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Abstract. We present simultaneous spatial and temporal polarization pulse shaping for two-photon excited
fluorescence of dyes. A temporal pulse shaper and a subsequent spatial pulse shaper are used to generate
laterally and axially tailored two-photon excited fluorescence profiles. The induced fluorescence is recorded
for different polarization directions by utilizing the anisotropy of the dyes embedded in glycerol. We achieve
an increased fluorescence contrast between different dyes by employing specific polarization shaped laser
pulses and by taking polarization dependent emission into account. This versatile pulse shaping method is

prospective for novel biophotonic imaging.
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1 Introduction

In recent years laser pulse shaping received increasing at-
tention due to its capability to control molecular processes
and various applications emerged [1-8]. An important field
of activity for tailored pulses is multiphoton excited flu-
orescence, where intrapulse interference is used to selec-
tively excite different species [9], which is employed in mul-
tiphoton excited three-dimensional imaging of tissue [10].
In order to increase the shaping capabilities, additionally
the modulation of the polarization was included into laser
pulse shaping [11,12]. Another pulse shaping direction is
the modification of the spatial laser profile by utilizing
focussing lenses and a two dimensional liquid crystal ar-
ray assembled to a spatial light shaper [13]. Spatial phase
modulation of the liquid crystals yields well defined tai-
lored beam profiles in the focal plane. Such beam profiles
were employed for microstructuring [14], beam focussing
in tissue [15], and high resolved spatial imaging [16]. For
performing topical deep tissue imaging it is relevant to
conduct axially resolved two-photon excited fluorescence
measurements by modifying the focal depth employing
specific spatial phase pattern.

As a next step, combined temporal and spatial laser
pulse shaping was developed since it allows for modifying
photo-induced processes, both temporally and spatially.
Such tailored pulses were explored in initial experiments
[17-19], yet the shaping properties were limited in these
studies and particularly no polarization shaping was in-
cluded. Here, we perform simultaneous temporal and spa-
tial polarization pulse shaping for two-photon excitated
fluorescence of molecules in a highly viscous liquid envi-
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ronment. The experiments are conducted by utilizing a
recently designed pulse shaper including a temporal and a
subsequent spatial modulator. This enables independent
temporal phase shaping of different spatial and polariza-
tion components. A polarization dependent fluorescence
detection takes the anisotropy properties of the investi-
gated molecules into account. The advanced pulse shaping
method will be of note for novel biophotonic applications.

2 Experimental

The experimental setup is schematically shown in Fig.
1. The laser system includes a broadband titanium sap-
phire laser oscillator (Femtosource Compact, Femtolasers)
with an average power of 350 mW and a repetition rate
of 75 MHz pumped by a frequency-doubled Nd:YVO,
laser (Verdi V, Coherent, Inc.). The laser spectrum has
a spectral full width at half maximum of about 80 nm
with a center wavelength at 805 nm. The laser beam is
guided through a 4f-pulse shaper having a computer con-
trolled liquid crystal light modulator (SLM 640, Cam-
bridge Research Instruments), which permits modulation
of the light phase and polarization. In particular, the spec-
tral phases can be independently modified on the two
polarization axes at +45° to the horizontal. The outgo-
ing temporally shaped laser pulses pass a A/2-waveplate
for rotating the polarization components to the vertical
and horizontal direction. Subsequently, the beam is di-
rected on a spatial 2D light modulator (PLUTO-NIR-
015-C, HOLOEYE Photonics AG), where the polarization
components are projected on the vertical and horizontal
axes of the 2D array in order to generate differing spatial
shapes of the components. The spatial modulator has a 2D
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Fig. 1. Experimental scheme including a Ti:Sa laser, a tem-
poral laser pulse shaper with gratings and a liquid crystal light
modulator, a half-wave plate to rotate the light polarization,
a 2D liquid crystal array for spatial beam modification, a cu-
vette, and a fluorescence detection setup. The fs-laser beam
initially passes the temporal pulse shaper, subsequently its po-
larization is adjusted to correctly encounter the spatial pulse
modulator, and then the beam is directed into a cuvette by
using a low bandwidth dielectric mirror. The two-photon ex-
cited fluorescence passes through the mirror, and is collected
and focussed on a camera.

array (15.36 mm x 8.64 mm) with 1920 x 1080 liquid crys-
tal elements and an attached mirror for reflection of the
beam back through the liquid crystals. Subsequently, the
laser beam is focussed in a 2f-setup by a lens (f =300 mm)
located 300 mm behind the 2D modulator in order to real-
ize spatially tailored profiles in the focal plane. Before the
experiments, an optimization algorithm by phase resolved
interferometric spectral modulation (PRISM) [22] is con-
ducted in order to receive the phase retardances for the
transform-limited pulses and thus a precise phase control.
For the fluorescence experiments, the beam is focussed
into a quartz glass cuvette filled with the dyes rhodamine
B (rhoB) or coumarin 47 (coudT7) dispersed in glycerol.
The two-photon excited fluorescence is collected and fo-
cussed on the detection camera (AW335, Ausdom Inc.)
and a glass filter (BG 39) is used to reduce the stray light
of the laser. Furthermore, a polarizer is placed in the flu-
orescence light path in order to be able to perform polar-
ization dependent measurements.

3 Results

The first experiments are performed for top view detec-
tion of the two-photon excited fluorescence, whereby the
detector faces the surface of the cuvette. To this end, a di-
electric reflecting mirror for wavelengths around 800 nm is
inserted to direct the beam on the surface of the cuvette
with the fluorescence light transmitting the mirror (see
Fig. 1). This top view geometry allows for simultaneous
excitation and detection on the surface normal.

Two fluorescence spots are generated by utilizing the
spatial pulse shaper. For this purpose, the horizontal po-
larization component is vertically upshifted by applying
a linear spatial phase using the Zernike polynominal Z;
with a prefactor of 50 inscribed on the 2D array of the spa-
tial pulse shaper, whereas the vertical polarization com-
ponent is not shifted. Moreover, phase functions ¢(w) =
%‘(w — wp)? with a third order phase factor by = 1-10°
fs3 and differently tuned center frequencies wy are sepa-
rately written on the two liquid crystal arrays of the tem-
poral pulse shaper. These two perpendicularly polarized
pulse components are temporally separated by 1.4 ps in
order to reduce their overlap and hence prevent a pos-
sible disturbance of their polarization states. This leads
to temporally differently tailored spots, where the upper
spots show the two-photon fluorescence for the third or-
der phase shaped horizontal polarization component at
one center wavelength Ao = 27c/wp and the lower spots
display the third order phase shaped vertical polarization
component at another center wavelength. Hence, the spa-
tially separated laser pulse components have different fluo-
rescence intensities due to their particular phase functions
[9]. These phases permit a major excitation of a specific
dye by one spatial polarization component and simulta-
neously an excitation of another dye by the other spatial
polarization component.

Figs. 2 and 3 display the results of polarization de-
pendent two-photon excited fluorescence intensity mea-
surements for rhodamine B and coumarin 47, respectively.
Figs. 2(a) and 3(a) show camera images of two spots in a
cuvette induced by spatially separated phase shaped po-
larization components. The upper spots present the two-
photon fluorescence for the third order phase shaped hor-
izontal polarization component at A\g = 840 nm and the
lower spots display the third order phase shaped verti-
cal polarization component at Ay = 800 nm, respectively.
Specificly, the polarization component for the upper spots
maximizes the two-photon fluorescence of rhodamine B
and the component for the lower spots the fluorescence of
coumarin 47.

By inserting the polarizer in the fluorescence light path
a strong reduction of one of the spots is visible in each im-
age (see Figs. 2(b),(c) and 3(b),(c)). This can be explained
by the anisotropy properties of the dyes embedded in
highly viscous glycerol, which leads for these molecules to
a mainly equal polarization of the excitation and fluores-
cence light. In particular, the fluorescence intensity is con-
siderably reduced if the polarizer direction is perpendicu-
lar to the exciting polarization component. Hence, besides
the above presented phase dependence the anisotropy has
an additional influence on the fluorescence intensities. The
combination of these features can be utilized to receive an
increased contrast between the two dyes.

Fig. 4 presents the contrasts ¢ = (Irnp—Icouar)/(Lrns+
Icouar) for the two fluorescence spots. The insets below
the graph depict the corresponding schematic 3D rep-
resentations of the differently polarization tailored laser
light fields at the two spatially separated spot positions.
Yet, these light fields are coherently connected within the
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Fig. 2. Camera images of rhodamine B fluorescence in a cu-
vette excited by polarization tailored laser pulses, recorded
with top view detection. (a) Image of two spots induced by spa-
tially separated phase shaped polarization components, where
the upper spot shows the fluorescence for the third order phase
shaped horizontal polarization component at Ao = 840 nm and
the lower spot presents the third order phase shaped verti-
cal polarization component at Ao = 800 nm. (b) Horizontal
fluorescence polarization component of the measurement by
introducing a polarizer. (c) Vertical fluorescence polarization
component. The images show considerably differing spot in-
tensities.

same laser pulse. For the case without polarizer one ob-
serves a higher contrast for the upper spot (position: 1
mm) compared to the lower one (position: 0 mm), leading
to a contrast difference of about 0.2. Differing contrasts
are obtained by including the polarizer with perpendicu-
lar orientations for the different dyes. For one combination
the contrast change their order with the higher contrast for
the lower spot, whereas for the other combination the con-
trast difference was further increased to a value of about
1.6. This is the case when the vertically polarized fluores-
cence data are subtracted from the horizontally polarized
data (this is abbreviated by hor/vert in the legend of fig.
4 and vice versa by vert/hor). In the present experiment,
the anisotropy effect on the contrast is larger than the
effect of the differing phase functions. Thus, the contrast
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Fig. 3. Correspoding camera images of coumarin 47 fluores-
cence in a cuvette excited by polarization tailored laser pulses,
recorded with top view detection. (a) Image of two spots, where
the upper displays the fluorescence for the third order phase
shaped horizontal polarization component at A = 840 nm and
the lower shows the third order phase shaped vertical polariza-
tion component at Ao = 800 nm. (b) Horizontal fluorescence
polarization component by incluing a polarizer. (c) Vertical
fluorescence polarization component.

difference can considerably be enhanced by favorably com-
bining phase and anisotropy effects. This will be relevant
for novel imaging applications.

It is also feasible to generate more complex spatial
beam profiles by utilizing the spatial pulse shaper. Fig.
5(a) presents three fluorescence spots of the cuvette with
rhodamine B, where the two outer spots are produced by
applying a sinusoidal phase grating ¢(p) = Asin(2wp/\)
on the 2D modulator, with the amplitude A = 1.6, the
liquid crystal element number p, and the period A = 45
pixel. The central fluorescence spot is due to the not mod-
ulated vertically polarized component. The outer spots
are weaker because the light of the horizontally polarized
component is partitioned into both spots. It has to be
mentioned that the two-photon fluorescence intensities de-
pend on the square of the light intensities and therefore,
predominantely the high intense light components will be
visible in the image. Figs. 5(b) and 5(c) display the im-
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Fig. 4. Recorded contrast values between rhodamine B and
coumarin 47 for the two fluorescence spots at Ao = 800 nm (po-
sition: 0 mm) and Ao = 840 nm (position: 1 mm), respectively.
Contrast values without polarizer and with perpendicular po-
larizer orientations for the differing dyes are presented. For a
certain combination the contrasts change their order with the
higher contrast for the lower spot (position: 0 mm), whereas
for the other combination the contrast difference is further en-
hanced. The insets at the bottom show schematic 3D represen-
tations of the differently polarization shaped light fields at the
two corresponding spot positions within the same laser pulse.

ages for horizontal and vertical direction of the polarizer,
respectively. Considerably reduced fluorescence intensities
are obtained for the corresponding spots. By applying pre-
defined 2D phase functions on the spatial modulator de-
sired two-photon excitation pattern can be realized for
applications.

4 Conclusion

An increased two-photon excited fluorescence contrast was
received between different dyes by applying spatially and
temporally polarization shaped laser pulses. To this end,
a polarizer was used for recording the fluorescence po-
larization components, thereby utilizing the anisotropy of
the dye molecules. The spatial and temporal polarization
shaping method could particularly be employed to achieve
an increased contrast of autofluorescing molecules. This
novel approach facilitates polarization selective measure-
ments at different spatial positions with temporally tai-
lored light fields, which will give rise to new biophotonic
applications.
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Fig. 5. (a) Two-photon excited fluorescence spots of the cu-
vette with rhodamine B, where the two outer spots are pro-
duced by applying a sinusoidal phase grating on the 2D mod-
ulator. The central fluorescence spot is due to the not modu-
lated vertically polarized component. (b) Fluorescence image
with horizontally oriented polarizer. (¢) Image with vertically
oriented polarizer.
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