to the transmission of the etalon filter,
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which we use to generate asymmetric pump pulses at six different wavelengths ranging from
600 to 540 nm. The resulting temporal pulse profiles from the etalon are essentially identical
at all wavelengths over this 60 nm range (Figure S6). The raw SRS spectra (scaled to account
for small differences in pump power at each wavelength) are shown in the middle panel of
Figure 5. We reduce some of the spectra at shorter wavelengths by the amounts indicated in
the figure in order to show all of the measurements on the same scale. Although the raw
spectra for Rh6G still have relatively large background signals when using the etalon to
produce electronically resonant pump pulses, the background is less than half the intensity
that would be expected for pulses generated with the 4f filter. Moreover, the asymmetric
pulse profile reduces ground-state depletion and therefore gives stronger Raman signals.
After baseline correction we obtain the set of wavelength-dependent Raman spectra
in Figure 5c. The vibrational frequencies and relative intensities are in excellent agreement
with previously reported resonance Raman spectra for Rh6G in solution.*®*' The Raman
scattering signal for Rh6G increases substantially with excitation energy due to resonance
enhancement. This resonance enhancement can also be visualized in a Raman gain profile,
which tracks the intensity of each vibrational mode as a function of pump wavelength (Figure
S7). The suppression of background signals and the high quality of the wavelength-
dependent spectra for Rh6G highlight the benefits of using a low-finesse etalon filter to
generate optimally shaped tunable picosecond pump pulses for resonance-enhanced SRS

measurements.
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Figure 5. Raman excitation profiles for Rh6G in methanol. Etalon transmission and Rh6G
absorption spectra (a), raw signal at t = 0 ps (b), and baseline-corrected SRS spectra (c). The
arrows in (a) represent the Raman excitation wavelengths, asterisks in (b) and (c) indicate solvent
bands, which do not increase on resonance, and the SRS spectra in (c) are offset for clarity.

IV. Conclusions

This contribution demonstrates for the first time the benefits of using a low-finesse

etalon filterin combination with SC-SHG to generate tunable narrowband (picosecond) laser
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pulses for resonance-enhanced FSRS measurements across the visible region of the
spectrum. We showed that the etalon filter provides Raman excitation pulses with optimized
pulse profiles across a ~200 nm wavelength range (460-650 nm). Importantly, the length of
the SHG crystal preceding the etalon filter has a significant impact on the rising edge of the
pump pulse profile, an effect that becomes more pronounced at shorter wavelengths. A
judicious choice of crystal length allows optimization of the temporal pulse profile while still
maintaining sufficiently narrow bandwidth for efficient transmission through the etalon filter.
A 7 mm BBO crystal works well at the wavelengths we examined here, and the resulting
asymmetric pulse shape allows significant baseline reduction for resonance-enhanced SRS
measurements compared with symmetric pulse profiles obtained using a traditional 4f filter.

The superior performance of the asymmetric pulses generated using the low-finesse
etalon filter is readily apparent from the suppression of electronically resonant background
signal when the excitation pump is tuned into resonance with the first absorption band of
Rh6G. In general, the etalon filter provides more intense Raman scattering signals while also
minimizing background signals and reducing ground-state depletion of the target molecules,
all of which simplify the processing and analysis of ground- and excited-state Raman
spectra. The benefits of a tunable etalon filter open up the possibility of studying a wider
variety of target molecules by taking better advantage of resonance-enhancement effects,
especially when pursuing excited-state FSRS measurements with inherently weak signals

and time-dependent backgrounds.
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Supplementary Material
See the supplementary material for additional temporal and spectral intensity profiles, a

description of the baselining method, and Raman excitation profiles for Rhodamine 6G.
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