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Abstract: Fluorescent imaging behind turbid layers has recently become available using several
different methods based on speckle correlations. The limited range of these speckle correlations
embodied in the memory effect however leads to a severe limitation of the field of view of these
imaging techniques. Here, we present a method based on iterative scanning and re-focusing
using wavefront shaping, such that neighbouring regions to the field of view of the memory effect
can be imaged. This allows for an extension of the field of view of scattered light fluorescence
microscopy far beyond the limits given by the memory effect. With this addition, applications
in real life turbid media become possible, which can also be extended to dynamic media using
possible improvements in speed of focusing.
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1. Introduction

Scattering and diffusion of light are large limitations for optical imaging.

Recent progress has enabled imaging even in highly turbid media, where multiply scattered
light is controlled, either in transmission [1-7], or in reflection [8,9]. These techniques are
based on the adjustment of the phase of the illuminating light in response to the turbid medium,
such that enhanced constructive interference behind a turbid layer is possible leading to a focus
even behind an intransparent layer of white paint [10]. The imaging information can then be
obtained by utilizing the phase information retained over a small angle by the optical memory
effect [1,11, 12]. One main obstacle by using this technique at the moment is that the field of view
is therefore limited by the angular range of the memory effect, which decreases with the thickness
of the turbid layer. Here, we propose and experimentally implement a method that extends the
work of [3] and can overcome the limitation set by the optical memory effect, thus allowing the
possibility of wide field imaging by iteratively adjusting the shaped wavefront according to the
information obtained from within the range of the memory effect. This correspondingly has a
large impact on wide ranging fields of imaging, notably in biological systems, where in-vivo
imaging of structures is often limited by turbid layers of materials.

2. Samples and setup

As a turbid sample, we covered one side of a glass slide (thickness: 1 mm) with Zinc Oxide
pigment. The thickness of the paint layer was approximately 11 um corresponding to more
than 11 mean free paths. Thus, the layer is completely intransparent. On the other side of the
glass slide we attached fluorescent beads (FluoSpheres™) from Thermo Fisher Scientific with a
diameter of 4 ym. These beads have their maximum of excitation at 505 nm and the peak of the
emission at 515 nm. The beads are applied by first diluting them in deionized water or in ethanol.
A droplet (10 ul to 230 ul) was spread uniformly by putting a second glass slide on top. This last
step is important in order to avoid clusters of beads on the sample.
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In the optical setup (see Fig. 1) we have a laser beam as a light source (Spectra Physics
Cyan 40 mW, 488 nm). The light first passes through a beam expander and is then reflected onto
a spatial light modulator display (Holoeye HEO 1080 P). The light coming from the SLM is sent
with help of two mirrors onto an objective (Zeiss A-Plan 40x/0.25), which images the SLM onto
the front side of the turbid medium. The optimization of the incoming wavefront is carried out by
the computer controlled SLM [13]. The scanning in the x-y plane is done as well with the SLM
by adding a gradient which leads to a linear phase shift. A second microscope objective (Leitz
NPL 40x/0.70) images the back surface of the sample on a CCD camera (ATV Stingray F-145B)
serving as the detector. In order to detect only the fluorescent light a Semrock Brightline filter is
mounted in front of the CCD camera.
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Fig. 1. Schematic drawing of the experimental setup. The laser beam which servers as a
light source is first expanded such that the diameter of its cross-section is as big as the SLM
display. The SLM is used to optimize the incoming wavefront to a focus behind the turbid
layer and as well for scanning in the x-y plane. The signal behind the turbid layer is detected
by the CCD camera.

The bottom part of the figure, schematically shows the process of focusing and sending
the signal to the CCD camera in more detail. From right to left we see the modulated and
optimized wave from the SLM entering the turbid medium (1). In a second part the wave
propagates through the glass slide (2) and creates a focus on the layer of the fluorescent beads
(3). The now excited fluorescent bead is emitting its signal through an infinity corrected
objective (Leitz NPL 40x/0.70) finally to the CCD camera.

3. Theoretical description

As introduced in [1], scanning of the focus due to wavefront shaping and hence imaging of
fluorescent beads is possible due to the optical memory effect [11, 12]. In addition, [3] have
shown that such an imaging of fluorescent beads is also possible without visual access using
iterative focusing directly on the fluorescence response of the beads themselves as a feedback
signals. The information after a spatial variation in the phase and amplitude of an incident wave



is preserved to a certain extent during its transmission even through a highly random, completely
turbid multiple scattering medium. This correlation of the phase allows for the addition of phase
patterns that shift the interferometric focus in the x — y plane [1], as well as in the z-direction [2].
For a scan in the x — y plane, we can shift the focal position by a distance Ar = aAf where a
is the distance from the turbid layer to the focal plane and Aé corresponds to angular range of
the memory effect. Due to the memory effect, while scanning, we retain a focus up to an angle
of AOmax = ﬁ [1,11,12] with A being the wave-length of the illuminating light and L the
thickness of the turbid layer.

In the present experiment we obtain a range due to the memory effect of Arp,x = 7 um using
A =488 nmand L = 11 um. This distance was verified experimentally by shifting the focal point
by adding a gradient on the SLM, as shown in Fig. 2.

turbid layer focal point

7.5 um

25000

. shifted focus

Ar

(e}

o

o
O\
A ;

. @ focus point

o

AG ®

(a)
(b)

Fig. 2. Schematically we see in figure (a) the geometry of scanning in the x-y plane by tilting
the laser beam. The change in angle, i.e. A6, is limited by the memory effect range.

In figure (b) we see the intensity of many individual scanned foci as a function of its position.
Furthermore the full width half max (FWHM) is indicated in the figure. This width is
determined by the angular range of the optical memory effect, i.e. 2%—1 The resolution of the
focus corresponds to the width of one peak under a colored curve. The memory effect range
is the range where we still detect a signal from the focus i.e. where we measure an intensity.
The maximal scan range in the positive x-direction is from the highest peak, which is the
origin position of the focus (pixel number 450), to the right end (pixel number 500), where
the signal is completely lost. This scan range is about 50 pixels which corresponds to 7.5
pm. The overall memory effect range can thus be quantified by the FWHM of approximately

7.5 pm.

4. Experimental results

As in [3], we use the fluorescence of the beads as feedback signal for the optimization process in
the wavefront shaping in order to create the focus behind the turbid layer that is subsequently
used for scanning. A direct image of these beads, each a diameter of 4 um, can be seen in figure
3. Panels a) through c) show the transmitted fluorescence during the focusing process, where
the total signal of the fluorescence is maximized in the optimization process. The algorithm
segments the SLM into smaller parts in every step such that more segments contribute to the
focus. The intensity of the focus increases with the number of segments. In figure c) we end with
a bright focus 5 times more intense than in the beginning.

In a second step, after focusing, we scan in the area of the memory effect range in order to detect
additional fluorescent beads, where the scanning is achieved by the addition of a phase gradient
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Fig. 3. Fluorescent signal of beads behind a turbid layer consisting of white paint during
optimization of the wavefront. a) initial state, c) focusing on one of the fluorescent beads.

in the x- and y-direction respectively to the SLM and the total fluorescent signal is recorded
for each position of the scan. This results in an image of the surrounding of the initial focus,
shown in figure 4. Each pixel on both images corresponds to the average intensity of the CCD
Camera after one scanning step. Therefore the optimized focus (i.e. the bead where we focused
on) lies in the center of both images. The other high intensity areas show the position of other
fluorescent beads within the field of view. In this example we choose 40 scanning steps in the x-
and 40 scanning steps in the y-direction and a scanning distance of Ar = +/—6um. Obviously
choosing more scanning steps for the same scanning distance leads to a higher pixel density in
the final image. Furthermore we implemented a threshold to choose the next closest fluorescent
bead. When the algorithm found the next closest bead it loaded the corresponding phase mask
to the SLM and started the optimization process anew with this starting configuration. This
means that the feedback signal will be dominated by the fluorescence of this newly illuminated,
neighbouring bead, such that the optimization process will lead to a focus centred on this bead.
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Fig. 4. In this figure we see the result of the scanning and detecting process. After we
optimized and focused on a bead we scanned through the sample by adding a gradient on the
SLM and detecting fluorescent beads lying in that range. The numbers 1,2,3,4 are labeling
the fluorescent beads and the resulting sequentially scanning process.

After creating this new focus on a bead within the field of view of the initial bead, but different



from it, we scan the range of the memory effect of this new bead, thus extending the field of
view. In this manner, through iterative scanning and refocusing on fluorescent beads we are able
to image far outside of the memory effect range of the starting point, with a field of view of
approximately 20 um. This final result is illustrated in figure 5, where the position of the focus
can be seen to be displaced from the initial focus by several widths of the range of the memory
effect. Combining the scans of these iterated foci, such as those shown in Fig. 4, a fluorescent
image of the scene behind the turbid layer can thus be reconstructed with a large field of view
and without direct optical access to the sample.
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Fig. 5. Iterated foci after sequential scanning, detecting and refocusing on the three
fluorescent beads separated further than the range of the memory effect. Panels a) through c)
show the direct image of fluorescent beads after sequentially scanning through all the beads
and refocusing after successive iterations on three beads.

5. Conclusion

In this work, we have presented and experimentally implemented a method with which to
overcome the limited field of view of scattered light fluorescence microscopy due to the limited
range of the optical memory effect [1]. We have created an algorithm, which is able to adjust
the shaped wavefront according to the information obtained from the total fluorescence, thus
focusing onto a bead that is not pre-determined from the outside and which thus does not need
direct optical access to the sample [3]. This is extended by sequentially focusing to such an
extent that the field-of-view is largely enhanced (tripled in Fig. 5) relative to the method used
in [3]. More precisely, we focused on fluorescent structures behind turbid media and scanned
sequentially, by detecting and refocusing on fluorescent beads laying next to each other, to such an
extent that the field of view was larger than the optical memory effect range from the first focused
fluorescent bead. The basis of such a technique are iterative wavefront shaping on the transmitted
light [10], scanning using the memory effect [1] and the use of transmitted fluorescence as a
feedback signal [3]. Given that the scanning is done directly by adding phase patterns to the
SLM, also three-dimensional scanning of the focus is possible [2], such that we have in effect
shown the feasibility of three-dimensional imaging behind turbid layers several mean free paths
thick without direct optical access.

The resolution of the obtained images is limited by the size of the interference based focus,
which in turn is only limited by the wavelength of the light used. However, it is neither determined
by the optical elements used in the setup nor the scattering properties of the layer in front of the
structure of interest [1,2], i.e. diffraction limited imaging is possible behind turbid layers. The
main drawback of the experimental setup used in the present work lies in the temporal resolution,
which is driven by the rate of change possible in the SLM used for the optimization. With the
current hardware and method of optimization, it can take up to 5 minutes to create a focus,
limiting applications to static turbid media i.e. where the turbid layer is stable on time-scales



longer than the focusing and scanning time. Nevertheless recent projects in the development
of piezo-element based SLMs [16] make it possible to create a focus behind a turbid media in
a few milli seconds, which makes applications with living tissues possible [17, 18]. However,
by decreasing the time to focus we decrease the signal for detection as well. The absorption of
photons in turbid media and the resulting signal loss remains a main drawback for this experiment
which might be overcome by replacing the CCD with a photomultiplier.
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