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We report an alternative experimental setup to laterally focus light at an angle of 90 deg relative to turbid, multi-
ple scattering media, using preprocessing wavefront shaping. We compare the measured image quality to one
obtained in the usual configuration for focusing light through turbid media, where focusing occurs behind
the scattering sample. We demonstrate that the depth of focus in the lateral configuration is of the same order
of the usual transversal one because both setups are designed to operate in the deep Fresnel zone. This result shows
that this novel, versatile lateral configuration allows for effectively focusing around corners through multiple
scattering samples. © 2015 Optical Society of America
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1. INTRODUCTION

Multiple light scattering is a ubiquitous phenomenon, as it oc-
curs in many different natural complex media, such as clouds,
planetary atmosphere, biological tissues, and colloids [1]. It also
encloses rich physical phenomena, as many mesoscopic effects
in condensed matter have optical counterparts in strong light
scattering systems, such as the weak and strong (Anderson)
localization of light and anomalous diffusion [1,2].

In addition to the fundamental interest, disorder in optical
systems, which in principle could be considered as a nuisance, is
exploited in many applications. Well-known examples are ran-
dom lasers, where disorder provides the optical feedback and
plays the role of mirrors in conventional lasers [3]. Another im-
portant example is imaging through turbid media, which is cru-
cial for deep tissue imaging [4]. However, the fact that multiple
scattered light generates complex time-dependent speckle
patterns makes use of adaptive-optics techniques to correct
aberrations unpractical [5]. The demonstration that the effects
of disorder and multiple scattering can be partially compen-
sated by controlling the phase front of the incident light,
restoring the focal spot, has created a new paradigm in imaging
through turbid media [6–8]. Wavefront shaping is achieved by
using a spatial light modulator (SLM) so that the incident beam
matches the transmission eigenmodes of the scattering sample.
This technique has been employed in many applications,

including astronomical and biological imaging [7], fluorescence
microscopy [9], subdiffraction limit focusing [7], focusing and
compression of ultrashort pulses [10], spectral filtering [11],
light polarization control [12], random lasing [13], and focus-
ing behind fully reflective materials [14].

In all these applications of the wavefront shaping method,
the scattering media and feedback system need to be properly
aligned with the target sample. In the present paper, we propose
a novel, alternative experimental setup to focus light through
turbid media using wavefront shaping. Within this configura-
tion, focusing occurs laterally to the scattering sample and not
behind it, as in the usual setup. This should facilitate applica-
tions involving imaging [15] and micromanipulation [16] with
samples on nontransparent substrates.

Imaging around corners has been reported in the past and is
often associated to imaging occluded objects by reflection at an
angle from diffuse surface using the time-of-flight method [17]
or correcting the reflected wavefront (postprocessing) by means
of a SLM [18]. Imaging around corners in transmission mode
has been suggested [19] using postprocessing with SLM but
never actually demonstrated. Here we show, for the first time
to our knowledge, focusing around a corner at a 90 deg angle by
transmission through a diffuse object, using preprocessing of
the impinging wavefront with a SLM.

We compare the quality of focusing in the lateral and the
usual (transversal) configuration of the same order of the usual,
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transversal one; we show that this novel, versatile configuration
allows for effectively focusing around corners.

2. METHODOLOGY

A. Transversal Focusing Configuration
Before describing the experimental setup used to focus light
around the corner, let us begin by briefly explaining the setup
that has been used so far to focus light through turbid media,
the transversal focusing configuration [19], which is shown in
Fig. 1. The phase of the impinging beam is modulated by a
spatial light modulator (SLM). The modulated light is focused
onto a Teflon sample, S, of 2 mm thickness, having a transport
mean free path of 600 μm (measured via the width of the co-
herent backscattering cone). The light traveling through and
scattered by the Teflon sample is collected by an imaging sys-
tem consisting of an objective lens and a CCD camera. The
speckle pattern is captured, and a region of interest (ROI) in
the center of the CCD camera is selected. The intensity of the
light collected by the ROI is enhanced by means of a feedback
algorithm that controls the SLM with help of a computer pro-
gram in LabVIEW. The stepwise sequential algorithm, as de-
scribed by Vellekoop and Mosk [19], is used to look for a phase
mask that focuses light through the Teflon sample. This algo-
rithm is based on the fact that the field at the detector is a linear
superposition of the contributions from all squared segments
that constitute the modulator. Hence, the optimal wavefront
is constructed by optimizing each of the segments individually,
as a computer varies the phase of each segment from 0 to 2π.
Then, the feedback signal is monitored and the phase for which
the target intensity is maximal is recorded. The optimal wave-
front is constructed such that the contribution of this single
segment is in phase with the background field (the mean con-
tribution coming from all other segments).

B. Lateral Focusing Configuration
The experimental setup for focusing in the lateral configuration
is the same as for focusing in the transversal configuration, with
the difference being that the objective lens and CCD camera
are now positioned to look at the Teflon sample under a 90 deg
angle from the side, rather than the back, as is shown by Fig. 2.
The Teflon sample has been replaced with a thicker one,
allowing for better alignment of the imaging system with
the illuminated region.

3. EXPERIMENTAL DETAILS

The experimental setup, as shown in Fig. 1, was built. After
measurements were performed, the experimental configuration
was set to the lateral configuration, as shown in Fig. 2. A low
power (∼4 mW), linearly polarized, and stabilized He–Ne laser
with 632.8 nm wavelength was expanded by a plano–concave
and plano–convex lens (focal lengths of −30 and 250 mm, re-
spectively) to expand the laser beam to illuminate the full
modulated (Holoeye Pluto phase only, 1920 × 1080 pixels)
SLM head. Because the SLM head only accepts horizontal po-
larized light, the He–Ne laser tube was turned to correspond to
the same polarization. The iteration time (i.e., time needed to
cycle through 10 phase steps for one SLM segment) is 3.33 s.
The phase modulated light is focused onto the Teflon sample
by a plano–convex lens with a 150 mm focal length. The light
scattered by the Teflon sample is collected by an imaging
system consisting of a 40× magnifying objective lens with a
numerical aperture (NA) of 0.65, finite corrected at 170 mm,
and a (Thorlabs DCU223M, 1024 × 768 pixels) CCD camera
fixed at a position of 170 mm behind the objective lens, to
collect the light. Alignment of the imaging system is realized
by first imaging the Teflon sample surface on the CCD camera
and then translating the imaging system back by a distance of a
few mm, which we call the focal length of the scattering lens
and denote by z0 [7]. This imaging system has a lateral
resolution of 0.48 μm (FWHM), limited by the NA of the
objective lens. The speckle pattern is captured by the CCD,
and a 5 × 5 pixels square ROI in the center of the CCD camera
is selected in order to focus and enhance light by means of a
feedback algorithm. The ROI is chosen to be just above the
system resolution limit, which is 5 pixels (pixel size 4.65 μm ×
4.65 μm).

A. Feedback Algorithm Settings
The feedback algorithm parameters used to address the SLM
and read out the CCD are listed in Table 1. The pixels on
the SLM were binned together to form large s × s pixels square
segments. This results in a lesser total number of segments, N ,
to cycle through, which significantly speeds up the algorithm
and thereby reduces the measurement time. It takes about
11 min to obtain focus when using 196 segments.

Fig. 1. Schematic of the experimental setup for focusing in the
transversal configuration.

Fig. 2. Schematic of the experimental setup for focusing in the
lateral configuration.
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4. RESULTS

A. Focusing Around the Corner
Four consecutive measurements have been performed to test
the rigidity of the focusing capabilities when focusing in the
lateral configuration (i.e., around the corner). The results are
shown in Fig. 3. The focal spot images are cropped to improve
the visibility of the spots.

Table 2 lists the enhancement factors (i.e., the ratio between
the optimized intensity and the average intensity before opti-
mization [6]) obtained for the focal spots. The lower enhance-
ment factors found here compared with the enhancement
factors of the order of 1000 obtained in [6] can probably be
explained by the lower stability of our setup. Table 2 also lists
the initial average intensity of the CCD’s ROI, IROI, prior to
starting the optimization procedure. The difference in enhance-
ment factors is caused by the initial average intensity in the ROI
of the CCD. With an IROI of around 10, the enhancement

factors are limited to about 10. For enhancement factors
around 20, the IROI started off with twice a lower value.
The starting value of the ROI for the optimization procedure
has a lower limit governed by the noise floor level and deter-
mines how high the enhancement factor can be expected.

The enhancement factor for measurement c is expected to
be higher, when referring to the aforementioned trend.
However, when we look at the phase masks, shown in Fig. 4
(especially for a–c), we see that a significant part on the left side
is black, meaning that the optimization procedure failed to find
a phase for these segments. The optimization procedure does
fail due to diverse reasons. For example, it fails because the sys-
tem persistence time is not always long enough, as shown in the
case of transverse focusing [see transversal phase-mask of
Fig. 6(b)]. In addition, light impinging the SLM on the left
side travels a longer distance through the Teflon sample; there-
fore, it is not being collected by the imaging system. This makes
the phase mask effectively smaller (i.e., utilizing fewer segments

Table 1. Measurement Parameters for Feedback
Algorithm

Parameter Value Unit

s 35 Pixels
N 196 Segments
phase steps 10 –
ROICCD 5 Pixels
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Fig. 3. (a)–(d) Cropped images of focal spots obtained for lateral focusing (i.e., around the corner). Enhancement factors are (a) 10, (b) 13, (c) 18,
and (d) 21. The axes denote the pixels of the CCD.

Table 2. Enhancement Results for Four Consecutive
Lateral Focusing Measurements

Measurement Enhancement Factor [-] IROI [Gray Level]

a 10 11
b 13 7
c 18 5
d 21 6
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in the optimization procedure and hence reducing the enhance-
ment factor [6]).

B. Comparison of Focusing Quality for Transversally
and Laterally Obtained Foci
We qualitatively compare the transversal and lateral focusing
quality by comparing the focal widths and depth of foci.
The feedback algorithm parameters used to address the SLM
and read out the CCD are the same as listed in Table 3.

The diameter of the illuminated area on the back end of the
Teflon scattering lens, D2, is determined for the transversal and
lateral focusing configuration from Fig. 5.

Figure 6 shows the resulting phase masks used to focus light
laterally and transversally through the Teflon scattering lens.
The correspondingly obtained focal spots are shown in
Fig. 7. The laterally and transversally obtained foci have an en-
hancement factor of 18 and 7 with IROI;lateral � 2 and
IROI;transversal � 9, respectively.

The focal length of the scattering Teflon lens, z0, is noted
for both focusing configurations and is listed in Table 4.
Therefore, the plane shown in Fig. 7, which contains the
speckle and the focus imaged onto the CCD, is formed at a
distance z0 from the Teflon sample. In order to start the feed-
back algorithm, enough light has to be collected to overcome
the noise floor level of the setup [6,20]. Therefore, the z0 in the
lateral configuration is chosen smaller than the z0 in the trans-
versal experiment to collect sufficient light onto the CCD.

The width of the focal spot, w0, is experimentally deter-
mined by taking the full width at half maximum (FWHM)
of the focal spot. The line scans through the focal spots are
depicted in Fig. 8. The focal width is determined by taking

Fig. 4. (a)–(d) Phase masks obtained for lateral focusing.

Table 3. Measurement Parameters for Feedback
Algorithm

Parameter Value Unit

s 10 Pixels
N 100 Segments
Phase steps 10 –
ROICCD 5 Pixels

Fig. 5. Illuminated area, D2, (a) in lateral direction, laser beam
impinging from the left, and (b) transversal direction, laser beam
impinging from behind.

Fig. 6. Phase masks obtained for (a) lateral focusing and (b) trans-
versal focusing.
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Fig. 7. Cropped images of focal spots obtained for (a) lateral focus-
ing and (b) transversal focusing. Enhancement factors are (a) 18 and
(b) 7. The axes denote the pixels of the CCD.
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the FWHM of these two scans (through the x and y axes) and
averaging the results. The focal width is found to be �0.6�
0.1� μm and �0.7� 0.1� μm for the lateral and transversal
configuration, respectively. The error margin is governed by
the read-off error, which can be no more than the distance be-
tween two pixels.

The depth of focus for Gaussian beams is a measure to ex-
press how fast the beam diverges around the focal plane. This is
expressed by the Rayleigh length, zR :

zR � πw2
0

λ
; (1)

where w0 is the beam radius at the focal plane.
To determine the depth of focus, we translated the imaging

system, which is positioned on a translation stage, through the

focus with steps of 0.5 μm, while recording the maximum in-
tensity at the focal spot. The results are shown in Fig. 9. A clear
peak can be distinguished above the noise floor governed by the
surrounding speckle modulation (denoted by the red line). The
FWHM of the peak that emerges from this data corresponds
with the depth of focus and half of this measure, which is the
Rayleigh length, is equal to zR � �2.0� 0.5� μm and

Table 4. Experimental Details for Transversal and
Lateral Focusing Configuration

Configuration

Parameter Transversal (mm) Lateral (mm)

D2 ∼7.0 ∼7.5
z0 2 0.5

Relative pixel position
0 50 100

(a)

(b)

150

N
or

m
al

iz
ed

 in
te

ns
it

y 
[a

rb
. u

ni
ts

]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Relative pixel position
0 50 100 150

N
or

m
al

iz
ed

 in
te

ns
it

y 
[a

rb
. u

ni
ts

]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fig. 8. Normalized line scans through focal spots obtained in (a) lat-
eral and (b) transversal configuration. Line scans taken through x
(blue) and y (black) direction.
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Fig. 9. Normalized maximum intensity of focal spot while scanning
through the depth of focus of focal spots obtained in (a) lateral and
(b) transversal configuration. Black line is the measured data, red line
denotes the background speckle modulation, and the blue line is the
theoretical fit.

Table 5. Results for Transversal and Lateral Focusing
Configuration

Configuration

Parameter Transversal (μm) Lateral (μm)

FWHM w0;experimental (Fig. 8) 0.7� 0.1 0.6� 0.1
½ of 1∕e2w0;experimental 0.6� 0.1 0.5� 0.1
zR;experimental (Fig. 9) 2.0� 0.5 1.6� 0.5
zR;theoretical [Eq. (1)] 1.8� 0.1 1.3� 0.1
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zR � �1.6� 0.5� μm for lateral and transversal configuration,
respectively. The error margin is determined by the scanning
distance of the translation stage. These results are summarized
in Table 5.

5. DISCUSSION

The speckle transverse dimension as a function of distance from
the diffuser is governed purely by diffraction (so-called deep
Fresnel zone), diffraction and divergence (Fresnel zone), and
pure divergence (Fraunhofer zone). The latter two zones can
be joined into one zone called the Van–Cittert–Zernicke zone
(VCZ). The speckle transverse dimension δx in the VCZ is
given by δx � λz∕D, where z is the observation distance
and D is the dimension of the illuminated spot [21]. This is
strictly valid in the paraxial approximation, which is achieved
if z ≫ D or, in the case where z < D, provided the diffraction
angle θ from the diffuser is smaller than ∼10 deg�sin�θ� ∼ θ�.
For distances closer to the diffuser, in the deep Fresnel zone, the
speckle size is purely determined by diffraction and shows no
dependence on the distance z from the diffuser nor on its thick-
ness [22]. The separation between both regions is given by the
width of the coherence factor μ0, which can be approximated
by the grain size δx0 of the diffuser [21,23]:

zVCD � μ0D
λ

≃
δx0D
λ

: (2)

In order to understand the observed speckle size of Table 5,
one therefore needs to determine in which region one is
operating.

The Teflon sample of 2 mm thickness has a transport mean
free path of 600 μm, indicating that diffusion and multiple
scattering occurs inside the sample, so that emerging light rays
are completely randomized at the exit surface, resulting in a
Lambertian emission. The equivalent grain size that generates
this emission pattern is, as calculated purely from diffraction,
δx0 � λ∕2, approximately 0.3 μm, given the He–Ne wave-
length used in our experiment. The obtained limit using equa-
tion (2) is zVCZ � 3 mm–4 mm. We therefore find that both
measurements, at 0 deg and at 90 deg, are well within the deep
Fresnel zone. This explains why both measurements show ap-
proximately the same values for zR and w0 (within our resolu-
tion). If the measurements were done in the VCZ zone, one
would expect four times larger speckles for the direct measure-
ment at zero degrees, given the four times longer distance to the
focal plane.

As shown by [24], the intensity profile of the focus has the
shape of the speckle correlation function, which in the case of a
Gaussian radiation source (He–Ne laser) is also Gaussian. The
diameter w of the focus speckle also propagates as a function of
the distance from its beam waist w0 at z0 as a Gaussian beam,
and the center intensity drops, therefore, to 1∕2 after a distance
equivalent to the Rayleigh length zR . This again agrees well
with the obtained results in Table 5 (line 4).

6. CONCLUSION

In summary, we have proposed and demonstrated an alternative
experimental setup to focus light through a multiple scattering
sample using wavefront shaping. Within the proposed lateral

setup, focusing occurs at a 90 deg angle relative to the sample,
which is in contrast to the usual setup for scattering lenses used
so far, where focusing is obtained behind the scattering sample
(transversal setup). We demonstrate that the depth of focus in
transversal and lateral configurations is comparable because
both setups are designed to operate in the deep Fresnel zone.
This finding suggests that this versatile, lateral setup might be
employed in novel applications involving focusing and imaging
around the corners of multiple scattering media.
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