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Abstract
Wavefront shaping with liquid crystal spatial light modulators (LC-SLMs) is
frequently hindered by a remaining fraction of undiffracted light, the so-called
“zero-order”. This contribution is all the more detrimental in configurations for
which the LC-SLM is Fourier conjugated to a sample by a lens, because in these
cases this undiffracted light produces a diffraction-limited spot at the image focal
plane. In this work we propose to minimize two-photon excitation of the sample
resulting from this unmodulated light by introducing optical aberrations to the
excitation beam. Aberrations are subsequently compensated by the LC-SLM but
only for the modulated part of the beam, and not for the “zero-order” component. In
order to experimentally demonstrate the method we use astigmatism as the optical
aberration by simply adding one or two cylindrical lenses in the optical path of the
beam. A 104 decrease in zero-order-induced two-photon fluorescence intensity is
demonstrated. Combining this approach with temporal focusing is shown to further
decrease zero-order fluorescence by a factor of 100.

230.6120, 090.1970, 070.4340.

Spatial Light Modulators (SLMs) are devices allowing the design of computer generated
optical elements with high spatial resolution. Among these devices, phase-only modulators
based on nematic liquid crystal matrices (LC-SLMs), modulate a large fraction of impinging
energy and offer high diffraction efficiency, i.e. the ratio between the light power impinging on
the LC-SLM, P0, and the light diffracted into the shaped pattern Pout, because they can
reproduce the calculated phase mask with sufficiently small quantization steps. They find
applications in different research fields including optical trapping [1], photo-polymerization
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[2], lithography [3], holographic photostimulation of neuronal cells by photolysis[4] (add refs:
Zahid et al. Plos One 2010, Yang et al. J. Neural Engineer. 2011) or optogenetics (add refs:
Bègue et al. Biomed. Opt. Express 2013), adaptive optics[8], ultrashort pulse shaping [5], phase
conjugation [6, 7], or focusing through turbid media [9].
Configurations in which the LC-SLM is conjugated to the back focal plane – or Fourier
plane – of a lens [1, 2, 3, 4] permit an efficient re-distribution of impinging laser energy into
arbitrarily shaped patterns. The phase profile addressed to the SLM is usually calculated using
Fourier transform based iterative algorithms [11]. Existing LC-SLM devices permit nowadays
to reach diffraction efficiency values, close to the limit imposed by theory, i.e. ~95 and 38% for
Pout directed at the center of the field of excitation or at the border, respectively. The remaining
light is distributed among the higher diffracted orders and an undiffracted component. This
undiffracted component, so-called “zero order”, results in a tightly focused spot at the center of
the field of excitation, the intensity of which, depending on the applied phase profile, can reach
25% of that of the incoming light [10]. This value can be reduced down to 2-5%, regardless of
the projected hologram, by performing a preliminary characterization of the LC-SLM [10].
Although only a small fraction of the total available power remains in the zero-order
diffraction-limited spot, its contribution is all the more important in applications involving
non-linear photo-physical processes, like two-photon excitation, due to the quadratic
dependence of two-photon processes on the excitation intensity.
In the past, it has been proposed to remove the zero-order contribution by deviating the
modulated component, Pout, away from the zero-order spot. Precisely, it has been shown that a
lateral shift of the pattern of interest permits to remove the zero order contribution at the focal
plane by placing at a sample conjugated plane a beam block centered on the zero-order position.
This approach leaves however, an inaccessible region, corresponding to the image of the beam
blocker, at the center of the field of excitation [12]. Illuminating the LC-SLM with a diverging
or converging beam and compensating the beam divergence with a Fresnel lens addressed to the
LC-SLM permits to axially displace the zero order from the holographic pattern Pout [13, 14],
therefore moving the dark region of the beam blocker away from the sample plane. However,
this still reduces the accessible three-dimensional field of excitation. Alternatively, an elegant
solution consists in adding a destructively interfering spot to the phase hologram design [15,
16] but this solution is not versatile since the phase and the amplitude of the required spot
depend on the addressed phase pattern.
In this paper, we take advantage of the nonlinear dependence of the two-photon effect [8, 2]
on the excitation intensity, and propose to reduce the zero-order contribution by intentionally
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introducing aberrations in the excitation beam that spread the zero-order spot over a larger area.
Aberrations correction by the SLM then restores the original pattern, while leaving the
zero-order component aberrated. We implement this approach by introducing astigmatism in a
two-photon computer generated holography (CGH) setup and demonstrate that the zero-order
intensity at the sample plane can be reduced by 4 orders of magnitude without the need of a
beam blocker or change in the beam divergence. We also demonstrate that introducing
astigmatism in CGH systems using temporal focusing permits a 6 orders of magnitude decrease
of the zero-order component.
Astigmatism is introduced here by inserting one or two cylindrical lenses, CLs, in the
optical path of a holographic system illustrated in Figure 1. A liquid crystal SLM (LCOS-SLM
X10468-02, Hamamatsu Photonics) is illuminated by a femtosecond Ti:Sapphire laser (MaiTai
Deep-See, Spectra-Physics; λ=800 nm) and imaged at the back focal plane of a first 60×,
0.9 NA objective (Olympus LUMPLFLN 60XW) through a ×1/2 telescope composed by two
lenses L1 (f1=1000 mm) and L2 (f2=500 mm). Holographic phase patterns, φmask , are
computed using an iterative Fourier-transform algorithm, imposing uniform illumination in the
Fourier plane and generating two-photon (2P) holographic light patterns in the image plane. A
thin spin-coated layer of Poly-Methyl MethAcrylate (PMMA) doped with rhodamine-6G is
placed at the sample plane. Fluorescence emitted by the rhodamine layer is collected by a
second objective (Olympus UPlanSApo 60XW, NA 1.2) placed below the sample for imaging
on a CCD camera. Axial distribution of the excitation beam is probed by axial scanning of the
upper objective while keeping the lower one focused on the rhodamine layer. Combination of
CGH and temporal focusing is achieved by replacing the mirror M in Figure 1 with a reflective
ruled diffraction grating of 300 l/mm (Richardson Gratings, Newport). Astigmatism is
introduced by placing CLs (of focal length fcyl) either in front of the SLM (configuration A) or
right before the first objective (configuration B). The aberrating phase, φabb, introduced by
CLs is compensated by adding the conjugated cylindrical Fresnel phase, −φabb , to the
holographic phase pattern, φmask. At the sample the aberrated zero order gives rise to two
orthogonal lines separated by a distance ∆   



  along the axial direction, where

fobj is the focal length of the objective, n the immersion refractive index and where
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feq=(f2/f1)2fcyl/2 or feq=fcyl, for configuration A or B, respectively. The line length is then
L≃2∆zNA/n, where NA is the numerical aperture of the first objective.
In 2P excitation, the fluorescence signal scales squarely with the excitation intensity. For a
given amount of incident power in the zero order, the 2P-generated signal is therefore
proportional to 1/S2, where S is the surface over which the power is spread. A CL in the optical
path will therefore decrease the zero-order signal at the sample plane by L2∝1/fcyl2 and the
zero-order signal integrated in the focal plane by L∝1/fcyl.
An example of a 2P fluorescence image generated by a CGH pattern representing the Eiffel
tower is shown in Figure 2a (corresponding phase hologram, φmask, in Figure 2d). In this
figure, although the amount of light in the zero order is only a small percentage of the one
diffracted into the rest of the image, the fluorescence intensity induced by the zero order is
higher than the one generated within the holographic pattern (red lines in the graph of Figure
2c). This is mainly due to the large surface over which the diffracted light is spread relatively to
the zero order. The addition of a CL of focal length fcyl=1m in front of the SLM and a
compensating cylindrical Fresnel phase, −φabb, (of focal length f=−fcyl/2=−500 mm; Figure
2e) to the hologram φmask (Figure 2d), leaves the holographic pattern practically unaffected
(Figure 2b and 2c blue lines), while generating a strongly aberrated zero-order component
dispersed in a broad area. The corrected phase mask, φcorr, is shown in Figure 2f.
In order to precisely characterize the decrease in fluorescence caused by astigmatism, we
switched off the SLM to send all the light in the zero order. Then we measured for different CLs
the axial distribution of the zero order by moving the excitation objective axially in steps of
1 µm, and acquiring through the detection objective the fluorescence generated in the
rhodamine layer. The intensity integrated in each plane is plotted in Figure 3 as a function of
the axial position, for five different values of feq. Two peaks separated by ∆z≃nL/2NA,
corresponding to the planes where the two orthogonal lines are focused, appear clearly. As
expected, the magnitude of the peaks is proportional to 1/L (inset of Figure 3). The
fluorescence intensity measured by taking the peak intensity at the center of each line decreases
proportionally to 1/L2. In the case of L≈130 µm we observed a decrease by two orders of
magnitude (from ∼200 Counts/mW2/ms to ∼2 Counts/mW2/ms ) in the integrated
fluorescence compared to the non-aberrated spot, corresponding to a four orders of magnitude
decrease in the fluorescence intensity (Figure 3 and inset).
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When introducing aberrations with a single cylindrical lens, one of the two focused lines still
lies in the focal plane of the objective. Further reduction of the zero-order component in the
focal plane can be achieved by adding a second cross-oriented cylindrical lens with opposite
vergence. This configuration generates two lines at two planes, PL1 and PL2, on either side of
the objective focal plane. Then, the zero-order spot is enlarged at the focal plane along the two
transverse directions, as expected, further reducing 2P excitation by a factor of 100. An
example of the effect of this configuration is illustrated in Figure 4 (dashed line) where two
CLs of fcyl,1=1 m and fcyl,2=-1 m are placed in contact, in front of the SLM (configuration A).
The zero order then focuses two lines at ∼96 µm on either side of the focal plane.

The remaining excitation by out of focus lines is further reduced in CGH systems confining

2P excitation in the focal plane thanks to temporal focusing [17, 18, 19]. In this case, mirror M
in Figure 1, is replaced by a blazed grating which splits the spectral components of the
femtosecond pulse in the back focal plane of the objective lens. The induced pulse broadening
out of the focal plane, in particular at PL1 and PL2 , permits reducing the maximum
fluorescence signal to 0.1 Counts/mW2/ms (Figure 4; solid line), suggesting a 2.103 decrease
in integrated fluorescence intensity and a 4.106 decrease in the fluorescence intensity. In this

example, the two CLs of fcyl,1=1 m and fcyl,2=-1 m are oriented at +45∘ and −45∘ relatively to

the grating lines, which provides optimal suppression of the out-of-focus fluorescence.
The presented results demonstrate the efficiency of the proposed approach to suppress
excitation by the zero-order component produced by a LC-SLM. Previous techniques consisted
mainly in spatially separating the zero from the first diffraction order, which corresponds to the
target spot, and physically blocking the zero order. Here, zero-order suppression is achieved by
spreading this component on a large area by the use of an aberrating element in combination
with non-linear two-photon excitation. Compensation of the induced aberration with a suitable
phase profile at the SLM then permits to fully restore the quality of the hologram. For choosing
the aberrating element a compromise between the desired decrease in the zero-order excitation
and the ability of the SLM to correct the introduced aberrations needs to be found because the
SLM can only reproduce a discretized approximation of the exact phase profile that correct the
aberrations. Typical spatial scale of phase variations must not be smaller than the pixel size, a,
of the SLM and the phase difference between adjacent pixels must preferably be less than π. For
aberrations exceeding these limits, correction by the SLM is not optimal and is done at the
expense of a significant loss in diffraction efficiency especially for patterns projected at the
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center of the field of excitation. For a cylindrical Fresnel phase, the minimum focal length that
can be addressed to the SLM is fc=Na2/λ [12], where N is the number of pixels of the SLM that
fill the objective back aperture. In the present optical system, this value is fc=270 mm allowing
the use of a minimum focal length, fcyl, of 540 mm (due to the double pass) in configuration A or
135mm in configuration B. When using a CL of fcyl=1 m in this same configuration (or a
fcyl=125 mm in configuration B), which corresponds to L≈130 µm, we measured for a spot
placed at the center of the field of view a decrease in diffraction efficiency of ~12%. Finally, we
point out that the proposed technique is also efficient for single photon processes exhibiting a
threshold level (optical tweezers, photo-polymerization, cellular photo-activation), since the
intensity of the zero order may then be diminished below the excitation level.
In conclusion, we have demonstrated that efficient suppression of the zero-order component
in an optical system for CGH can be achieved by introducing aberrations in the optical design to
redistribute the zero-order in a larger area. In particular, the use of one or two crossed
cylindrical lenses as aberrating elements permits reducing by 4 to 6 orders of magnitude the
fluorescence generated by the zero-order component at the focal plane. Optical quality of the
holographic system is fully restored by achieving aberration correction with the SLM. Finally,
we have shown that the configuration with two crossed CLs combined with TF permits an
almost total suppression of the background signal in the sample volume.
Our approach is characterized here with the simple case of astigmatism. Comparatively,
more elaborated aberrations could enlarge the zero order along the two transverse dimensions
then further improving the decrease in fluorescence intensity.

Figure 1: (a) Principle of a CGH microscope. An SLM is conjugated to the back focal plane
of an objective lens (OBJ1) with a telescope (L1, f=1 m, L2, f=500 mm). The light beam
(λ=800 nm) arising from a femtosecond Ti:Sapphire laser induces two-photon fluorescence in a
rhodamine layer. An image of the sample is made on a CCD camera through a second opposite
objective (OBJ2) and a tube lens (L3). Astigmatism is introduced in the system by adding
cylindrical lenses (CL) either in front of the SLM (configuration A) or near the back aperture of
the first objective (configuration B). For temporal focusing, the mirror M, which lies in the
object focal plane of L2 is replaced by a blazed grating.
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Figure 2: Comparison between a computer-generated holographic image of the Eiffel tower
without (a) and with (b) a single 1 m cylindrical lens aberrating the zero order in the optical
path. (c) 2P Normalized Fluorescence Intensity (NFI) profiles along the lines drawn in (a) (red)
and (b) (blue). Dotted lines represent the signal of solid lines multiplied by 10 for better view.
(d) Phase mask, φmask, reproducing the image of the Eiffel tower at the focal plane of the
objective. (e) Conjugated cylindrical Fresnel lens hologram, -φabb, added to the one of (d) for
aberration compensation. (f) Final corrected phase mask, φcorr, addressed to the SLM.
Figure 3: Integrated two-photon Fluorescence Intensity (IFI) of the zero order as a function
of the distance from the focal plane, for five different cylindrical lenses. The distance ∆z
increases with the optical power of the cylindrical lens while induced fluorescence decreases.
Inset shows the evolution of the fluorescence (FI) and the integrated fluorescence intensity (IFI)
in the focal plane (z=0) as a function of ∆z, in logarithmic scale. A slope of -1.0 is obtained for
the IFI and -2.0 for the FI, in agreement with theory. Values of ∆z ranging from 12 µm to 37 µm
have been obtained by placing CLs of different focal lengths in configuration B shown in
Figure 1. ∆z=96 µm has been obtained by placing a 1 m focal length in configuration A.

Figure 4: Integrated two-photon Fluorescence Intensity (IFI) of the zero order as a function
of the distance from the focal plane. The zero order is here aberrated with two cross-oriented
CLs (dashed red) in configuration A, with focal length +1 m and −1 m. Combination with
temporal focusing (solid blue) suppresses fluorescence of the two lines as the excitation pulse is
chirped in these planes.
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