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We demonstrate selective two-photon excited fluorescence microscopy with shaped pulses produced with a simple
yet efficient scheme based on dispersive optical components. The pulse train from a broadband oscillator is split
into two subtrains that are sent through different amounts of glass. Beam recombination results in pulse-shape
switching at a rate of 150 MHz. Time-resolved photon counting detection then provides two simultaneous images
resulting from selective two-photon excitation, as demonstrated in a live embryo. Although less versatile than
programmable pulse-shaping devices, this novel arrangement significantly improves the performance of selective
microscopy using broadband shaped pulses while simplifying the experimental setup. © 2010 Optical Society of

America

OCIS codes: 180.4315, 320.5540, 170.3880.

Spectral phase shaping of broadband femtosecond
pulses has been shown to be an effective approach for
selective two-photon excited fluorescence (2PEF) micro-
scopy [1-b]. Similar to coherent control of two-photon
absorption [6,7], selective fluorophore excitation using
shaped broadband pulses results from narrowing the la-
ser two-photon spectrum. This is achieved using destruc-
tive interference between undesired combinations of
pulse spectral components. As compared to the use of
a tunable femtosecond laser with a narrower spectral
width, one advantage of broadband pulse shaping lies
in the ability for fast switching between different pulse
shapes, in turn allowing multiplexed addressing of sev-
eral chromophores. This point is particularly attractive
for imaging biological systems [3-5].

In this Letter, we show that the phase-shaping needed
for selective 2PEF microscopy does not necessarily re-
quire the use of a programmable pulse shaper as in pre-
vious studies but can be achieved using dispersive glass
components placed before the microscope. Apart from
the advantages of simplicity and efficiency, this simple
shaping scheme turns out to be particularly well suited
for use in combination with an efficient multiplexing
scheme previously demonstrated in the context of multi-
focal multiphoton microscopy [8-10] and of coherent anti-
Stokes Raman scattering (CARS) microscopy [11,12]. We
thus report in vivo dual-excitation 2PEF imaging in devel-
oping embryos with a 5 us pixel acquisition time and a
switching rate of 1560 MHz between the two pulse shapes.

Two-photon excitation efficiency of a chromophore is
governed by the overlap between the absorption spec-
trum of the chromophore and the two-photon spectrum
of the pulse (see, e.g., [4,7]). The two-photon spectrum
describes the frequencies that the pulse can produce
by two-photon excitation and is given by the spectrum
of the laser field squared in time domain [4,7]. A strategy
for achieving selective two-photon excitation with a
broadband pulse is to use a spectral phase profile
¢(w) that is antisymmetric with respect to a particular
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frequency w;. The associated group delay 7;(w)=
dg,/dw is then symmetric with respect to w;. Frequen-
cies w and 2w; - w, symmetric around ;, therefore
correspond to the same group delay and can always
mix to contribute to frequency 2w; in the two-photon
spectrum. In contrast, the production of other frequen-
cies in the two-photon spectrum is strongly inhibited
due to the nonsimultaneity of the required frequencies.
Various spectral phase profiles suitable for selective
two-photon excitation have been previously proposed
or demonstrated, including sinusoids [3,6,7,13], quasi-
random binary phase masks [14], pseudorandom Galois
fields [15], or third-order spectral phase [4,7]. We use
here this latter configuration, where the spectral phase
reads

(o) =59/ (@)’ (1

and the corresponding group delay is a parabolic
function:
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The resulting two-photon spectrum is centered at fre-
quency 2w;, with a spectral width decreasing when |¢"|
is increased [4,7]. As shown in this Letter, one advantage
of such a third-order spectral phase is that it can be pro-
duced by using simple dispersive optical elements in-
stead of a more complex programmable pulse shaper.
Indeed, it is well known that a prism compressor pro-
duces not only a second-order spectral phase but also
a significant amount of third-order spectral phase [16].
After compensation between the second-order terms of
opposite signs resulting respectively from the prism com-
pressor and the microscope objective, the net spectral
phase is mostly a third-order function of frequency.

© 2010 Optical Society of America
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Fig. 1. Schematic plot of the group delay introduced by (a) the
prism compressor, (b) the optics of the microscope, and (c) the
optics of the microscope plus an additional dispersive glass
placed in the beam path, and total group delay without
(a + b) and with (a + ¢) the dispersive glass. The additional dis-
persion results in a shift of the extremum (diamond).

As shown in Fig. 1, a prism compressor produces a
group delay decreasing with frequency but with a strong
curvature (a). The remaining microscope optics produce
a group delay that exhibits an almost linear increase with
frequency (b). Assuming a transform-limited incident
laser pulse (constant group delay), the resulting group
delay (a + b) is then a parabolic function with a negative
curvature, corresponding to Eq. (2). The center fre-
quency of this parabola, @w;, can be easily shifted toward
higher frequencies by introducing an additional amount
of linear dispersion, e.g., with a piece of glass inserted in
the optical path (c). Indeed, let us call ¢}, . the second-
order phase introduced by the glass. Neglecting higher-
order terms that are negligible with respect to those of
the prism compressor, the group delay introduced by
the glass simply reads (/’glass (@ — wy), where wy is the laser
center frequency. The total group delay then becomes

72(@) = 71(®) + Pgass (@ — @p) 3)
1 (p”l 2
= éga”’ (a) -wy + (if;ss> + Cst. 4)

The new parabola 75(w) is thus centered on frequency
Wy = w; —qoglass/(p’”, a value greater than ; because
¢" < 0. The final step of rapid switching between
71(®) and 75(w) is achieved by time multiplexing [8-12],
as discussed in the following.

The experimental setup is shown in Fig. 2. The 15 fs
pulses produced at a 75 MHz repetition rate by a broad-
band titanium:sapphire oscillator (Synergy PRO, Femto-
lasers, Austria) are negatively chirped in a prism-pair
compressor (N-SF14, 40.5 cm between prisms). The
beam is then split in two parts using a half-wave plate
and a polarizing beam splitter. The horizontally polarized
part of the beam goes straight into the microscope objec-
tive (40x, 0.8 NA, ¢" =~ 1970 fs?, ¢" = 1300 fs®). In the
other path (vertically polarized), the pulses are dispersed
through an 11.9-cm-long fused-silica glass piece
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Fig. 2. Experimental setup: HWP, half-wave plate; PBS, polar-
izing beam splitter; GM, galvanometer-mounted mirrors; T,
laser period (1/Tep = 75 MHz); ¢, speed of light; ¢T', ~ 4 m.

Ti:Sapph Oscillator
75MHz, 800nm , <15fs

(¢" = 4300 fs?, ¢" = 3250 fs?). This alternate beam is then
recombined with the perpendicularly polarized main
beam using a second polarizing beam splitter. The alter-
nate path is adjusted to be 2 m longer than the direct
path, so that the corresponding 75 MHz pulse train is ex-
actly interlaced with the 75 MHz pulse train of the main
path. This arrangement results in a 150 MHz pulse train
with a different pulse shape every other pulse, which cor-
responds to a 150 MHz switching rate. The 2PEF is then
acquired using a photon-counting scheme synchronized
with the 150 MHz pulse train, with two different counters
for even and odd pulses [8-10].

Figure 3(c) shows the two-photon spectra associated
with the two pulse shapes, measured with a BBO crystal.
Although the two pulses have nearly identical one-photon
spectra, their two-photon spectra are strongly focused to-
ward shorter or longer wavelengths, as desired. Accord-
ing to the spacing between the two peaks and to Eq. (4),
the corresponding third-order spectral phase of the pulse
is roughly —29000 fs?. The small oscillatory feature ob-
served on the high-frequency wing of each spectrum can
be shown to originate from the residual fourth-order spec-
tral phase (third-order group delay). Despite this small re-
sidual term, Fig. 3 demonstrates that suitable two-photon
spectra can be produced at the focus of the microscope
objective, despite the lack of an adaptive pulse shaper that
would allow a more accurate shaping. Although the
throughput of our pulse-shaping scheme was not optimal
(565%) due to some amount of spectral clipping in the prism
compressor, we managed to obtain shaped pulses with an
average power of about 40 mW at the focus of the micro-
scope objective. It was then possible to acquire images of
biological samples with pixel rates of 120 kHz.

Simultaneous dual-excitation imaging capability is de-
monstrated by observing a developing drosophila em-
bryo, as shown in Fig. 3. The pulses with blueshifted
two-photon spectra used for obtaining Fig. 3(a) selec-
tively excite the endogenous fluorophores in the yolk
of the embryo, whereas the pulses with redshifted two-
photon spectra provide preferential excitation of green
fluorescent protein (GFP)-labeled nuclei [Fig. 3(b)].
Figure 3(d) is a composite image combining images (a)
and (b). The fact that the colors are not pure green and
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Fig. 3. Imaging with shaped pulses. (a), (b) Drosophila images
obtained with blueshifted pulses preferentially exciting (a) blue
endogenous fluorescence and (b) redshifted pulses preferen-
tially exciting GFP. (¢) Corresponding two-photon spectra mea-
sured with a BBO crystal for the blueshifted and redshifted
pulses. (d) Combination of (a) and (b) according to the color
scale. Refer to movie file (Media 1).

blue indicates that there is some excitation crosstalk
between the two channels. This can be attributed to
several factors, including the overlap between the 2PEF
excitation spectra of the two fluorophores, the excited
state lifetimes of the fluorophores in the range of several
nanoseconds, and the response time of the photomulti-
plier and of the switching electronics. Because the images
are truly simultaneous, the contrast can be improved by
linear combinations using prior measurement of the rela-
tive excitation efficiency of the two chromophores [3,4].
Higher contrast would also be obtained in the case of
faster signals (e.g., harmonic generation) or lower laser
repetition rates.

To summarize, we have demonstrated a new pulse-
shaping scheme for in vivo selective two-photon excited
fluorescence microscopy based on time multiplexing and
dispersive optical elements. Although the purpose of this
shaping approach is clearly not to generally compete
with more versatile conventional programmable pulse
shapers, we have shown that it was compatible with
the delivery of broadband pulses at the focus of a micro-
scope objective with a spectral phase suitable for selec-
tive 2PEF microscopy. Furthermore, the fact that the
second pulse shape was obtained from the first one by

a simple additional dispersion enabled time multiplexing,
allowing a 150 MHz switching rate between the two
shapes. As compared to previous implementations of
2PEF microscopy with shaped broadband pulses, the set-
up demonstrated here is thus simpler and benefits from a
much higher switching rate. Finally, we note that this
pulse-shaping scheme could be directly incorporated
in multiphoton microscopes employing even broader
bandwidth laser sources.
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