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Abstract

Two-photon absorption (2PA) spectroscopy provides valuable information about
the nonlinear properties of molecules. In contrast with single-wavelength methods,
broadband 2PA spectroscopy using a pump-probe approach gives the continuous 2PA
spectrum across a wide range of transition energies without tuning the excitation laser.
This contribution shows how stimulated Raman scattering from the solvent can be used
as a convenient and robust internal standard for obtaining accurate absolute 2PA cross
sections using the broadband approach. Stimulated Raman scattering has the same
pump-probe overlap dependence as 2PA, thus eliminating the need to measure the
intensity-dependent overlap of the pump and probe directly. Eliminating the overlap
represents an important improvement because intensity profiles are typically the largest
source of uncertainty in the measurement of absolute 2PA cross sections using any
method. Raman scattering cross sections are a fundamental property of the solvent
and therefore provide a universal standard that can be applied any time the 2PA and
Raman signals are present within the same probe wavelength range. We demonstrate
this approach using sample solutions of coumarin 153 in methanol, DMSO, and toluene,

as well as fluorescein in water.
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Introduction

The two-photon absorption (2PA) process plays an important role in applications ranging
from fluorescence imaging and photodynamic therapy to 3D data storage.' % A characteristic
property of 2PA is the requirement for high-intensity irradiation in order to achieve the
simultaneous absorption of two photons that are individually non-resonant with the target
molecule. In the case of two-photon microscopy, for example, this criterion eliminates out-
of-focus excitation of a fluorescent dye where the intensity is too low to induce two-photon
absorption, and therefore results in highly localized excitation that can exceed the diffraction
limit.”® Two-photon absorption has an added benefit of using longer-wavelength photons to
achieve the same total excitation energy compared with linear absorption, which typically
results in deeper penetration of the sample (i.e., for deep tissue imaging) and eliminates the
need for damaging UV irradiation. %19

The promise of harnessing 2PA for various applications has inspired intense effort to de-
velop novel chromophores with large 2PA cross-sections, oopa.'! However, developing new
two-photon chromophores is often limited by the difficulty of measuring accurate cross sec-
tions across a wide range of the spectrum using single-wavelength techniques. The most
common methods for measuring two-photon absorption cross-sections include z-scan and
two-photon excited fluorescence (2PEF). %13 Both of these approaches measure the degener-
ate 2PA cross-section, where two photons are absorbed from a single laser beam and therefore
share the same wavelength and polarization properties. For example, open-aperture z-scan
measurements involve the translation of a sample along the propagation axis (i.e., the z axis)
of a focused laser beam. Attenuation of the transmitted laser intensity varies as the sample
moves through the laser focus with the maximum attenuation occurring at the focal point,
where the highest intensity results in the strongest two-photon absorption.!4® The other
commonly used technique is two-photon excited fluorescence (2PEF), in which the fluores-
cence intensity of a target molecule is used as a measure of the relative two-photon absorption

strength.® The 2PEF approach does not directly measure two-photon absorption, but rather



relies on independent knowledge of the fluorescence quantum yield of the target molecule,
which is generally assumed to be the same for one- and two-photon excitation.

An important limitation of the monochromatic z-scan and 2PEF techniques is the need to
tune the laser in order to acquire the full 2PA spectrum. Tuning the wavelength often results
in variation of the spatial profile of the laser beam, which can lead to artifacts in the 2PA
spectrum. Determining the absolute cross section requires precise knowledge of the intensity
profile of the excitation laser passing through the sample, therefore any irregularity in the
temporal pulse profile or hot spots in the spatial beam profile can lead to systematic error in
the determination of oop4 due to the intensity-dependence of the 2PA signal. This intensity
dependence may explain the wide variability in reported values for o5p4 even though several
2PA reference standards are now available for calibration.'*!" 19 A z-scan technique using
spatially dispersed, high-intensity broadband continuum laser pulses was developed in order
to avoid tuning the laser wavelength by measuring the continuous 2PA spectrum directly.
However, the dispersed z-scan approach does not readily provide absolute cross sections and
has not been widely adopted.?0722

An alternative approach for measuring 2PA spectra without tuning the laser wavelength
uses pump-probe spectroscopy with individually non-resonant pump and probe light.?25
The broadband pump-probe method measures the non-degenerate 2PA spectrum as a func-
tion of the combined pump and probe photon energies based on the wavelength-dependent
attenuation of white-light probe pulses in the presence of more intense single-wavelength
pump pulses. Broadband 2PA (BB-2PA) spectroscopy uses a typical pump-probe configura-
tion, except that the pump wavelength is not individually resonant with an allowed transition
of the molecule. Thus, the 2PA signal is only observed when the pump and probe pulses
are temporally coincident on the sample, resulting in the simultaneous absorption of one
pump and one probe photon. The broadband probe measures the continuous 2PA spectrum

and eliminates the need for single-point measurements as in the z-scan and 2PEF methods.

Importantly, broadband 2PA spectroscopy measures the two-photon absorption strength di-



rectly, and therefore is independent of the fluorescence quantum yield, while also providing
the flexibility to independently tune the wavelength and relative polarization of the pump
and probe photons.

Determining accurate 2PA cross-sections using the broadband pump-probe approach re-
quires precise knowledge of the intensity-dependent overlap of the pump and probe pulses in
the sample.?® In this contribution, we show that stimulated Raman scattering (SRS) from
the solvent provides a convenient and robust internal standard for the accurate measurement
of absolute 2PA cross-sections. Importantly, the SRS and 2PA signals have the same pump-
probe overlap dependence and can be measured simultaneously when the Raman scattering
signal falls within the range of measured probe wavelengths. The SRS signal is a fundamen-
tal property of the solvent and therefore provides an internal standard that can be used to
compensate for any variation of the pump-probe overlap compared with the measured beam
profiles. In fact, the SRS signal completely eliminates the need to measure the pump-probe
overlap, providing a substantial improvement in accuracy of the measured 2PA cross sec-
tion. Furthermore, the absolute value of o9p4 can be easily corrected at any time if a more
accurate value of the solvent Raman cross section becomes available.

This contribution demonstrates the use of Raman cross sections as an internal standard
for broadband 2PA spectroscopy using coumarin 153 (C153) as an example. C153 is a
common laser dye that has been used as a reference standard in 2PA spectroscopy.'? We
report the 2PA spectrum of C153 in three different solvents for which the Raman scattering
cross sections were measured previously.2” We compare our broadband results with previously
reported cross sections and 2PA spectra that were obtained using 2PEF. This approach is
completely general and could be applied to any two-photon absorbing chromophore in a

solvent for which the Raman cross section is known.



Experimental Details

We measure broadband 2PA spectra using a pump-probe method, as described previously. 23:25:28:29

Briefly, we use nonlinear frequency conversion to obtain tunable pump and probe pulses from
the output of an amplified Ti:Sapphire laser (Coherent, Legend Elite) operating at 1 kHz.
One optical parametric amplifier (OPA) produces pump pulses at 1158 nm (1.07 eV) and
we focus the 1200 nm output from a second OPA into a circularly translating 1 mm CakFy
substrate to obtain broadband probe pulses via white-light continuum generation. A pair of
parabolic aluminum mirrors collimates and then focuses the broadband probe to a diameter
of approximately 100 ym at the sample, after which a transmission grating disperses the
probe light onto a 256-element photodiode array for broadband detection. The probe covers
a spectral range of 500-1000 nm (1.24-2.48 eV) and we use cut-off filters to prevent second-
order dispersion of shorter-wavelength light from reaching the detector. A synchronized
chopper wheel blocks alternating pump pulses for active background subtraction.

The pump and probe beams cross at a small angle of less than 10° in the sample, which
consists of a 13 mM solution of coumarin 153 (Sigma, 99%) in methanol, DMSO, or toluene
in a 1 cm quartz cuvette. We use a variable neutral density filter to attenuate the pump
energy (typically 1 uJ per pulse) and adjust the spot size at the sample in order to eliminate
transient absorption signal due to degenerate non-linear excitation by the pump pulse. The
time-dependent absorption signal is measured by scanning the delay (7) between the pump
and probe pulses to measure both the 2PA and SRS signals simultaneously. Scanning a small
range of time delays is necessary to record the 2PA and SRS signals over the full range of
pump-probe overlap and to account for group velocity dispersion of the broadband probe
pulse. We record 2000 laser shots per time delay and average 3 separate scans for each
spectrum. We measure stimulated Raman spectra of the neat solvents using exactly the
same conditions as the 2PA spectra. For comparison, we also measure SRS spectra using
narrower-bandwidth picosecond pump pulses and a higher-resolution spectrograph in order

to better resolve the individual Raman bands.?” The narrow bandwidth picosecond pump



pulses were generated using spectral compression via second harmonic generation (SC-SHG)

in a long B-barium borate (BBO) crystal followed by a 4f spatial filter.3°

Results and Analysis

Broadband 2PA Spectroscopy

The contour plot in Figure 1 shows the broadband pump-probe spectrum of C153 in methanol
as a function of time delay and probe wavelength. The absorption signal in the 2D image,
AA(T, Aprobe ), includes contributions from both absorptive and dispersive interactions be-
tween the pump and probe pulses. The signals are only present when the pump and probe
are temporally coincident because each pulse individually is non-resonant with the sample.
The temporal chirp of the broadband probe due to group velocity dispersion is evident from
the curved shape of the signal, which causes different wavelengths of probe light to overlap
with the pump pulse at slightly different delay times. The solid line in the image tracks the
point of maximum pump-probe overlap, for which a positive signal represents the simultane-
ous absorption of one pump and one probe photon. In addition to the 2PA signal, a localized
region of positive absorption due to stimulated Raman scattering (SRS) is evident near 870
nm and a pair of positive and negative bands due to cross-phase modulation (XPM) are
present near 1000 nm probe wavelength.

Integrating the absorption signal over the full range of time delays for which the pump
and probe interact at a given wavelength eliminates dispersive features caused by XPM while
retaining absorptive and emissive features, including 2PA and SRS.3!32 In the weak inter-
action limit, the positive and negative features from XPM are equally balanced, whereas
absorptive (or emissive) interactions result in the net loss (or gain) of a photon in the probe
beam and therefore contribute a positive (or negative) signal in the integrated spectrum.
We vary the integration range to ensure complete integration of the pump-probe interaction

at each wavelength, as illustrated by the dashed lines in the contour plot. The lower panel
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Figure 1: Top: Pump-probe absorption signal for C153 in methanol. Solid line is maximum
pump-probe overlap, dashed lines illustrate increasing limits of integration. Bottom: Inte-
grated signal for increasing integration range.

of Figure 1 shows the integrated signal, AA(Nprope) = [ AA(T, Aprove)dT, as a function of
increasing integration range. Notably, negative signals due to XPM are entirely eliminated
and the signal remains constant when the integration range exceeds the pump-probe inter-
action time, confirming that there is no transient absorption signal induced by the pump
pulse.

The integrated signal includes contributions from both 2PA and stimulated Raman scat-
tering. In order to distinguish the two contributions, we also measure the spectrum of the
pure solvent, for which there is no 2PA but SRS remains (see Figure 2). The magnitude of
the solvent Raman scattering signal is significantly larger than that of the solute because
of the three orders of magnitude larger number density of the solvent, therefore the Raman
signal in the 800-900 nm range of probe wavelengths is essentially the same for the pure

solvent and the solution of C153. Both SRS and 2PA signals vary linearly with pump and



probe intensity, confirming that there is no competition between the two processes and that

this is indeed the weak interaction limit.
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Figure 2: Integrated absorption signal for the solution of C153 in methanol and for pure
methanol. Contributions from solute 2PA and solvent SRS are indicated. Dark blue line is
the SRS signal for pure methanol at higher resolution.

The solute 2PA and solvent SRS signals are a result of different interactions between the
pump and probe fields in the sample, but both signals contribute within the same range of
probe wavelengths. The different probe wavelength dependence of each signal is illustrated
by the split axis at the top of Figure 2. One portion of the split axis shows the pump-probe
frequency difference, or Raman shift (in cm™!), for the SRS signal; the other portion shows
the total combined energy of the pump and probe photons (in eV) for the 2PA signal. The
resolution of SRS scattering signals is limited by the ~250 cm™! bandwidth of the <80 fs
pump pulses. For comparison, Figure 2 also shows the Raman spectrum that we obtain using
picosecond pump pulses with 10 cm~! bandwidth in order to resolve the individual C-H and
O-H bands of methanol. We showed previously that the frequency-integrated intensity of
an SRS band is independent of the spectral resolution.?7

Here, we observe SRS as a Raman loss signal, for which the probe is higher in frequency

than the 1158 nm pump light (i.e., on the anti-Stokes side).?* The Raman loss process is



analogous to Raman gain except that the role of pump and probe are reversed.3*3% The
schematic energy level diagram in Figure 3 illustrates this difference with the broadband
probe light acting as the Raman excitation field and the 1158 nm pump pulse acting as the
stimulated Raman field. The net result is a loss of intensity in the probe field (i.e., a positive
signal in the TA spectrum) and a concomitant gain of intensity in the pump field (which we
do not measure). Raman gain and Raman loss intensities are only different by the sign,363?

therefore the SRS signal strength is directly related to the spontaneous Raman scattering

cross section in each case, as described below.
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Figure 3: Schematic energy-level diagram for non-degenerate 2PA and SRS. Red arrow
represents the 1158 nm pump pulse, multi-colored arrow represents the broadband probe
pulse.

Subtracting the solvent-only signal effectively eliminates the SRS contribution from the
spectrum of the sample, leaving only the 2PA spectrum of the solute. Figure 4 demonstrates
this approach for solutions of C153 in methanol, DMSO, and toluene. The figure shows the
2PA spectra plotted as a function of the transition wavelength, which is equivalent to the
wavelength of light that would be required to access the same total energy using a single
photon. The top axis of the figure shows the total energy in eV, where the full range is
determined by the combined energy of the pump (1.08 eV) and probe photons (1.24-2.48
eV).
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Figure 4: Broadband 2PA spectrum of C153 in methanol, DMSO, and toluene. In each case,
the SRS spectrum of the pure solvent (blue line) is subtracted from the integrated signal of
the solution (red line) to obtain the solute 2PA spectrum (green line).

Absolute Cross Sections

The broadband 2PA spectrum that we obtain using the pump-probe method provides the
relative transition strength as a function of the total energy of pump and probe photons,
Etotal- The absolute 2PA cross-section at a given transition energy in units of GM (1 GM =
1075 cm*-s:molec.~*-photon~1) is proportional to the time-integrated transient absorption

signal at the corresponding probe wavelength,
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where Ny is Avogadro’s number, wyym, is the angular frequency of the pump light (rad/s),
E,ump is the energy of the pump pulses (J/pulse), csoute is the concentration of the solute
(mol/L), fy is the intensity-weighted spatial overlap (cm™!) of the pump and probe beams
passing through the sample, and the time-integrated two-photon absorption signal AAspa
has units of mOD-s. The overlap between the pump and probe beams is the most signifi-
cant source of uncertainty in the the calculation of the absolute 2PA cross-section from the
transient absorption signal. Although the overlap factor, fi,, can be estimated from the
relative beam diameters,*° the actual overlap is sensitive to irregularities in the spatial beam
profiles, as well as the crossing angle and focal conditions of the pump and probe beams
passing through the sample. To overcome this limitation, we use the SRS signal from the
solvent as an internal standard to calibrate the pump-probe overlap.

The SRS signal at Raman scattering frequency wgaman has the same overlap dependence
as the 2PA signal,
In 10 . Nwpump _ 1 1

-— - AA Aprobe 2
NA Epump Csolvent fV SRS( prob ) ( )

OSRS (wRaman> =

where Csopent 18 now the concentration of the solvent (mol/L) and AAggg is the integrated
absorption signal due to stimulated Raman scattering of the solvent at the corresponding
probe wavelength (mOD-s). The other parameters are exactly the same as in the 2PA
measurement, therefore we use the SRS signal and the (known) Raman scattering cross
section of the solvent to avoid using fy directly in the determination of oop 4.

The frequency-dependent SRS cross section, osrs(Wraman), has units of GM, just like the
2PA cross section.*! However, the SRS signal is also directly related to traditional sponta-
neous Raman cross sections, which have been more widely reported. The SRS cross section is

related to the differential cross section for spontaneous Raman scattering of linearly polarized
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light,

aO-Romfwm n2w§
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and

where we take the integral over the full Raman band to account for the limited spectral
resolution using femtosecond (or picosecond) laser pulses and to simplify the comparison
with previously published Raman cross sections.?” In the equation, € is the solid angle, c is
the speed of light, n is the index of refraction of the solvent, and ws is the lower-frequency
component in the SRS process (wWprope for Raman gain, wyym, for Raman loss). The term
involving w3 comes from the comparison with spontaneous scattering, which incorporates the
blackbody field at the lower frequency.??%3 There is no angular dependence in stimulated
Raman scattering because the SRS signal is phase-matched to the probe pulse.**
Combining the equations for 2PA and SRS cross sections and taking the integral over

the full Raman band of the solvent gives the the 2PA spectrum of the solute,

3.2
1671' C ( aO—Raman ) Csolvent A142PA ()\probe)
7’L2 aQ RL Csolute f A14$'RS (wprobe)wgumpdwprobe

(4)

0o2pPA (gtotal) -

relative to the band-integrated Raman signal of the pure solvent. The subscript RL indicates
that the cross section is for Raman loss scattering with 1158 nm pump light and we integrate
the SRS band over angular frequency (rather than wavelength) of the probe light in order to
match the convention for spontaneous Raman cross sections (i.e., equation 3). In the case of
methanol, we integrate over both the O-H and C—H Raman bands (roughly 2500-4000 cm™!)
due to the low resolution of the SRS spectrum when using femtosecond laser pulses. The
combined C-H/O-H cross section for methanol and the cross sections for the C—H bands of
DMSO and toluene are listed in Table 1 (see also Figure S1 in the SI). We recently reported
Raman cross sections for several solvents (including methanol, DMSO, and toluene) and also

confirmed that the time- and frequency-integrated values of ogrs are independent from the
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pulse duration as long as the absorption signal is integrated over the full bandwidth and the

full range of delay times for which the pump and probe are overlapped.?”

Table 1: Absolute Cross Sections for Solvent SRS and Solute 2PA

Sample < 90 Raman > ¢ <60-Raman ) ’ ¢ o ()\ )
Y T an max 2PA max
o0 488nm o0 RL
10~3%m?sr.~Tmolec.™' | 1073%cm?sr.~Tmolec.”' | nm GM
C153/methanol 10.5 0.72 424 58.6
C153/DMSO 23.7 1.62 427 72.8
C153/toluene 38.1 2.60 408 69.4
fluorescein /water? 4.4 0.47 390 69.5
fluorescein /water? 4.4 0.47 455 16.2

@ C-H/O-H for methanol, C-H for DMSO and toluene, O-H for water. From Ref. 27. * Equation 5. ¢
Transition wavelength at 2PA band maximum. ¢ Measured at 1030 nm, see SI.
The previously reported cross sections were obtained using stimulated Raman gain spec-
troscopy with an excitation wavelength of 488 nm. In order to account for the wavelength
dependence of the Raman cross section in the absence of resonance enhancement effects we

apply a frequency correction factor,

(aaRaman ) _ wi (Wé)B . (80Raman ) (5)
o0 r  wi(w2)? o0 488nm

where w; and ws are the higher and lower frequency fields in the 488 nm reference measure-

ment, respectively, and w] and w) are the higher and lower frequencies from the SRS signal
measured here. When measuring Raman loss spectra, the roles of the pump and probe field
are reversed compared with Raman gain scattering, therefore wj is the probe frequency and
wh is the pump frequency. The low frequency term is always cubed because it comes from
the comparison with spontaneous Raman scattering.4>%345 Although the probe frequency
spans a small range, we take wp.p as the center frequency of the observed Raman band.
Neglecting resonance enhancement effects is reasonable for solvents that have a large opti-
cal band gap, but we note that the actual SRS cross sections may be slightly smaller than

predicted by this simple frequency correction. 46
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Using the Raman signal as an internal standard gives the full broadband 2PA spectrum
of C153 on an absolute scale (i.e., in units of GM), as in Figure 5. The figure also shows
previously reported 2PA spectra and absolute cross sections from single-wavelength mea-
surements of the degenerate 2PA cross section of C153 in all three solvents. In the case of
DMSO and toluene, degenerate cross sections were reported across the full 2PA band by
tuning the laser wavelength.'? For comparison, the figure also shows the 1PA spectrum of
C153 in each solvent. Note that we use the transition wavelength in order to facilitate the
comparison between 1PA and 2PA spectra. Table 1 lists the values of o9p4 at the maximum
of the 2PA band in each solvent.

We demonstrate the versatility of this approach by also measuring the 2PA spectrum
of fluorescein in water (Figure S2). Fluorescein is another common 2PA standard and has
two distinct absorption bands in the visible region of the the spectrum. In the case of
the fluorescein measurement we use a 1030 nm excitation wavelength with slightly higher
frequency resolution in order to distinguish CH and OH bands in the SRS spectrum. Only
the OH bands of water contribute to the integrated absorption spectrum of the sample,
confirming that solute SRS bands are insignificant compared with the solvent due to the
much higher concentration of the latter. The fluorescein measurement also demonstrates that
the solvent SRS bands can be completely removed from the 2PA spectrum by subtracting
the solvent-only signal, even when the SRS bands fall directly on top of a 2PA band. We
report absolute 2PA cross sections for both of the absorption bands of fluorescein in Table

1.

Discussion

Comparison with Other Measurements

The broadband 2PA (BB-2PA) spectra that we measure for C153 in DMSO and toluene

closely match the spectral shapes of the degenerate 2PA spectra reported by De Reguar-
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Figure 5: Absolute 2PA spectrum of C153 in methanol, DMSO, and toluene. Red lines
are the solvent-calibrated broadband 2PA spectra from this work, markers show previously
reported values from single-wavelength measurements,'*4” green lines are the 1PA spectra.

datti et al.'? using the 2PEF method (see Figure 5). Reported values for 2PA cross sections
often vary by an order of magnitude or more between measurements,'® therefore our abso-
lute cross sections are in good agreement with the single-wavelength values, including the
single-point measurement in methanol by Melnikov et.al..4” In principle, our approach us-
ing stimulated Raman scattering of the solvent as an internal standard gives very accurate
values of gopa(Erorar) and is only limited by the quality of the Raman cross section used for
calibration. Raman cross sections are a fundamental property of the solvent, and therefore

have the potential to be known very precisely and will not vary from one measurement to
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another. Furthermore, the calibrated 2PA cross section of a solute can be easily updated
if more accurate Raman cross sections become available at a later date, an option that is
not possible for traditional 2PA methods where the determination of absolute cross sections
is entirely dependent on experimental parameters, including the spatial and temporal beam
profiles. While several dye molecules have been proposed as external standards for compar-
ison with newly measured 2PA spectra, a similar approach can also be used with BB-2PA
for reassurance.

One important point is that the broadband 2PA measurement provides non-degenerate
2PA cross sections, compared with the degenerate cross sections from single-wavelength mea-
surements.*® Although resonance-enhancement effects might lead to slightly different cross
sections for degenerate and non-degenerate excitation at the same total energy, we anticipate
only minor differences for the range of wavelengths that are used here. The similar spectral
shapes for the BB-2PA and 2PEF measurements in Figure 5 confirm that at least there are
not dramatic variations in the 2PA intensity as the pump and probe wavelengths increas-
ingly diverge across the spectrum. The role of resonance enhancement in non-degenerate
2PA cross sections is an interesting topic that deserves further exploration.?®4% In any case,
we note that the pump-probe approach measures 2PA directly, unlike 2PEF which depends
on knowing the (potentially wavelength-dependent) fluorescence quantum yield of the target
molecule. The non-degenerate measurement also allows us to tune the properties of the
pump and probe independently, including the relative polarization of the two photons.

The broadband 2PA technique accurately reproduces a solvatochromic shift of the ab-
sorption band that is apparent from the 1PA spectra for C153 (see Figure 6). The solvent
shifting of the 2PA band in C153 highlights the value of a broadband measurement com-
pared with single-wavelength methods. In the case of C153, the 1PA and 2PA bands closely
match, but other molecules often have shifted absorption bands due to different Franck-
Condon factors for one- and two-photon transitions, or even different spectra altogether due

to symmetry selection rules, either of which would preclude comparisons like we have made
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in Figures 5 and 6.4%°° In addition to the solvatochromic shift, the broadband method reveals
an asymmetric absorption band for C153 in toluene that mirrors the 1PA spectrum. While a
similar change in the band shape is evident from the 2PEF measurements, single-wavelength
approaches are very sensitive to variation of the intensity profile when tuning the excitation
laser across the absorption band, which can lead to systematic variation that is difficult to

diagnose when the 1PA and 2PA bands are not identical.
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Figure 6: The one- and two-photon absorption spectra for C153 in methanol, DMSO, and
toluene.

The broadband approach is not entirely immune from similar variation of the intensity
profile with excitation energy, because the measurement depends on uniform overlap between
pump and probe beams across the entire spectral range of the probe pulse. While there is a
possibility of different overlap across the spectrum of the broadband probe, we counter this
effect by using a relatively large pump beam at the sample (generally 2-3 times larger than
the probe) and also compare the 2PA signals for many independent measurements to ensure
that the spectrum is not distorted. The pump-probe overlap is easy to check by varying

the beam parameters between repeated measurements, or by comparison with a known 2PA
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standard or with the transient absorption signal from a traditional pump-probe measurement

using resonant excitation.

Generality of the Approach

The broadband 2PA measurement is easily applied to any two-photon absorbing chromophore
for which an absorption band is accessible within the range of available pump and probe pho-
tons. Using the SRS signal of the solvent for internal calibration of the absolute cross section
is similarly general, provided one or more Raman bands from the solvent are accessible in
the same range of probe wavelengths. While we have demonstrated the effect for Raman loss
scattering with 1158 nm pump pulses, we have also achieved similar results using Raman gain
scattering signals from higher energy (shorter wavelength) pump pulses. The equations pro-
vided above are intentionally generic so that they may be used for either stimulated Raman
gain or loss. Spontaneous Raman cross sections have been reported for many solvents,?!>*
or can be measured using the same pump-probe approach that we use for the broadband
2PA measurements (provided beam overlap conditions can be determined).?”

The broadband measurements presented here use pump and probe beams that overlap
in a 1 cm cuvette with a small crossing angle. We note that the relatively long path length
compared with typical ultrafast pump-probe measurements is advantageous, because the
crossing beams do not interact at the sample windows, thus reducing the magnitude of the
XPM signal.®! Interactions at the sample windows in shorter path length cells give larger
XPM signals that result in residual error in the integrated spectrum. On the other hand, the
reduced time resolution compared with shorter sample cells is not a concern here, because
the time-integrated signal is independent of walk-off and dispersion. We also point out that
the use of an internal standard for calibration of the absolute cross section is independent of
sample path length, and therefore also may be suitable for solid-state samples.

Finally, we note that although the measurements presented here were all done with

parallel relative polarization of the pump and probe in order to facilitate the comparison
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with cross sections from single-beam measurements, the pump-probe approach easily enables
polarization-dependent measurements.®® For example, stimulated Raman cross sections for
perpendicular polarization are easily obtained from the spontaneous cross sections having
the same polarization dependence or from the cross section at parallel polarization and
the depolarization ratio.?” In cases where both parallel and perpendicular polarization are
measured, the depolarization ratio of the solvent Raman band provides a simple measure of

the polarization purity for the 2PA spectrum.

Conclusions

Stimulated Raman scattering from the solvent provides a convenient and reliable internal
standard for determining accurate cross sections using the broadband pump-probe approach
to 2PA spectroscopy. Using the Raman signal as an internal standard eliminates the need
to measure the pump-probe overlap directly, thereby removing the primary source of un-
certainty in determining absolute 2PA cross sections. This approach is easily implemented
and provides broadband spectra in a fraction of the time necessary for single-wavelength
measurements such as z-scan or 2PEF.

The approach is very general because any Raman-active vibration can be used as an
internal standard, including the OH stretch of water, as we have shown in Figure S2 of the
SI. In fact, we previously published absolute Raman cross sections for 7 different solvents
(including water),?” which highlights the versatility of using solvent SRS bands as an internal
standard. Furthermore, our proof-of-principle measurements in this manuscript show that
the Raman bands can be adequately subtracted from the 2PA signal, so that the overlapping
signals are not a problem.

The absolute 2PA cross-sections that we obtain for C153 in methanol, DMSO, and toluene
are in good agreement with values previously reported in the literature. The broadband

2PA technique also resolves solvatochromic shifts of the C153 spectrum, as well as small
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changes in the shape of the absorption band due to solvent interactions. Using SRS cross
sections of the solvent as an internal standard therefore makes the broadband approach an
especially valuable tool for accurate determination of 2PA spectra that will help accelerate
the development of new two-photon chromophores by providing accurate cross sections using

routine broadband pump-probe methods that are already widely available.
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