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Abstract

Applications involving two-photon activation, including two-photon fluorescence imaging, photo-
dynamic therapy, and 3D data storage, require precise knowledge of the two-photon absorption
(2PA) spectra of target chromophores. Broadband pump-probe spectroscopy using femtosecond
laser pulses provides wavelength-dependent 2PA spectra with absolute cross sections, but the mea-
surements are sometimes complicated by cross-phase modulation effects and dispersion of the
broadband probe. Here, we introduce a single-shot approach that eliminates artifacts from cross-
phase modulation and enables more rapid measurements by avoiding the need to scan the time
delay between the pump and probe pulses. The approach uses counter-propagating beams to auto-
matically integrate over the full interaction between the two pulses as they cross. We demonstrate
this single-shot approach for a common 2PA reference, coumarin 153 (C153), in three different
solvents using the output from a Yb:KGW laser. This approach provides accurate 2PA cross sec-
tions that are more reliable and easier to obtain compared with scanning pump-probe methods

using co-propagating laser beams. The single-shot method for broadband two-photon absorption
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(BB-2PA) spectroscopy also has significant advantages compared with single-wavelength mea-

surements, such as z-scan and two-photon fluorescence.

Introduction

Two-photon absorption (2PA) enables spatially localized excitation of target chromophores in
applications ranging from two-photon imaging to photodynamic therapy. '™ Two-photon activa-
tion also allows longer-wavelength excitation compared with one-photon absorption, providing
deeper tissue penetration and reduced damage to the surrounding material.> The development
and implementation of novel chromophores for these applications requires simple methods for
measuring 2PA spectra with accurate cross sections across a wide range of wavelengths. Typical
methods for obtaining 2PA cross sections include z-scan®’ and two-photon excited fluorescence
(2PEF).%? However, both of these methods involve single-beam measurements that require tuning
the monochromatic light source to obtain the full 2PA spectrum of a molecule. Variation of the
spatial or temporal profile of the pump beam with wavelength can result in systematic variation
of the measured spectrum that can be difficult to diagnose. Additionally, the z-scan technique is
susceptible to contributions from other non-linear phenomena, whereas 2PEF is an indirect method
for measuring 2PA cross sections that depends on prior knowledge of the fluorescence quantum
yield and typically requires an external standard for calibration of the detection efficiency. !

In contrast with single-beam measurements, broadband 2PA (BB-2PA) spectroscopy using a
pump-probe approach provides continuous spectra across a wide range of wavelengths.!!~!> The
BB-2PA spectrum is obtained from the wavelength-dependent attenuation of the probe due to si-
multaneous absorption of individually non-resonant pump and probe photons when the pulses are
overlapped in the sample. We recently showed that stimulated Raman scattering (SRS) from the
solvent provides a robust internal standard to calibrate the measurement of 2PA cross sections us-
ing the broadband approach.'® The SRS signal depends on the same experimental parameters as

2PA, including the intensity-dependent temporal and spatial overlap of pump and probe pulses,



and therefore serves as a reliable reference point for determining absolute 2PA cross sections.

In this contribution, we introduce an important extension of the BB-2PA technique that enables
single-shot measurements for faster data acquisition and decreased sensitivity to dispersive arti-
facts. Specifically, we use counter-propagating pump and probe beams to automatically integrate
over the full temporal profile of the two pulses as they cross in the sample. Using this single-shot
approach, the full 2PA spectrum can be measured without scanning a translation stage to account
for dispersion of the probe light, which is one of the biggest limitations of broadband 2PA using
a traditional pump-probe configuration. The single-shot method also eliminates the need for man-
ual integration of the time-dependent signal in order to remove cross-phase modulation (XPM)
effects. '®~18 In order to demonstrate the benefits of this approach we report the 2PA spectrum of
coumarin 153 (C153) in solution. We use the results from more than 80 independent measurements
to demonstrate the accuracy and reproducibility of the 2PA spectra measured using this single-shot

approach.

Methods

We measure single-shot BB-2PA spectra using an amplified Yb:KGW laser (Light Conversion,
Carbide) operating at 1 kHz. The laser fundamental at 1030 nm was used as the pump beam,
with a synchronized chopper wheel blocking alternating pump pulses for shot-to-shot background
subtraction. A small portion of the laser output was used to obtain broadband probe pulses via
super-continuum generation in a YAG crystal.'>?° The two beams propagate in opposite direc-
tions through a 5 mm cuvette containing the sample solution, where they cross at a small angle
(< 5°). After the sample, the probe beam passes into a 1/8 m imaging spectrograph (Newport,
MS127i) with a 300 line/mm grating that disperses the light onto a 256 pixel photodiode array
(Hamamatsu, S3901-256Q). We obtain the 2PA spectrum from the differential absorption, AA(A,,)
= —log(Ton/TorF), where Toy and Topf are the intensity of the transmitted probe beam at wave-

length A,,, when measured with and without the pump pulse simultaneously incident on the sample.



The overlap length of the counter-propagating pulses (~300 pm) is determined by the duration of
the (chirped) probe pulse, and we set the relative time delay such that each pump and probe pair
overlap entirely within the sample (see Figure S1 of the SI). We typically average 250k shots per
spectrum without changing the time delay. The sample solutions consist of 15-20 mM coumarin
153 (MilliporeSigma, >99%) in methanol, DMSO, or toluene.

The 2PA cross section, 6>p4 (4 ), is proportional to the differential absorption signal, '3-?!
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where E ), is the energy of the pump pulses (in J), f is the intensity-weighted overlap of the pump
and probe beams (in cm~!-s™1), conc. is the molar sample concentration, and N4 is Avogadro’s
number. The units of 6ypa (A ) are Goppert-Mayer (1 GM = 10730 cm4-s-molec._1~phot0n_1) and
we report the cross section as a function of the transition wavelength, A, which is equivalent to
the wavelength of light that would achieve the same total excitation energy using a single photon
rather than the sum of pump and probe photons at wavelengths 4, and 4,,, respectively. We use
the SRS signal of the solvent as an internal standard to obtain the overlap factor, f, as described
previously. '©

In our earlier work using co-propagating pump and probe pulses we obtained a spatial overlap
factor, fy, in units of cm~! after manually integrating the differential absorption signal over the
pump-probe delay time. ' However, the temporal overlap (i.e., convolution) of the pump and probe
pulses is automatically encoded into the overlap factor when using counter-propagating pulses,
resulting in units of cm~!-s~!, and does not need to be considered as long as the pulse widths are
short compared with the path length over which they interact. For both cases, counter- and co-
propagating pulses, the overlap parameter is identical for 2PA and SRS, therefore we scale the 2PA
spectrum using known Raman scattering cross sections of the solvent in order to obtain absolute
2PA cross sections for the solute. The accuracy of the 2PA cross sections determined using this
method only depends on the accuracy of the solvent SRS cross section and the solute concentration,

because all other experimental parameters (including pump pulse energy and spatial overlap) are



essentially eliminated from the determination of Oyp4. 16 The SRS cross section is a fundamental
property of the solvent, and therefore can be known very precisely. Furthermore, this approach
allows solute 2PA cross sections to be easily updated if more accurate Raman cross sections are
determined at a later time. In this contribution, we use differential Raman cross sections of 0.86,
2.45, and 3.27 x1073° cm?-molec.'sr~! for the CH stretching bands of methanol, DMSO, and

toluene, respectively, based on new measurements with an estimated uncertainty of 15%.

Results and Discussion

Figure 1 shows the BB-2PA spectrum that we obtain for C153 in methanol using counter-propagating
pump and probe pulses. The broadband probe covers a wavelength range of 550-850 nm. By pass-
ing through the sample in opposite directions, the pump pulse interacts with the full range of
wavelengths in the probe pulse on every laser shot, automatically providing the time-integrated
absorption signal. Importantly, this time-integrated signal is independent of group-velocity disper-
sion and also eliminates XPM effects caused by the time-dependent interaction of the pump and
probe pulses. !¢-!8 The raw signal in Figure 1A (red line) includes contributions from both 2PA
of the solute and SRS of the solvent. We remove the Raman contribution by subtracting the SRS
signal of the neat solvent measured under identical conditions (blue line) in order to obtain the
pure 2PA spectrum of C153 (yellow line). Figure 1B shows the solvent-subtracted 2PA spectrum
on an absolute scale in units of GM that we determine from the magnitude of the SRS contribution.
The combined energy of the 1030 nm pump and broadband probe pulses covers a 2PA transition
wavelength range of 353-475 nm.

For comparison with the single-shot approach, Figure S6 of the SI shows how we obtain the
2PA spectrum using co-propagating pump and probe pulses. In the case of co-propagating beams,
the pump and probe pulses do not automatically integrate over the full interaction time, therefore
we manually scan the pump-probe delay over a range of 2.5 ps (in 10 fs steps, typically 12k shots

per time delay) and then integrate the signal at each probe wavelength in order to account for
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Figure 1: Single-shot BB-2PA spectrum of C153 in MeOH. (A) Differential absorption spectrum for a 25
mM sample of C153 (red) compared with the neat solvent (blue), and the solvent-subtracted signal that
represents only 2PA from C153 (yellow). (B) Calibrated 2PA spectrum on an absolute scale. The green
lines are the 1PA spectrum of C153 for comparison.

group-velocity dispersion of the white-light probe pulses. !® Manual integration of the pump-probe
delay over the full range of the interaction is an extra step compared with the single-shot approach
using counter-propagating beams. The manual integration also introduces additional noise from
shot-to-shot fluctuations and sometimes results in incomplete cancelation of the XPM signal. In
the case of counter-propagating beams, each pair of laser pulses samples the full pump-probe
interaction, which eliminates the need for manual integration and reduces the time spent averaging
the signal at delays for which the pump and probe are not fully overlapped in time at any given
probe wavelength. Thus, the counter-propagating (single-shot) approach reduces the total data
acquisition time by more than 90% compared with the co-propagating approach, 250k vs 3M total
laser shots, while achieving a similar signal-to-noise level.

In order to demonstrate the reproducibility of the single-shot BB-2PA approach, we measured

84 independent scans of C153 in methanol (see Figure 2A). The independent scans were obtained



on different days or after realignment of the laser, often following significant reconfiguration of
the pump-probe arrangement. The average cross section at the absorption maximum is 26.5 + 0.4
GM, where the uncertainty is the standard deviation of the mean. Figure 2B shows 17 independent
measurements using the co-propagating pump-probe technique, for which the average cross section
is 28.9 + 2.6 GM. Although the cross sections obtained using the two approaches agree within
error, the single-shot measurement has smaller variation between scans compared with the co-
propagating measurements (standard deviation of 3.5 versus 10.8 GM). The larger variation in the
latter case is largely due to residual baselines caused by XPM effects and other errors associated
with manual integration.?>?3 In favorable cases, contributions from XPM are completely removed
by integrating the transient signal over the time-delay between the pump and probe pulses, !-18 but
the XPM signal can be up to an order of magnitude larger than the 2PA signal, therefore small shot-
to-shot fluctuations result in incomplete cancellation of this time-dependent signal during manual
integration. In contrast, counter-propagating pump and probe pulses self integrate as they cross
each other in the sample, thereby effectively removing XPM on a shot-by-shot basis.

The dark red and purple lines in Figure 2 show the 2PA spectra that we obtain by averaging 83
of the independent counter-propagating scans (we exclude one obvious outlier) and all 17 of the
co-propagating scans, respectively. Averaging all 83 scans from the measurements with counter-
propagating beams reveals that the 2PA spectrum has a small, but distinct blue shift compared with
the 1PA spectrum of C153 in methanol. This shift may originate from slightly different Franck-
Condon factors for one- and two-photon excitation.**?> However, some of the apparent shift may
also reflect an increase of the non-degenerate 2PA cross section at shorter wavelengths due to pre-
resonance enhancement effects becoming more significant as the probe wavelength approaches the

lowest-energy absorption band. Elayan and Brown?¢

recently described pre-resonance enhance-
ment effects in non-degenerate 2PA spectra and showed that the cross section can increase by as
much as a factor of 2 across the spectrum, which could result in an apparent shift of the absorption

band in the non-degenerate 2PA spectrum. Although we are uncertain of the exact reason for the

slightly blue-shifted 2PA band in C153, a slight narrowing relative to the 1PA spectrum suggests
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Figure 2: BB-2PA spectroscopy of C153 in methanol using (A) counter- and (B) co-propagating laser pulses.
Lighter colored lines are independent scans, dark lines are the averages (see text), and green lines are the
1PA spectrum for comparison.

that Frank-Condon effects may be at least partially responsible, as differences in the vibronic over-
lap are expected to play a more significant role on the lower-energy side of the absorption band.?*
We rule out solvent heating effects, because the blue shift that we observe is inconsistent with
hot-band absorption, which typically shifts the spectrum to longer wavelengths, and also because
we do not observe any intensity dependence of the 2PA spectrum (see Figure S2 in the SI).

We also measured the 2PA spectrum of C153 in DMSO and toluene (Figure 3), for which
de Reguardati et al.® reported 2PA cross sections across a wide range of wavelengths using the
degenerate 2PEF method. The resulting 2PA spectra from those authors closely match the shapes of
the spectra from our non-degenerate BB-2PA measurements, including a significant narrowing and
shifting of the absorption band in toluene compared with the polar solvents. This solvatochromic
shift of the 2PA band highlights the importance of measuring the full 2PA spectrum, rather than a
single point, as is often the case in z-scan and 2PEF measurements. The figure also shows the 1PA

spectra for comparison (green lines), but we note that the 2PA spectrum does not always follow



the 1PA spectrum, therefore solvatochromic shifts cannot always be anticipated based on a simple

comparison of the two.
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Figure 3: 2PA spectrum of C153 in (A) DMSO and (B) toluene. Pink lines are single-shot BB-2PA spectra,
blue markers are from 2PEF measurements in Ref. 8, and green lines are the 1PA spectra for comparison.

While the spectral shapes of our BB-2PA measurements are in good agreement with the 2PEF
measurements, there is a discrepancy in the absolute cross sections considering that the single-
beam measurements should give cross sections that are one-half the value measured using two-
beam methods.2”-?8 The BB-2PA spectra in Figure 3 represent single scans, rather than an average
over many independent measurements. Therefore the uncertainty in the absolute 2PA cross sec-
tions for these spectra is determined by the standard deviation (rather than the standard deviation
of the mean) from our statistical analysis of the results in Figure 2, which is about 15% of the total
signal. While this uncertainty could explain some of the difference between our absolute 2PA cross
sections and those reported by de Reguardati, et al.,3 some of the remaining difference may be a
result of systematic error in the SRS cross sections. The Raman cross sections that we use here

come from new, frequency-dependent measurements that we estimate to be accurate within 15%



at 1030 nm, giving an overall uncertainty of ~21% in our absolute o,p4 values.

We note that our earlier BB-2PA measurements using co-propagating beams and an excitation
wavelength of 1158 nm used SRS cross sections that were extrapolated from 488 nm and did
not account for pre-resonance enhancement effects in the solvent Raman spectrum. !¢ In other
words, our earlier measurements overestimated the 2PA cross sections by about a factor of 2.2.
This highlights the benefits of obtaining 2PA cross sections using the solvent Raman bands as an
internal standard, because the absolute value of the 2PA spectrum can be updated as new Raman
cross sections become available. In any case, the uncertainty across the spectrum of any single
scan using the BB-2PA approach is much lower than the uncertainty in the value of the absolute
cross section. Considering that each BB-2PA spectrum takes only ~4 min to record using the
single-shot approach, compared with up to an hour per scan for co-propagating pulses and up to 4
hours per point for the 2PEF method,® the counter-propagating approach represents a considerable

improvement in 2PA measurement capabilities.
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Figure 4: Single-shot 2PA spectra for various concentrations of C153 in methanol. Red lines are the differ-
ential absorption of each sample, yellows lines are the solvent-subtracted spectra.

In order to demonstrate the sensitivity of the single-shot approach, we measured the 2PA spec-
trum of C153 in methanol as a function of concentration. Figure 4 shows the raw differential
absorption spectra and the solvent-subtracted signals at concentrations ranging from 4.5 to 25.2
mM. As expected, the 2PA signal increases linearly with the concentration of C153 (see Figure S3

in the SI), whereas the methanol SRS signal remains constant. Even with the signal-to-noise that

10



we obtain from a single scan (~4 min of averaging), we are able to distinguish the spectrum of
C153 down to a few mM concentration. With additional averaging, the detection limit could be
lowered even further. For one hour of averaging, we estimate a limit of <0.5 GM at a concentration
of 25 mM, or a concentration limit of ~25 uM for a chromophore with o2p4 = 500 GM. This
result shows that the single-shot approach is sensitive enough to obtain BB-2PA spectra within a

reasonable amount of time even for relatively weak two-photon chromophores.
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Figure 5: Polarization dependence of the 2PA spectrum of C153 in methanol. The ratio for parallel and
perpendicular polarization reflects the symmetry of the underlying transition.

Finally, one of the key benefits of BB-2PA spectroscopy is the ability to independently control
the properties of the two photons being absorbed, including their relative polarization. Measur-
ing 2PA spectra with different polarization components provides valuable information about the
symmetry of the excited state and can help distinguish competing contributions from overlapping
transitions.?*=3! To illustrate this capability using the single-shot approach, Figure 5 compares the
2PA spectrum for C153 in methanol using parallel and perpendicular relative polarization of the
pump and probe light. The ratio of the 2PA signals has a constant value of 3.0 across most of
the 2PA band, deviating only where the solvent SRS bands overlap the 2PA spectrum (> 430 nm).
The constant polarization ratio suggests that a single transition to a totally symmetric excited state
is responsible for the absorption band,? consistent with TD-DFT calculations showing that C153
has only one excited state in this energy range (Figure S7 in the SI). The ease with which we obtain

the polarization ratio across the entire 2PA spectrum further highlights the value of the single-shot
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BB-2PA approach.

Conclusion

The broadband pump-probe method using counter-propagating pulses provides accurate 2PA cross
sections in a fraction of the time of the scanning pump-probe method using co-propagating pulses.
This single-shot approach is more efficient, requires less data processing, and significantly re-
duces the impact of nonlinear artifacts. The BB-2PA approach also has significant advantages over
single-wavelength measurements, including z-scan and 2PEF, because it avoids the need to scan the
excitation wavelength across the full 2PA spectrum and enables more accurate measurements using
solvent SRS bands as an internal standard. The 2PA cross sections obtained using the single-shot
technique are in good agreement with literature and reveal subtle spectroscopic features including
a weak blue-shift of the C153 2PA spectrum compared with the 1PA spectrum. Such features can
be difficult to observe with techniques like z-scan and 2PEF where the 2PA spectrum is obtained
by tuning a single wavelength laser. This simplified single-shot approach should make accurate
2PA measurements more accessible and therefore will be beneficial in the development of new

chromophores for applications such as two-photon imaging or catalysis.33-*
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