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Abstract

Wavefront shaping with liquid crystal spatial ligmodulators (LC-SLMSs) is
frequently hindered by a remaining fraction of dfrdcted light, the so-called
“zero-order”. This contribution is all the more detental in configurations for
which the LC-SLM is Fourier conjugated to a sampyea lens, because in these
cases this undiffracted light produces a diffratifionited spot at the image focal
plane. In this work we propose to minimize two-mhoexcitation of the sample
resulting from this unmodulated light by introdugiptical aberrations to the
excitation beam. Aberratiorere subsequently compensated by the LC-SLM but
only for the modulated part of the beam, and notHe “zero-order” component. In
order to experimentally demonstrate the method seeastigmatism as the optical
aberration by simply adding one or two cylindritadses in the optical path of the
beam. A 16 decrease in zero-order-induced two-photon flueese intensity is
demonstrated. Combining this approach with tempo@lsing is shown to further

decrease zero-order fluorescence by a factor af 100

230.6120, 090.1970, 070.4340.

Spatial Light Modulators (SLMs) are devices allogvitihe design of computer generated
optical elements with high spatial resolution. Amgahese devices, phase-only modulators
based on nematic liquid crystal matrices (LC-SLMs@dulate a large fraction of impinging
energy and offer high diffraction efficiency, ithe ratio between the light power impinging on
the LC-SLM, Py, and the light diffracted into the shaped pattBgy, because they can
reproduce the calculated phase mask with suffigiesthall quantization steps. They find

applications in different research fields includiogtical trapping [1], photo-polymerization



[2], lithography [3], holographic photostimulatiaf neuronal cells by photolysis[4] (add refs:
Zahid et al. Plos One 2010, Yang et al. J. Neurgjifieer. 2011) or optogenetics (add refs:
Bégue et al. Biomed. Opt. Express 2013), adaptties]8], ultrashort pulse shaping [5], phase
conjugation [6, 7], or focusing through turbid mee¢d].

Configurations in which the LC-SLM is conjugatedtte back focal plane — or Fourier
plane — of a lens [1, 2, 3, 4] permit an efficiegddistribution of impinging laser energy into
arbitrarily shaped patterns. The phase profile eslkd to the SLM is usually calculated using
Fourier transform based iterative algorithms [EYisting LC-SLM devices permit nowadays
to reach diffraction efficiency values, close te timit imposed by theory, i.e. ~95 and 38% for
Pout directed at the center of the field of excitateyrat the border, respectively. The remaining
light is distributed among the higher diffractedlers and an undiffracted component. This
undiffracted component, so-called “zero order”uitsin a tightly focused spot at the center of
the field of excitationthe intensity of which, depending on the appliedgghprofile, can reach
25% of that of the incoming light [10]. This valaan be reduced down to 2-5%, regardless of
the projected hologram, by performing a preliminaharacterization of the LC-SLM [10].
Although only a small fraction of the total avaikbpower remains in the zero-order
diffraction-limited spot, its contribution is alhé more important in applications involving
non-linear photo-physical processes, like two-photxcitation, due to the quadratic
dependence of two-photon processes on the excitaiensity.

In the past, it has been proposed to remove the-aeer contribution by deviating the
modulated componen®,;, away from the zero-order spot. Precisely, itlbesn shown that a
lateral shift of the pattern of interest permitgemove the zero order contribution at the focal
plane by placing at a sample conjugated plane @ léack centered on the zero-order position.
This approach leaves however, an inaccessiblenmggmresponding to the image of the beam
blocker, at the center of the field of excitatid2]. llluminating the LC-SLM with a diverging
or converging beam and compensating the beam dimeegwith a Fresnel lens addressed to the
LC-SLM permits to axially displace the zero ordemh the holographic pattefy,: [13, 14],
therefore moving the dark region of the beam bloekeay from the sample plane. However,
this still reduces the accessible three-dimensibelal of excitation. Alternatively, an elegant
solution consists in adding a destructively intenfg spot to the phase hologram design [15,
16] but this solution is not versatile since theagd and the amplitude of the required spot
depend on the addressed phase pattern.

In this paper, we take advantage of the nonlinepeddence of the two-photon effect [8, 2]

on the excitation intensity, and propose to redheezero-order contribution by intentionally



introducing aberrations in the excitation beam Hpaead the zero-order spot over a larger area.
Aberrations correction by the SLM then restores dinginal pattern, while leaving the
zero-order component aberrated. We implement gipscach by introducing astigmatism in a
two-photon computer generated holography (CGH)psatd demonstrate that the zero-order
intensity at the sample plane can be reduced byldr® of magnitude without the need of a
beam Dblocker or change in the beam divergence. W& demonstrate that introducing
astigmatism in CGH systems using temporal focupergnits a 6 orders of magnitude decrease
of the zero-order component.

Astigmatism is introduced here by inserting onetwoo cylindrical lenses, CLs, in the
optical path of a holographic system illustrate&iigure 1. A liquid crystal SLM (LCOS-SLM
X10468-02, Hamamatsu Photonics) is illuminated bgnatosecond Ti:Sapphire laser (MaiTai
Deep-See, Spectra-Physi@s;800nm) and imaged at the back focal plane of a first,60x
0.9 NA objective (Olympus LUMPLFLN 60XW) through>d./2 telescope composed by two
lenses L1 f=1000 mm) and L2f{=500 mm). Holographic phase patterng, g are

computed using an iterative Fourier-transform atpor, imposing uniform illumination in the
Fourier plane and generating two-photon (2P) halpigic light patterns in the image plane. A
thin spin-coated layer of Poly-Methyl MethAcrylaeMMA) doped with rhodamine-6G is
placed at the sample plane. Fluorescence emittetthdoyhodamine layer is collected by a
second objective (Olympus UPlanSApo 60XW, NA 1.2cpd below the sample for imaging
on a CCD camera. Axial distribution of the exciiatbeam is probed by axial scanning of the
upper objective while keeping the lower one focusedhe rhodamine layer. Combination of
CGH and temporal focusing is achieved by replattiegmirror M inFigure 1 with a reflective
ruled diffraction grating of 30d/mm (Richardson Gratings, Newport). Astigmatism is
introduced by placing CLs (of focal Iengt&,p either in front of the SLM (configuration A) or

right before the first objective (configuration B)he aberrating phase,,, introduced by
CLs is compensated by adding the conjugated cytiadiFresnel phase, ¢z, to the

holographic phase patterq, o At the sample the aberrated zero order givestaso

2
orthogonal lines separated by a distanee= n<f°bf/f ) along the axial direction, where
eq

f is the focal length of the objectivey, the immersion refractive index and where

obj



feq:(lefl)zfcyllz or feq:fcyl’ for configuration A or B, respectively. The likength is then

L=2AzNAn, whereNA is the numerical aperture of the first objective.
In 2P excitation, the fluorescence signal scalesusaly with the excitation intensity. For a

given amount of incident power in the zero ordée ©LP-generated signal is therefore

proportional to 1592 whereSis the surface over which the power is spread LAGhe optical
path will therefore decrease the zero-order sigmahe sample plane bf[lll/fcw2 and the
zero-order signal integrated in the focal pland-byl /fcy.

An example of a 2P fluorescence image generated®$H pattern representing the Eiffel
tower is shown irFigure 2a (corresponding phase holograqr}nask in Figure 2d). In this

figure, although the amount of light in the zeraderis only a small percentage of the one
diffracted into the rest of the image, the fluomsme intensity induced by the zero order is
higher than the one generated within the holog@aphttern (red lines in the graphkiure
2c¢). This is mainly due to the large surface overchtthe diffracted light is spread relatively to
the zero order. The addition of a CL of focal Idfnggy':lm in front of the SLM and a

compensating cylindrical Fresnel phasaaﬁb (of focal Iengthf:—fcy|/2:—500mm Figure
2e) to the hologramp,, o (Figure 2d), leaves the holographic pattern practically ueetéd

(Figure2b and 2c blue lines), while generating a strongly aberratetb-order component
dispersed in a broad area. The corrected phase maskis shown irFigure 2f.

In order to precisely characterize the decreadtuagrescence caused by astigmatism, we
switched off the SLM to send all the light in trex@ order. Then we measured for different CLs
the axial distribution of the zero order by movithg excitation objective axially in steps of
1um and acquiring through the detection objective thmrescence generated in the
rhodamine layer. The intensity integrated in eaemgis plotted irFigure 3 as a function of
the axial position, for five different values &, Two peaks separated yz=nL/2NA
corresponding to the planes where the two orthdgames are focused, appear clearly. As
expected, the magnitude of the peaks is propoitibmal/L (inset of Figure3). The
fluorescence intensity measured by taking the p#aksity at the center of each line decreases

proportionally to 1/E. In the case of £130 um we observed a decrease by two orders of

magnitude (from ~200CountgmWA/ms to ~2 CountdmW2/ms ) in the integrated
fluorescence compared to the non-aberrated spwesponding to a four orders of magnitude
decrease in the fluorescence intendtigre 3 and inset).



When introducing aberrations with a single cyliedtilens, one of the two focused lines still
lies in the focal plane of the objective. Furtheduction of the zero-order component in the
focal plane can be achieved by adding a secong-omasnted cylindrical lens with opposite

vergence. This configuration generates two lingwatplanes PL; and PL,, on either side of

the objective focal plane. Then, the zero-ordet gpenlarged at the focal plane along the two
transverse directions, as expected, further redu2id excitation by a factor of 100. An
example of the effect of this configuration is sttated inFigure 4 (dashed line) where two
CLs offcy,i=1 m andf,2=-1 m are placed in contact, in front of the SLMr{figuration A).
The zero order then focuses two lines-86 um on either side of the focal plane.

The remaining excitation by out of focus linesugtier reduced in CGH systems confining
2P excitation in the focal plane thanks to tempfwalising [17, 18, 19]. In this case, mirror M
in Figurel, is replaced by a blazed grating which splits $sipectral components of the
femtosecond pulse in the back focal plane of theative lens. The induced pulse broadening

out of the focal plane, in particular &L, and PL,, permits reducing the maximum

fluorescence signal to 0ClountgmW/ms (Figure 4; solid line), suggesting a 2.i@ecrease
in integrated fluorescence intensity and a 9.#ecrease in the fluorescence intensity. In this

example, the two CLs dfy; ;=1 m andfy=-1 m are oriented at +45nd —45 relatively to
the grating lines, which provides optimal suppr@ssf the out-of-focus fluorescence.

The presented results demonstrate the efficiencth@fproposed approach to suppress
excitation by the zero-order component produced b¢-SLM. Previous techniques consisted
mainly in spatially separating the zero from thstfdiffraction order, which corresponds to the
target spot, and physically blocking the zero arti@re, zero-order suppression is achieved by
spreading this component on a large area by th@fuae aberrating element in combination
with non-linear two-photon excitation. Compensaiidnhe induced aberration with a suitable
phase profile at the SLM then permits to fully cgstthe quality of the hologram. For choosing
the aberrating element a compromise between theedetecrease in the zero-order excitation
and the ability of the SLM to correct the introdd@berrations needs to be found because the
SLM can only reproduce a discretized approximatibtihhe exact phase profile that correct the
aberrations. Typical spatial scale of phase vamatmust not be smaller than the pixel size,
of the SLM and the phase difference between adjgmeels must preferably be less thariFor
aberrations exceeding these limits, correctionhi®y $LM is not optimal and is done at the

expense of a significant loss in diffraction efficCy especially for patterns projected at the



center of the field of excitation. For a cylindii€éaesnel phase, the minimum focal length that
can be addressed to the SLM(i:;Nazlk [12], whereN is the number of pixels of the SLM that
fill the objective back aperture. In the presertiag system, this value if%:270 mm allowing

the use of a minimum focal lengthy, of 540mm(due to the double pass) in configuration A or
135mmin configuration B. When using a CL tbéy|=1m in this same configuration (or a

fcy|=125mm in configuration B), which corresponds tee130 um we measured for a spot

placed at the center of the field of view a deaeeadliffraction efficiency of ~12%. Finally, we
point out that the proposed technique is alsoiefiicfor single photon processes exhibiting a
threshold level (optical tweezers, photo-polymérag cellular photo-activation), since the
intensity of the zero order may then be diminishebbw the excitation level.

In conclusion, we have demonstrated that effickeippression of the zero-order component
in an optical system for CGH can be achieved lpathicing aberrations in the optical design to
redistribute the zero-order in a larger area. Intigsar, the use of one or two crossed
cylindrical lenses as aberrating elements pernetisicing by 4 to 6 orders of magnitude the
fluorescence generated by the zero-order compatahe focal plane. Optical quality of the
holographic system is fully restored by achievibgraation correction with the SLM. Finally,
we have shown that the configuration with two ceas€Ls combined with TF permits an
almost total suppression of the background sign#ieé sample volume.

Our approach is characterized here with the simpke of astigmatism. Comparatively,
more elaborated aberrations could enlarge the @@ along the two transverse dimensions

then further improving the decrease in fluorescentnsity.

Figure 1: (a) Principle of a CGH microscope. An Sldwonjugated to the back focal plane
of an objective lens (OBJ1) with a telescope (11 m, L2, f=500mmn). The light beam
(A=800nm) arising from a femtosecond Ti:Sapphire laser aedLiwo-photon fluorescence in a
rhodamine layer. An image of the sample is mada 6D camera through a second opposite
objective (OBJ2) and a tube lens (L3). Astigmatismntroduced in the system by adding
cylindrical lenses (CL) either in front of the SL{gbnfiguration A) or near the back aperture of
the first objective (configuration B). For tempofatusing, the mirror M, which lies in the

object focal plane of L2 is replaced by a blazeatigg.



Figure 2: Comparison between a computer-generatiedtaphic image of the Eiffel tower
without (a) and with (b) a singlert cylindrical lens aberrating the zero order in dptical
path. (c) 2P Normalized Fluorescence Intensity jpFdfiles along the lines drawn in (a) (red)
and (b) (blue). Dotted lines represent the sighalbtid lines multiplied by 10 for better view.
(d) Phase maskpmasik reproducing the image of the Eiffel tower at fbeal plane of the
objective. (e) Conjugated cylindrical Fresnel |&iadogram, ¢4n, added to the one of (d) for
aberration compensation. (f) Final corrected pimaask,pcor, addressed to the SLM.

Figure 3: Integrated two-photon Fluorescence Intgiis-1) of the zero order as a function
of the distance from the focal plane, for five drint cylindrical lenses. The distante
increases with the optical power of the cylindrileads while induced fluorescence decreases.
Inset shows the evolution of the fluorescencedRd the integrated fluorescence intensity (IFI)
in the focal plane (z=0) as a functionA, in logarithmic scale. A slope of -1.0 is obtairfed
the IFl and -2.0 for the FI, in agreement with ttye&alues ofAzranging from 12mmto 37um
have been obtained by placing CLs of different fdeagths in configuration B shown in

Figure 1.Az=96 um has been obtained by placing mmfocal length in configuration A.

Figure 4: Integrated two-photon Fluorescence Intgiis-1) of the zero order as a function
of the distance from the focal plane. The zero oisl&éere aberrated with two cross-oriented
CLs (dashed red) in configuration A, with focal ¢gém +1m and —1m. Combination with
temporal focusing (solid blue) suppresses fluoneseef the two lines as the excitation pulse is

chirped in these planes.
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