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Abstract: Multiphoton excitation by temporally focused pulses can be
combined with spatial Fourier-transform pulse shaping techniques to
enhance spatial control of the excitation volume. Here we propose and
demonstrate an optical system for the generation of such spatiotemporally
engineered light pulses using a combination of spatial control by a two-
dimensional reconfigurable light modulator, with a dispersive optical setup
for temporal focusing. We show that athough the properties of a
holographic beam significantly differ from those of plane-wave illumination
used in previous temporal focusing realizations, this leads only to a slightly
reduced axia resolution. We show that the system can provide scanning-
less, arbitrarily shaped, depth resolved excitation patterns that offer new
perspectives for multiphoton photoactivation and optical lithography
applications.
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1. Introduction

In recent years the use of advanced optical techniques is generating a continuously growing
interest in the field of neurobiology, not only for visualizing neuronal structures and signaling
processes, but also for controlling neuronal activity [1]. This is possible thanks to a growing
list of existing photosensitive tools that, upon illumination, can modify their chemicd or
conformational structures. For example, caged-compounds [2] are commonly used
photoactivable molecules that are rendered inert by a covalently bounded protecting group
(cage). Upon light excitation, the covalent bond is broken and the physiologically active
molecule (e.g. Ca?*, ATP or a neurotransmitter) is released at the location of illumination.
Alternatively, depolarization or hyperpolarization of neuronal cells can be optically controlled
by expressing in neurons foreign light-sensitive rhodopsin ion channels (ChR2) [3] or by
attaching photo-switchable chemical ligands to an endogenous channel of interest [4]. The use
of these compounds in conjunctions with spatiotemporally resolved photo-stimulation
techniques allows a precise control of neuronal activity and to date represents an extremely
promising alternative to electrode stimulation.

To reproduce a variety of intra- and extracellular signaling patterns, it is desirable to
have as much flexibility as possible in the generation of light patterns. Localized brief
transients associated with single synaptic events can be mimicked by using diffraction limited
spots [5,6]. Meanwhile, different lens-based systems and laser- or lamp-based illumination
methods can be used to generate extended illumination in order to stimulate larger areas of a
neuron or multiple neurons [3,4,6-8]. Clearly both approaches are desirable and
complementary. However, none of them allows for a quick tuning of the spot size from a
small diffraction-limited spot to extended wide-field areas; moreover, they are typically
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limited to the generation of simple patterns (generally of circular symmetry). More complex
excitation patterns can be generated by using active devices such as digital mirror devices
(DMD) or acousto-optic deflectors (AOD). However, for DMDs, a large fraction of laser
power is lost because the intensity patterning is created by redirecting unwanted light out of
the excitation field [9-11]. AODs allow for a fast scanning of a single excitation beam [12].
However, the finite residence and traveling time required by this approach limit the number of
positions (arranged in discrete points or in uniformly filled regions of interest) that can be
considered ‘ simultaneously’ activated on a biological timescale (sub-millisecond) [13].

Recently, we have presented a one-photon (1P) scanning-less holographic microscope
[14], where the use of a Liquid Crystal Spatial Light Modulator (LC-SLM) in the excitation
pathway allows to quickly modify the size of the excitation spot and generate simultaneous bi-
dimensional (2D) and three-dimensional (3D) multiple spots to mimic multiple localized
inputs. The release of active molecules along extended dendritic segments can be induced by
producing spots that perfectly match the shape of specific sub-cellular compartments. We
have a so shown that for large illumination areas holographic illumination allows a significant
improvement in the axial resolution with respect to the use of a Gaussian beam.

Stll, when performing photoactivation in brain dlices, near-UV light is heavily scattered
and has a poor axia resolution. One way to overcome these limits consists in using two
photon (2P) excitation [15,16]. In this case the nonlinearity of the 2P process gives to the
technique an intrinsic 3D resolution with 80% of the excitation confined to the focal volume.
The second advantage of 2P excitation is the increased depth penetration in scattering tissues
[17]. The latter isacrucia parameter for in vivo experiments. Improvement in depth and axial
resolution has been proved in a large number of experiments using a 2P diffraction-limited
spot for the photoactivation of caged compounds [18-21]. Very recently, Mohanty and
colleagues have also demonstrated depth 2P activation of ChR2 molecules[22].

However, a major drawback in the use of 2P diffraction-limited spots is that the number
of activatable receptors/channels within the excitation volume might be insufficient e.g. to
generate an action potential [23] or a detectable calcium fluorescence signal [22]. Increasing
the pulse length or laser intensity would help, but photodamage limits these approaches
[18,22]. A more promising scheme is to increase the excitation spot size by under-filling the
objective back aperture, as proposed by M. Matsuzaki et a. [23]. However, the rapid loss of
axial resolution inherent in this approach limits its use to small excitation areas.

To overcome these limitations, we present in this paper a new method to generate high
resolution extended 2P illumination patterns based on spatiotemporal shaping of ultra-short
pulses. The system combines the mentioned advantages of holographic illumination with
those of 2P excitation and permits the generation of scanning-less arbitrarily shaped, depth
resolved excitation patterns by implementing the recently introduced technique of temporal
focusing [24-27]. While depth resolution in standard two-photon microscopy is based on the
concept that the peak intensity at the focal plane is highest, due to the strong spatial focusing,
in temporally focused microscopy depth resolution results from the fact that the excitation
pulse is temporally stretched by dispersion of geometrical origin outside the focal plane.
Therefore, the laser pulse is compressed as it propagates through the sample, reaches its peak
value at the focal plane and stretches again as it propagates beyond it.

In the previous redlizations of temporal focusing, geometrical dispersion of the pulses has
been obtained either by using a Gaussian illumination with slowly varying spatial phase
impinging on a grating (as compared with the demagnified diffraction limited spot on the
grating; in the following thisis referred to as "flat phase") [24,25], or by fully randomizing the
spatial phase of an ultrashort pulse, passing the beam head-on through a diffuser. In the
former case, it was shown that the optimal axial resolution can be equivalent to that of line
scanning multiphoton microscopy and is determined by the numerical aperture of the
objective. For the latter, however, the depth resolution was shown to be linearly dependent on
the excitation pulse duration [24,28], and reaching a depth of focus comparable to that of line
scanning requires the use of ultra short pulses (~10fs), which is impractical for most
microscopy applications.
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Here a LC-SLM is used to spatially modulate the wavefront of the excitation beam to
control the lateral extension of the excitation spot, while a grating based scheme for temporal
focusing is used to control the depth response. The combined effect of the holographic spatial
phase and the geometrical dispersion of a grating on depth resolution are accounted for in a
theoretical analysis. This analysis enables to show that like in the case of temporal focusing
with plane-wave excitation [24-27], the axial resolution is not directly dependent on the
excitation pulse duration but only on the numerical aperture of excitation.

These findings are experimentally demonstrated and we show that, despite the rapidly
varying spatial phase of an excitation beam generated by digital holography, it is possible to
create, with 140fs pulses and a NA=0.9 objective, arbitrary excitation patterns with a pattern-
independent depth resolution of ~5um, i.e only slightly larger than that achievable with wide-
field temporally focused microscopy with flat phase excitation.

2. Experimental realization

The experimental redlization for the spatiotemporal control of holographic patterning is
schematized in Fig. 1(a). As a light source we used a mode-locked Ti:Sapphire laser
(Tsunami, Spectra-Physics; A=780nm, AA=12nm), whose output beam power was controlled
by aliquid crystal variable phase-retarder (Meadowlark Optics, LRC-200-I1R1) combined with
a polarizer cube (Meadowlark Optics, BB-050-1R1). The beam was spatially expanded (10x)
to match the input window of a LC-SLM (PPM — Programmable Phase Modulator — X8267-
13, Hamamatsu Photonics K.K.), which operates in reflection mode. The beam wavefront at
the SLM plane was modified by using a custom-designed software that, given a target
intensity distribution a the focal plane of the microscope objective, calculates the
corresponding phase-hologram [14] by using an iterative Fourier transform algorithm (IFTA)
[29,30]. After diffraction by the SLM, typically ~50% of the incoming beam (lo) goes in the
first order (1,"™) and the rest is distributed among the zero order (1,°) and higher order
components. To separate the target intensity spot from the zero order spot, a phase grating was
added in all phase holograms. The pulse width after reflection at the SLM plane was 140fs,
measured with an autocorrelator. The beam reflected from the SLM (I;) was Fourier
transformed by a 1000mm focal length achromatic lens (L1) and formed a first image of the
target intensity and the zero order spot onto a blazed reflectance grating (830 lines/mm)
placed at the focal plane of L1 and aligned perpendicular to the optical axis of the microscope.
An illumination angle of 40.5° was chosen such as the central frequency of the +1 order beam
(1Y) diffracted by the blazed grating (~70% of 1) was directed along the optical axis of the
microscope while the zero order beam (1,°) was blocked. The grating dispersed the various
frequency components of the pattern, which were imaged onto the sample via a telescope
comprised of an achromatic lens (L2=500mm focal length) and the microscope objective
(Olympus, LUMPLFLB0XW/IR2, NA 0.90). This gave rise to a depth-resolved temporally
focused excitation pattern at the focal plane of the objective whose lateral spatial distribution
was a reduced (~1/170) replica of the pattern generated on the grating. Two-photon
holographic patterns were used to excite emission from a ~0.9um thick spin-coated
fluorescent layer of Rhodamine Chloride 610 in PMMA (5% w/v in Chloroform) that was
collected by a second objective (Olympus, UPLSAPO60xW, NA 1.20) placed opposite to the
excitation one [14]. The use of two independent objectives alowed us to straightforwardly
image out-of-focus planes of the excitation volume and therefore to precisely derive the axia
propagation of the excitation beam around the objective focal plane (see below). The
fluorescence was imaged by a tube collection lens (TL=150 mm) to a CCD camera
(CoolSNAP HQ2, Roper Scientific). To reject the excitation light, an emission filter (Chroma
Technology HQ 535/50M) and a dichroic filter (Chroma Technology 640DCSPXR) were
placed in front of the CCD camera.
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Fig. 1. (a) Layout of the experimental setup. (b) Images of 10, 20 and 30pm diameter spots,
obtained by two-photon excitation of a ~0.9um thick spin-coated fluorescent layer. (c) A
confocal image is recorded from a Purkinje cell loaded by Alexa 535. A selected region of
interest (dashed box) is extracted and sent as the input for the calculation algorithm. (d) Phase-
hologram generated by the algorithm (e) Illumination spot generated at the objective focal
plane, with the phase-hologram of (d), visualized by exciting the thin fluorescent layer. (f)
Overlay of (c) and (e).

3. Results

Figures 1(b) and 1(e) show different illumination shapes generated by using the LC-SLM and
visualized by exciting athin fluorescent layer. As afirst example, we show a series of spots of
different diameters (Fig. 1(b)). Alternatively, more complex excitation volumes can be
produced by interactively designing their shapes based on fluorescence images. An exampleis
shown in Figs. 1(c)-1(f). A region of interest comprising a specific dendritic segment was
extracted from a confocal image of a Purkinje cell loaded with Alexa 532 (Fig. 1(c)). The
extracted image was used as the input for the calculation agorithm which generates the
corresponding phase-hologram (Fig. 1(d)) used to configure the LC-SLM. An excitation spot
was generated at the objective focal plane (Fig.1(e)), which precisely reproduced the original
fine structures, as it is demonstrated from the overlay of the fluorescence images of the cell
and the excitation spot, Fig. 1(f).

In order to evaluate the axial propagation of holographic beams around the objective focal
plane, optical sections of the excitation volumes generated by different holographic beams
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were imaged by varying, with a piezo objective positioner (P-721.CDQ, Physik Instrument),
the position of the excitation objective with respect to a fixed thin fluorescent layer while the
collection objective was kept at a fixed position. To precisely characterize the effect of
temporal focusing we first performed the optical sectioning in a configuration where the
diffraction grating was replaced with a mirror. In Fig. 2(a) the measured axial intensity
distribution of 10, 20 and 30um diameter holographic spots and of the holographic dendritic
shape of Fig. 1(e) are shown. These profiles were extracted by measuring, for the different
sections, separated by 0.25um, the integrated intensity over a region of interest equal to the
contour-line of the excitation shape at the focal plane (a circle or the dendritic shape). If we
define the depth resolution, b, as the full width at half maximum (FWHM) of the intensity
profiles, we found, for circular spots, a ratio of about 1:1 between the spot diameter and the
depth resolution. Also, we found a significant improvement in axial resolution when the
excitation spot is precisely tailored on the base of the fluorescent image (Fig. 1(e)). To excite
the same region asin Fig. 1(e) using a circular spot, one would need a holographic excitation
spot of ~14um, such a spot would give rise to a larger depth of focus, b, of ~14um (vs 9um,
Fig. 2(a)). The use of shaped spots has the further advantage that it precisely targets

1,0 "30pmspot{ 1,04 8 30 umspot |
> 4 20pmspot [ 2 & 4 20umspot
5 e 10 um spot % it 10umspot
g Shepe | £ gy e
[ —
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Fig. 2. Measured axial profiles of the intensity distribution for the 30, 20, 10um diameter spot
and the dendritic shape of Fig. 1; (a) without temporal focusing; the grating was replaced by a
reflecting mirror. (b) with temporal focusing. (c) Calculated axial intensity distribution for a 1,
2, 5 and 10um diameter spot compared to the two limiting cases of Gaussian circular
illumination and line illumination, with temporal focusing. Inset: dependence of the calculated
depth resolution on the lateral spot size. (d) Experimental (black squares) and theoretical (red
solid line) axial intensity distribution profile for a temporally focused Gaussian beam (flat
phase).
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the illumination to specific parts of the cell while minimizing ‘unwanted’ photoactivation of
other regions. Finadly, it is worth mentioning that the use of phase-only optical modulation
allows redirecting light on the desired region without loss of power (contrary to intensity-
modulation based systems-e.g. DLP devices). Thisis akey point for 2P excitation, as the low
2P cross section of most of the existing cages and light activate channels requires high power
excitation. To full benefit of these advantages, a true 3D sculpting of the excitation volume is
desirable and this was achieved by applying temporal focusing, i.e. by placing a diffraction
grating at the focal plane of L1, (Fig. 1(a)). In this configuration, we repeated the optical
sectioning as described previously for the circular and shaped spot and found for al patterns a
similar axial response, with a measured FWHM of 5.5+0.4um (Fig. 2(b)). The experimental
results were verified by full numerical simulations of the optical setup. In these, the generated
image on the grating (taken as a complex amplitude) was propagated for a discretized number
of frequencies in the pulse spectrum, using the angular spectrum of waves approach, to
retrieve the complex amplitude A(x,y,z,») a the vicinity of the objective focal plane. These
were then Fourier transformed back into the time domain to get A(x,y,zt) and integrated to

obtain the spatially varying two-photon signal | ™57 = j dt \A(x, Y, z,t) ‘.

Calculated depth resolutions for the spots of 10, 20 and 30um in diameter and the
dendritic shape all gave a FWHM of 4.5um. The difference between theory and experiment
was expected, as there are sources of broadening in the experiment (including both aberrations
of the objective and a spatial shift between the objective focal plane and the temporal focal
plane due to the excitation pulse dispersion). Consistently with experimental finding this value
is independent of the excitation spot size and shape. For smaller holographic spots, the depth
of focus decreases with the spot size (Fig. 2(c) and inset) reaching a value of 3um for the
smallest spot of 1um.

The values of depth response calculated for holographic beams in the two extreme cases
of 1um spot and a spot larger than 10um should be compared with that of unfocused Gaussian
illumination in the two cases of point scanning (illumination with a line on the grating; Fig.
2(c) solid black curve) and line scanning (illumination with a circular extended spot on the
grating; Fig. 2(c) dashed black curve), respectively. In these limits the depth responses follow:

I point =~ [1"' [AZJ ] ; Line = |:1+ (AZJ ] @
Zg Z;

where in our case zg~0.8um, corresponding to a FWHM response of 1.7um and 2.8um,
respectively. Indeed, the asymptotic behavior for the 1um diameter spot approaches the one
predicted for point illumination, while for spot diameters greater than 5um it dlightly
surpasses the limit of line scan illumination. In both cases the FWHM is dlightly larger than
the value predicted for Gaussian illumination. There are two reasons for the deviation from
these limits on the FWHM response. First, due to the finite back aperture of the objective the
excitation spectrum is modified, leading to some broadening of the response around z=0.
Second, for holographic illumination of larger patterns the illumination phase varies rapidly in
some locations on the grating, on the order of the demagnified diffraction limit of the
objective lens. This smears the angular distribution of the colors, resulting in degradation of
the depth resolution in the temporal focusing process. In Fig. 2(d) the experimental axial
intensity profile for a 10um diameter Gaussian spot at the objective focal plane, with flat
phase (obtained by removing lens L2 and with the SLM turned off) (FWHM 3.2+0.4um), is
shown, together with the corresponding theoretical curve (FWHM 2.8um). The absence of
abrupt phase variation indeed improves the axial confinement of the excitation. These results
are summarized in Table 1.

The large phase variation of the illumination beam creates also significant intensity
speckle at the image plane, since a some points a significant portion of the excitation light is
diffracted outside the back aperture of the objective lens. This is clearly observed on the
images of Figs. 1(b) and 1(e). This effect has been already observed for single photon
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holographic pattern generation [14] and here is reinforced by the quadratic dependence of the
fluorescence on the excitation intensity. Although the impact of speckling for many
applications is negligible [ 14], we can reduce this effect by positioning arotating diffuser after
the dispersion grating. By doing so, different realizations of the speckle pattern are averaged
and a smoothed excitation spot can be obtained. This is shown in Fig. 3(a) where the images
of a spot obtained in a 100ms integration time is compared to the case where a rotating (5
kHz) 0.5° light shaping diffuser (Newport), was positioned ~3cm from the grating, such that
the various speckle realizations become uncorrelated. In Fig. 3(b) the corresponding lateral
intensity profiles along the yellow lines of Fig. 3(a) are shown. The initial intensity variation
around a mean value A of ~50% for the normal spot was reduced to ~10%. Experimental
evaluation of the axial intensity distribution of the smoothed excitation shape showed a dight
deterioration of axial confinement by about 1um.

Table 1. Summary of depth resol utions achieved with temporal focusing of the excitation beam

Spot Holographic Phase  Holographic Phase  Hat phase  Hat phase
diameter Theory Experiment Theory Experiment

~1um 3.0um 3.0£0.4um 1.7um -
>10um 4.5um 5.5£0.4um 2.8um 3.2+0.4pm

— wi thout averégi ngd
—— with averaging

Normalized I ntensity

40 20 0 20 4
Lateral Position (um)

(@ (b)

Fig. 3. (a) Images (100ms integration time) of a holographic shape visualized by exciting a thin
fluorescent layer without (left) and with (right) a rotating diffuser positioned after the
dispersion grating. 40 different locations of the diffuser were averaged in the 100 ms of the
exposure time. (b) Lateral intensity profile of the excited shape along the yellow lines of Fig.
3(a) right (black line) and left (red line). The intensity variation around a mean value A is
~50% for the black line and is reduced to 10% with the rotating diffuser.

4, Conclusions

In conclusion, we have presented a unique system where the combination of spatial shaping
by digital holography with the control of the depth response by temporal focusing alows for
generating scanning-less arbitrarily shaped, depth resolved excitation patterns.

To account for the effects on the depth resolution induced by the spatial variations of the
holographic-phase, we have presented a theoretical analysis of the holographic beam axial
propagation through a dispersive setup for temporal focusing. We show theoreticaly and
experimentally, that despite the rapidly varying spatial phase of an excitation beam generated
by digital holography, it is possible to create, in a configuration easily implementable in a
biological microscope (i.e. 140fs pulses and high-NA- and long-working distance objective),
arbitrary large excitation pattern with a depth resolution of ~5um, i.e. only dlightly larger than
that achievable with wide-field temporally focused microscopy with flat phase excitation.
This value for pattern dimension exceeding ~10um is independent on either the size or the
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shape of the excitation pattern, as expected for temporally focused illumination. It was
verified that rapid phase variations of holographic phase profiles results in spatiotemporal
speckle patterns on the excitation spots and also affects their axial confinement, inducing
some broadening of the axia intensity distribution. Elimination of speckles is possible with
the use of a rotating diffuser placed after the diffraction grating, thus averaging different
speckle distributions and getting a smooth intensity profile. This, however, comes at a cost of
some further deterioration of depth resolution and exposure time.

The system presented in this work offers the possibility to precisely control the excitation
volume in applications concerning two-photon photoactivation, like photolysis of caged
compounds and activation of light sensitive ion channels. It is aso relevant for other fields
where generation of complex depth resolved patterns is required, such as in femtosecond
lithography of transparent media and in light microscopy where it is necessary to tailor the
excitation patterns, for example to increase imaging rate or to reduce photobleaching. Overall,
the combination of digital holography with temporal focusing offers an unprecedented degree
of spatial control over multiphoton excitation patterns.
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