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Abstract

Spatial and temporal laser pulse shaping is reported for two adjacent ranges of
the laser spectrum. Thereto, two-photon excited fluorescence of dyes is mea-
sured for tailored pulses having two different spectral components which pos-
sess differently modulated spatial shapes. These particularly designed pulses
are formed by using a 4f-temporal liquid crystal pulse shaper followed by a 2D-
spatial shaper setup. Increased fluorescence contrasts between different dyes in
a cuvette are recorded by selective phase shaping of the two adjacent spectral
components. Moreover, two-photon excitation of the two spectral ranges from
partially overlapping beams leads to spatially localized fluorescence in the over-
lap region. This is controlled by utilizing antisymmetric phase functions and can
be applied to yield more complex two-photon excited fluorescence structures.
The developed temporal and spatial shaping method of two-photon processes
has valuable perspectives for optical and biophotonic applications.
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1. Introduction

Laser pulse shaping was increasingly investigated in the last years and it was

applied in different research fields like coherent control of molecular dynamics
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[, 2, B [4], biological systems [5], nanooptics [6], and multiphoton transitions
by interpulse interference [7) 8]. These interferences were achieved by applying
antisymmetric phase functions [9]. The pulse shaping properties were further
explored by developing novel pulse shaping schemes for phase and polarization
[10, 1] or phase, amplitude, and polarization [I2]. Moreover, parametric de-
scriptions of pulse shapes were introduced in order to intentionally control the
tailored pulses [I3]. Multiphoton microscopy with ultrashort laser pulses [14] [15]
is a further relevant topic for the application of pulse shaping, because it allows
for selective excitation of different molecules.

By employing spatial pulse shapers it is also feasible to intentionally mod-
ulate the spatial profile of a laser beam, particularly in the focal plane of a
focussing lens [I6, [I7]. This is performed by utilizing two dimensional liquid
crystal arrays placed in a spatial pulse shaping setup. The theoretical concept
of spatial modulation evolves around diffraction and can similarly be applied for
continuous laser beams and short laser pulses. Spatially shaped beam profiles
were e.g. applied to perform high resolution imaging [I8),T9] or microstructuring
[20], and first experinments were conducted for limited simultaneous temporal
and spatial modulation [211 22]. Further research in this direction will be of in-
terest to entirely modulate the light field for temporally and spatially controlling
photo-induced processes.

Here we report on simultaneous temporal and spatial pulse shaping to in-
tentionally generate complex light fields for efficient two-photon excitation of
molecular probes. Scans of antisymmetric phase functions for spatially sepa-
rated light components with adjacent spectral ranges will be conducted in order
to receive an increased two-photon excited fluorescence contrast. Particularly,
we will demonstrate excitation by two adjacent spectral ranges from partially
overlapping beams which results in localized two-photon excited fluorescence
spots in the overlap region. The fluorescence yield will be influenced by anti-
symmetric phase functions and more detailed two-photon excited fluorescence
structures will be demonstrated. The presented pulse shaping approach will

give rise to novel biophotonic techniques.



2. Experimental setup

The schematic experimental setup is presented in Fig. A frequancy-
doubled Nd:YVO, laser (Verdi V, Coherent, Inc.) pumps a broadband titanium
sapphire laser oscillator (Femtosource Compact, Femtolasers) having an average
power of 300 mW, a repetition rate of 75 MHz, a center wavelength at 805 nm,
and a bandwidth of about 80 nm. The emitted laser beam is guided through a
4f-pulse shaper with a computer controlled liquid crystal light modulator (SLM
640, Cambridge Research Instruments) with two adjacent liquid crystal arrays
having optical axes at +45° to the horizontal. This enables the independent
modification of phase and polarization.

The outcoming temporally shaped laser pulses are guided on a 2D-array
of a spatial light modulator (PLUTO-NIR-015-C, HOLOEYE Photonics AG)
in order to generate differing spatial shapes of the polarization components.
The 2D-array moduator has a rectangular shape (15.36 mm x 8.64 mm) with
1920 x 1080 liquid crystal elements, and an attached mirror to reflect the beam
back through the liquid crystals. The spatial modulator is programmed to
inscribe the phase function on 1000 x 1000 pixels. The light exposed range
of the beam profile is adjusted to be in this quadratic active region to form a
spatially modulated laser profile.

The tailored laser beam is then focussed by a 2f-setup with a lens (f = 300
mm) located 300 mm behind the 2D-modulator into a quartz cuvette in order to
generate spatially shaped light spots in the focal plane. This design is favorable
since it provides the condition to employ the spatial 2D-Fourier transformation.
Furthermore, a polarizer at 45° to the horizontal is placed in the light path
after the spatial shaper to create a linear polarization with equal horizontal and
vertical polarization components. The cuvette is filled with the dyes rhodamine
B (rhoB) or coumarin 47 (coudT) dispersed in glycerol. These dyes were chosen
for the two-photon excitations because they have high quantum yields [23, [24].

The outcoming fluorescence passes an IR glass filter (BG 39), where the laser

stray light is reduced, and it is finally focussed on a camera (AW335, Ausdom
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Figure 1: Schematic experimental setup comprising a fs-laser (Ti:Sa), a temporal pulse shaper,
a subsequent spatial 2D-shaper, a cuvette, and a fluorescence detection stage. A light polarizer

can be inserted after the spatial modulator.

Inc.). The measurements are conducted for top view detection of the two-
photon excited fluorescence with the detector facing the surface of the cuvette.
Thereto, a dielectric reflecting mirror for wavelengths around 800 nm is installed
in order to guide the laser beam on the glass surface of the cuvette, whereby
the fluorescence light transmits the mirror (see Fig. . The described top view
setup enables concomitant excitation and detection on the surface normal. An
optimization algorithm by phase resolved interferometric spectral modulation
(PRISM) [26] is performed before starting the experiments in order to obtain
the phase retardances required for shortest pulses. Thereto a diode, which gives
a signal for two-photon excitation, is placed close to the interaction region and
its maximal yield is searched by the algorithm.

For PRISM the liquid crystal elements of the temporal shaper (pixels) are
randomly assigned to groups. Only the pixels of one group are changed at a time
and all other pixels are kept stationary in order to give a stable reference. The

following steps are then performed for one group after the other. For frequency



allocation the interval from 7/2 to 7 is uniformly divided into n scalars, where
n is the number of pixels in a group. Every scalar is allocated to one pixel in
the group.

In the measurement procedure, for every step the phase of every pixel is
shifted by its allocated scalar, respectively. For every step, the nonlinear inten-
sity is measured using a two photon diode. That results in one scalar per step.
4n steps are performed. The intensity values are plotted against the number of
the respective step. The nonlinear signal shows a beating pattern.

A Fourier transform is performed for the intensity against number of the
respective step. The Fourier transform gives a term at each frequency, that was
allocated in the frequency allocation. Every frequency will have an associated
phase. For every pixel in the group, the associated phase is subtracted to the
phase of the pixel.

The algorithm does not give a transform-limited pulse after one round in
general, since the reference field is not transform-limited. However, the pulse
shape converges into a transform-limited pulse [26]. The number of iterations
depends on the quality of the starting phase function. This leads to a flat
spectral phase which is a prerequisite for phase-controlled measurements, and

e. g. allows for precise generation of third order phases.

3. Results

3.1. Contrast improvement between dyes by two color excitations

For imaging applications it is important to have a high contrast between
different substances. This is the motivation for the use of simultaneous tem-
porally and spatially shaped pulses to perform selective two-photon excitations
of different dyes. Antisymmetric phase functions for spatially separated light
components with adjacent spectral ranges are utilized to achieve an enhanced
two-photon excited fluorescence contrast. Thereto, the liquid crystals of the

modulator from the temporal shaper are adjusted to turn the polarization of



one spectral range by 90°, hence in the vertical direction. The resulting two per-
pendicular polarization components are then directed on the spatial modulator
where the horizontal polarization component is modulated. This leads to two
spatially separated spots in the focal plane whereby the horizontal polarization
component is vertically upshifted by applying a linear spatial phase using the
Zernike polynominal Z; ! with appropriate prefactors inscribed on the 2D-array,
whereas the vertical polarization component is not shifted. Furthermore, phase
functions ¢(w) = %‘(w — wp)? with a third order phase factor by = 1-10% fs?
and differently tuned phase center frequencies wy are written on the temporal
pulse shaper, simultaneously acting on both polarization components. These
phase center frequencies lead to spectrally narrow two-photon maxima due to
constructive interference close to wy as described in [9] which allows for selective

excitation.
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Figure 2: Fluorescence spots of spatially and temporally shaped pulses for the spectrally
dividing cut wavelength at 820 nm for rhodamine B (a) and coumarin 47 (b), respectively.

The differing intensities demonstrate selective two-photon excitation.

Fig. [2] shows two fluorescence spots for the phase center wavelength \g =
2mwc/wy at the spectrally dividing cut wavelength of 820 nm for rhodamine B
(a) and coumarin 47 (b), respectively. The spots exhibit differing intensities

for the two dyes, with a more intense upper spot for rhodamine B and a more



intense lower spot for coumarin 47. This indicates that a selective two-photon

excitation of the different dyes can be performed with such modulated pulses.
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Figure 3: Scans of the phase center wavelength for the third order phase functions at the
upper fluorescence spot (a) and at the lower spot (b). The insets display the corresponding
laser spectra. The contrast of the two fluorescence spots between rhodamine B from the lower

graph and coumarin 47 from the upper graph is displayed in (c).

Scans of the phase center wavelength A\ for the third order phase functions
are performed for the two dyes at the upper fluorescence spot (Fig. a)) and
at the lower spot (Fig. [B[(b)). The scans show phase center wavelength depen-

dent fluorescence intensities due to the features of these particular third order



phase functions [9]. The laser spectra of the exciting perpendicular polarization
components were each recorded by a fiber spectrometer (Ocean Optics, Inc.).
The vertical component was generated by turning the polarization of a part of
the spectrum which is then missing in the other component.

Fig. [3(c) presents the contrast ¢ = (IrhoBiow — leoust,up)/(IrhoB,low +
Icouat up) Of the two fluorescence spots, where I, and I}, indicate the inten-
sities of the upper and lower spots, respectively. This shows the phase-tailored
major excitation of a specific dye by one spectral component and a simultane-
ous excitation of another dye by the other spectral component, which leads to
a large contast difference of about 1.8 between the dyes. This demonstrates the

high selectivity of this pulse shaping method.

8.2. Spatial fluorescence by two color excitation

Two-photon transitions provide the opportunity to utilize two different fre-
quency ranges for excitation. Partial overlap of the two light fields will allow for
a localized two-photon excitation which can be observed by the induced fluo-
rescence signal. Here we realize this with two adjacent ranges in the laser pulse
spectrum. The fluorescence yield will be influenced by antisymmetric phase
functions which enable constructive two-photon excited fluorescence close to
the antisymmetry point of the phase function.

In a preliminary experiment scans of the phase antisymmetry point of the
third order phase functions were performed for the added two fluorescence spots
of coumarin 47 with a third order phase factor of b3 = 1 - 10* fs? and for the
fluorescence of the entirely overlapped spots (see Fig. [4]). The cut wavelength
between the two frequency ranges is at 810 nm where the two spots have almost
equal intensity. The black line shows the signal for two separate spots while
the grey line displays the fluorescence for totally overlapping spots. For two
separate spots one observes two maxima, whereas for the overlapping spots
a higher broad single maximum is obtained at a wavelength between the two
maxima. This indicates the occurrence of constructive interference between the

two parts of the laser spectrum due to antisymmetric phase functions in the
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Figure 4: Scans of the phase center wavelength Ao of the third order phase functions are
presented for the sum of the two fluorescence spots of coumarin 47 (black line) and the

fluorescence of the entirely overlapped spots (gray line).

overlapping case.

In order to investigate the spatial combination of the two spots they are
partially overlapped and the induced fluorescence is recorded by a camera. The
images for three values of )y are taken (see Fig. |p)), where the first optimizes
the lower spot (a), the second the overlap region (b), and the third the upper
spot (c). The added intensities for vertical direction are presented in Fig. [5(d).
In the first case the phase center wavelength was chosen at 840 nm to selec-
tively excite with the lower light component and in the last case at 760 nm to
excite with the upper light component. The overlapped case is received with a
phase center wavelength close to the cut wavelength between the two spectral
components at 810 nm. Here, the two spectral ranges both contribute to the in-
duced fluorescence signal which leads to a new maximum localized between the
upper and lower spot. Hence, a spatially localized fluorescence by two-photon
excitation is obtained.

With the spatial pulse shaper it is possible to produce more complex flu-
orescence structures. Constructive interference between these structures and

other light components will generate novel fluorescence intensity shapes. This
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Figure 5: Fluorescence images for three phase center values with the selective excitation of
the lower fluorescence spot (a), the excitation of the overlap region (b), the excitation of the
upper spot (c), and the added intensities for vertical direction (d). The overlapped case is
achieved with Ag close to the cut wavelength between the two spectral components, where

both spectral ranges contribute to the induced fluorescence signal.

is demonstrated in Fig. [6] where a two spot component is produced by writ-
ing a one-dimensional rectangular phase grating on the 2D-modulator with an
amplitude of 1.8 and a period of 80 pixels. The generated two spot compo-
nent is partially overlapped with a single spot component. The images display
the selective excitation at 840 nm for the single spot light field, the overlapped
structure, and the selective excitation at 760 nm for the two spots.

The overlapped profile is achieved with Ay close to the cut wavelength at
810 nm between the two spectral components. The overlapped case has a new

structure due to the combination of the two spot and the single spot light fields
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Figure 6: Fluorescence images for three phase center values with the selective excitation of
the single fluorescence spot (a), the excitation of the overlap region (b), the excitation of the
two spots (c), and the added intensities for vertical direction (d). The overlapped case shows

a novel structure with high intensity between the single and double fluorescence spots.

with indications for high intensities between the single and double spots. It
should be noted that it is feasible to strongly modify the spatial profiles by
spectral phase modulation. This combined spatial and temporal modulation

method allows for versatile pulse shaping.

4. Conclusions

We performed spatial and temporal pulse shaping for two adjacent ranges of
the laser spectrum for two-photon excited fluorescence. The laser pulses having
two different spatial components were generated by a temporal pulse shaper

and a subsequent spatial shaper via polarization modulation. We obtained en-
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hanced fluorescence contrasts between different dyes by selective phase shaping
of the two adjacent spectral components. Furthermore, partial overlap of the
two beams with different spectral ranges resulted in localized spatial two-photon
excited fluorescence spots in the overlap region. Antisymmetric phase functions
were employed to modify the two-photon excitation processes which enables
various fluorescence structures. The presented temporal and spatial shaping
approach for two-photon transitions will lead to prospective biophotonic meth-

ods.
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