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A fast and automated approach to measuring two-photon fluorescence excitation (TPE) spectra of fluor-
ophores with high resolution (∼2nm ) by pulse shaping ultrabroad-bandwidth femtosecond laser pulses
is demonstrated. Selective excitation in the range of 675–990nm was achieved by imposing a series of
specially designed phase and amplitudemasks on the excitation pulses using a pulse shaper. Themethod
eliminates the need for laser tuning and is, thus, suitable for non-laser-expert use. The TPE spectrum of
Fluorescein was compared with independent measurements and the spectra of the pH-sensitive dye
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) in acidic and basic environments were measured for
the first time using this approach. © 2010 Optical Society of America
OCIS codes: 300.6410, 190.7110, 320.5540, 170.2520.

1. Introduction

Simultaneous two-photon absorption (TPA) by an
atom or molecule was first predicted by Goeppert-
Mayer in 1931 [1], although the first experimental de-
monstration of this phenomenon had to wait 30 years
until the development of lasers [2]. Two-photon spec-
troscopy has been of interest for studying the electro-
nic structure of molecular excited states [3] because
one- and two-photon transitions to a given excited
state may have different probabilities depending on
molecular symmetry. Two-photon-induced fluores-
cence has proved very valuable in the biological
imaging field. In 1990, Denk et al. developed two-
photon laser scanning fluorescence microscopy
(TPM) [4], a technique that takes advantage of the
high photon density required to overcome the low
probability for the simultaneous absorption of two
photons.Because fluorescence emission viamultipho-

ton excitation occurs only at the beam focus, intrinsic
three-dimensional resolution is obtained, out-of-focus
background fluorescence is eliminated, and photo-
bleaching is reduced, among other advantages of this
microscopy technique over wide-field and one-photon
confocal laser scanning fluorescencemicroscopy [5,6].
Nonlinear optical methods have become widely used
tools for medical and biological research and, as a
result, commercial two-photonmicroscopeshavebeen
available for a number of years. The two-photon
spectra of fluorophores are required to determine
which are suitable for this technique and for quanti-
tative TPM studies, and TPA is also becoming
relevant for photodynamic therapy [7–9]. The devel-
opment of new compoundswith tailored nonlinear op-
tical properties and well-characterized two-photon
spectra is of utmost importance for the development
of these applications. Consequently, the measure-
ment of two-photon cross sections has become criti-
cally important. For instance, a high two-photon
cross section indicates that the compound absorbs a
relatively high fraction of the light focused on the
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sample, minimizing possible photodamage to the
surroundings.

The techniques commonly used to measure two-
photon cross sections of materials can be divided into
two groups. One group is based on nonlinear trans-
mission measurements [10–12]. These techniques
directly yield the TPA cross section σTPA and can
be applied to nonfluorescent materials, but their im-
plementation is often difficult given that only a very
small fraction of photons from the excitation beam is
absorbed as it passes through the sample. The second
group relies on two-photon-induced fluorescence
measurements and provides better sensitivity [13–
18]. In most cases, these techniques yield the two-
photon fluorescence excitation (TPE) cross section
σTPE, which is directly proportional to the TPA cross
section σTPA, with the constant of proportionality
being the fluorescence quantum efficiency η (i.e.,
σTPE ¼ η σTPA). Although Fourier-transform methods
in which the fluorescence sample is placed at the out-
put of a Michelson interferometer have also been re-
ported [19,20], the measurement of TPE spectra has
been typically performed by selectively exciting the
sample with a narrow-bandwidth laser source, re-
cording the resulting two-photon-induced fluores-
cence, tuning the laser wavelength, and repeating
the process for all the desired wavelengths. Through
this approach, a valuable database of TPE spectra of
several commercial organic dyes widely used in TPM
was reported in the late 1990s, using a tunable fem-
tosecond laser for selective excitation from 690 to
∼1000nm [13,21]. More recently, an extended collec-
tion of spectra have beenmeasured in a broader spec-
tral range by using an optical parametric amplifier
[18]. Determination of TPE spectra can be signifi-
cantly simplified by using a standard calibration
sample with well-known TPE cross sections. In this
case, several measurements of experimental param-
eters required for absolute cross-section measure-
ments are avoided [21–23].

Broad-bandwidth femtosecond laser sources, in-
cluding commercial laser oscillators and superconti-
nua generated in photonic crystal fibers [24], have
become more widely available during the past years.
TPE spectral measurements can be conveniently ob-
tained using these broad-bandwidth laser sources.
Here, we implement a fast and automated approach
to measuring the TPE spectra of fluorophores with
high resolution using shaped ultrabroad-bandwidth
femtosecond laser pulses. This approach eliminates
the need for wavelength tuning and is, thus, suitable
for non-laser-expert use, especially now that Fourier-
transform pulse shapers are commercially available.

2. Experimental

A. Optical Setup

An ultrabroad-bandwidth femtosecond Ti:Al2O3
laser oscillator producing ∼1:5nJ pulses at 75MHz
(Venteon Pulse 1, Nanolayers GmbH) was used for
the measurements. The spectrum of this laser sys-

tem spans 620–1050nm and covers the most rele-
vant two-photon excitation wavelength region of
organic dyes. The Fourier-transform pulse shaper
used for this work was a folded all-reflective grat-
ing-based system consisting of a 150 lines=mm grat-
ing, a 762mm focal length spherical mirror, and a
640 pixel dual-mask spatial light modulator (SLM-
640, CRi Inc.). Transform-limited 4:3 fs pulses ob-
tained with this pulse-shaper-enabled femtosecond
laser system have been used to generate an ultrab-
road-bandwidth second-harmonic generation (SHG)
spectrum spanning almost 200nm in the UV. A more
detailed description of this system and its capabil-
ities has been published elsewhere [25,26].

The second-order nonlinear spectrum Sð2ÞðωÞ of the
shaped pulses [27] was characterized by measuring
the corresponding SHG. For this purpose, the beam
from the pulse shaper was focused onto a 20 μmKDP
crystal using a 200mm focal length spherical mir-
ror. The generated SHG beam was then separated
from the fundamental beam before directing it to a
spectrometer (QE65000, Ocean Optics Inc.) [25].
The spectrometer was calibrated using a tungsten–
halogen light source (LS-1-CAL, Ocean Optics
Inc.). The SHG spectra were corrected using the spec-
trometer calibration and the efficiency of the optics
present in the SHG separation device described in
[25]. These correction factors (not shown) varied less
than 10% across the employed bandwidth. The SHG
efficiency of the nonlinear crystal [28] was found to
be essentially flat across the bandwidth of interest,
as demonstrated with experimental and calculated
SHG spectra [25,26].

To measure the two-photon-induced fluorescence,
the beam from the pulse shaper was focused on
the sample solution, which was placed in a 2mm
path length quartz cell, using a 50mm focal length
spherical mirror. The average power of the (spec-
trally unshaped) pulses at the sample was 10mW.
Note that excitation of the sample is achieved with
the fundamental beam via two-photon absorption,
while SHG light is only used to characterize Sð2ÞðωÞ,
as described earlier. The fluorescence was collected
at 90° by a 40×, 0.6 NA microscope objective and
was then focused on a silicon-avalanche-photodiode-
based single photon counting module (SPCM-
AQR-12, PerkinElmer) connected to a gated photon
counter (Model SR400, Stanford Research Systems).
A bandpass filter that allowed the transmission of
light in the fluorescence wavelength region (400–
600nm) was also used to filter light from other
sources, including scattering of the fundamental
pulses. A schematic diagram of the setup is shown
in Fig. 1.

For all the experiments, spectral phase distortions
of the pulse inherent to the laser and introduced by
the optical system were corrected at the sample posi-
tion by using multiphoton intrapulse interference
phase scan (MIIPS). A detailed description of MIIPS
and its capabilities has been published elsewhere
[26,29]. It is essential to have transform-limited
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pulses that have no phase distortions across the en-
tire bandwidth before introducing the amplitude or
phase mask that causes selective two-photon excita-
tion at the desired wavelength.

B. Sample Preparation

8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS)
100 μM solutions at pH 6, 7, 8, 9, and 10, and a Fluor-
escein 100 μM solution at pH 13 were prepared by
diluting ∼10mM stock solutions of the dye (Fluores-
cein and HPTS sodium salts, Fluka) in a buffer at the
corresponding pH. Sodium tetraborate (EM Science)
was used to prepare 50mM buffers at pH 9 and
10 ð�0:1Þ, and potassium phosphate monobasic (Mal-
linckrodt) was used to prepare 50mM buffers at pH
6, 7, 8, and 13 ð�0:1Þ. The pH of the solutions was
measured with a pH meter (Accumet Basic, Fisher
Scientific) and adjusted using hydrochloric acid or so-
dium hydroxide solutions. Deionized water was used
in all cases.

3. Results

Two approaches were used to generate shaped pulses
able to selectively excite the samples: amplitude and
phase shaping. In the amplitude shaping approach,
the pulse shaper was used to block all the wave-
lengths in the fundamental laser spectrum except
those in a narrow spectral mask around the desired
excitation wavelength. Figure 2(a) shows 60 SHG
spectra corresponding to the same number of ampli-
tude masks. For the TPE measurements, the ampli-
tude masks were such that ∼10nm FWHM SHG
peaks were generated. In the phase shaping ap-
proach, the pulse shaper was used to impose a set
of specially designed spectral phases, using specially
designed binary sequences (i.e., containing only 0 or
π values) with minimum autocorrelation. Details re-
garding this powerful approach have been published
elsewhere [30]. Briefly, the binary phases are built by
symmetrizing or antisymmetrizing aminimum-auto-

correlation binary sequence around the desired
excitation frequency ωc, i.e., making φðωc − ωÞ ¼
�φðωc þ ωÞ. As a result, the second-order nonlinear
signal is maximized at 2ωc and minimized every-
where else due to constructive and destructive multi-
photon intrapulse interference, respectively. For
these experiments, a symmetrized 13 bit binary se-
quence was used and the whole 26 bit sequence ex-
panded over ∼95nm in the fundamental spectrum.
The remaining spectrum was blocked as it does
not contribute to increasing the signal at the desired
excitation frequency, but only increases the back-
ground. The SHG spectra corresponding to 60 binary
phases are shown in Fig. 2(b). In this case, the SHG
peaks are sharper (∼2nm FWHM) and are, thus, ex-
pected to provide higher resolution for TPE spectral
measurements.

The TPE spectra were obtained as follows. For
each amplitude or phase mask centered at wave-
length λ, the resulting two-photon-induced fluores-
cence intensity FðλÞ was recorded and the relative
cross section σTPEðλÞ was calculated according to
σTPEðλÞ ¼ FðλÞ=Sð2ÞðλÞ, where Sð2ÞðλÞ is the integrated

Fig. 1. Experimental setup. The beam from the laser oscillator
enters the pulse shaper after a 1∶2:5 collimation telescope is used
to expand and collimate the beam. The output shaped pulses are
focused onto the sample (S), which is either a KDP crystal to gen-
erate SHG light or the fluorescent solution, using a spherical mir-
ror (SM). The SHG was separated from the fundamental light and
then detected with a spectrometer to characterize the second-order
nonlinear spectrum of the shaped pulses. The fluorescence signal
was collected with a 40× objective (OB) at 90° and focused onto the
APD detection unit with a lens (L). A bandpass filter (F) that
allowed the transmission of fluorescence was placed before the
detection system.

Fig. 2. Selective two-photon excitation by pulse shaping ultrab-
road-bandwidth femtosecond laser pulses. In this experiment, the
goal was to generate narrow-bandwidth second-order nonlinear
spectra suitable for selective two-photon excitation. Experimental
SHG spectra were used to characterize the second-order nonlinear
spectra of the shaped pulses. (a) 2D contour plot showing SHG
spectra obtained by amplitude shaping. The top left plot shows
the fundamental (unshaped) spectrum of the laser. The lower right
plot shows an example SHG spectrum obtained with amplitude
shaping. (b) 2D contour plot showing SHG spectra obtained using
binary phase shaping. The lower right plot shows an example SHG
spectrum obtained with binary phase shaping. In all cases, spec-
tral intensities are shown in linear scale. In the contour plots,
darker regions correspond to higher spectral intensities.
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intensity of the corresponding SHG spectrum
[31]. Absolute cross sections, which are typically
expressed in Goeppert-Mayer units (1GM ¼
10−50 cm4 s=photon), were obtained by comparison
with Fluorescein as a calibration standard [21].

Figure 3 shows a comparison of the TPE spectrum
of Fluorescein measured with this method and inde-
pendently measured with a tunable laser source
[18,21]. The TPE spectra measured with amplitude
and binary phase shaping is shown in Figs. 3(a)
and 3(b), respectively. Our measurements agree well
with the spectrum reported in [21] (squares). Note,
however, that the binary phase approach resolves
the structure present in the peak at 775nm. Interest-
ingly, this structure also appears in the spectrum re-
ported in. [18] (triangles).

The fluorescent dye HPTS, also commonly referred
to as Pyranine, exhibits (one-photon) absorption
spectra highly dependent on pH. Interestingly, the
fluorescence spectra maximum occurs at 515nm re-
gardless of the pH because the pKa of the excited
state decreases dramatically upon photoexcitation,
resulting in fast deprotonation. Thus, emission

occurs only from the ionized form of the molecule.
HPTS is stable, commercially available, highly solu-
ble in various solvents, and its pKa ≈ 7:7 is conveni-
ently near the pH of neutral aqueous solutions.
These properties, in addition to its large Stokes shift
and high fluorescence quantum yield, make HPTS a
useful pH-sensitive probe molecule [32,33]. Never-
theless, HPTS pH-dependent TPE spectra have not
been reported yet.

The TPE spectra of HPTS at pH 6 and 10 are
shown in Figs. 4(a) and 4(b), respectively. The

Fig. 3. (Color online) TPE spectrum of Fluorescein at pH 13. The
spectra measured by amplitude and binary phase shaping is
shown in (a) and (b), respectively, together with independent
measurements reported in the literature.

Fig. 4. (Color online) TPE spectra of HPTS in acidic and basic
aqueous environments. (a) Acid–base equilibrium reaction of
HPTS. (b) TPE spectra of HPTS at pH 6 measured with amplitude
(circles) and binary phase shaping (squares). (c) TPE spectra of
HPTS at pH 10 measured with amplitude (circles) and binary
phase shaping (squares). In both figures, the one-photon absorp-
tion spectrum is plotted at twice the wavelength for comparison
(solid curve).
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one-photon absorption spectra are also plotted at
twice the wavelength for comparison (black curve).
In this case, a good correlation between the one-
and the two-photon transitions exists for the peaks
at 750, 810 (pH 6), and 910nm (pH 10). Note that,
in the pH 10 spectra, the shoulder at 875nm in
the spectrum measured with amplitude shaping is
clearly resolved in the spectrum taken with binary
phase shaping.

The uncertainty in our relative cross-sectional
measurements is typically lower than 5%. The uncer-
tainty in the reported absolute cross sections is high-
er as it also depends on the absolute cross-
sectional precision of the employed fluorescence
standard (Fluorescein), which has been estimated
as 30% [21].

4. Discussion

Given that selective two-photon excitation is accom-
plished by imposing a set of amplitude and phase
masks using an automated pulse shaper, without
any change to the excitation source, the approach
presented here is significantly faster than conven-
tional approaches based on laser wavelength tuning.
The acquisition time for each spectrum was ∼2 min,
including the time required for SHG characteriza-
tion, and there are no moving parts.

The wavelength resolution of the presented mea-
surements (∼2nm) is higher than that of most
reported TPE spectra measurements (10–20nm).
However, further improvements can be expected.
In the amplitude shaping case, narrower amplitude
masks would lead to higher resolutions. However,
this approach may become experimentally impracti-
cal because the energy contained outside the ampli-
tude mask is blocked and, thus, does not contribute
to exciting the sample. In that sense, the binary
phase shaping approach works more efficiently by
concentrating the spectral energy at the desired ex-
citation wavelength while suppressing signal every-
where else in Sð2ÞðωÞ. In the binary phase shaping
case, the achievable wavelength resolution is limited
by the optical resolution of the pulse shaper. Here,
∼2nm FWHM SHG peaks were generated with a
symmetrized 13 bit minimum-autocorrelation binary
sequence. By using a binary sequence with more bits,
the FWHM of the peaks can be reduced to ∼1nm,
which corresponds to the optical resolution of our
shaper.

As indicated in Section 2, the spectral phase dis-
tortions in the optical system, including those in-
troduced by the 40× microscope objective, were
corrected at the sample position using MIIPS before
applying the desired amplitude or phase mask to the
pulses. In the amplitude shaping approach, this
procedure ensures that the excitation narrow-
bandwidth pulses are transform limited and, thus,
that the generated two-photon-induced fluorescence
is maximum. Uncorrected spectral phase distortions
would reduce fluorescence due to the effect of phase
modulation on Sð2ÞðωÞ [34]. In the binary phase shap-

ing approach, spectral phase correction is critical as
the generation of sharp peaks in Sð2ÞðωÞ relies on
accurate delivery of the binary phases.

5. Conclusions

Selective two-photon excitation by Fourier-transform
pulse shaping ultrabroad-bandwidth femtosecond
laser pulses was successfully applied to TPE spectro-
scopy. This pulse shaping approach provides high-
resolution two-photon cross-sectional measurements
across the ultrabroad-bandwidth of the excitation
sourcewithout laser tuning. The approach represents
a valuable alternative to other availablemethods as it
is also fast and fully automated. The increasing avail-
ability of ultrabroad-bandwidth laser sources and
pulse shaping devices will facilitate the implementa-
tion of the multiphoton cross-sectional measure-
ments as presented here.
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