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1 Introduction

In this thesis project, a non-iterative method of focusing light through (dynamic) turbid media
is realized. The method is based on wavefront shaping, which is traditionally assisted by a time-
consuming iterative process providing it with information necessary for optimization. In this project,
instead of using an iterative process, a coherent probing arm and IQ demodulation are introduced in
order to gather the information for optimization via an instant read-out manner. Thus, the time for
optimization is in principle significantly reduced, allowing applications where dynamic turbid media
are involved.

2 Background

Wavefront shaping has been indicated as a method for (partially) compensating for the effects
of random scattering by modulating parameters such as phase, intensity, or polarization of the
wavefront of the incoming light. A brief introduction concerning multiple aspects of this technique
is given in the following subsections.

2.1 The historical background of the birth of wavefront shaping

To discuss the topic of wavefront shaping, it would be difficult to ignore an earlier-developed field
called adaptive optics (AO). The story of AO started from the proposal by Horace W. Babcock,
an American astronomer, in 1953 [3]. To correct the optical artifacts in astronomical data (e.g.
atmospheric distortions, which are the most typical cause of the twinkle of stars), he suggested the
use of a mirror covered by a thin film of oil with its shape controlled by local electron deposition in
order to undo the blurring. Due to technical limitations, his idea did not become practical until the
end of the 20th century when matured data processing methods and deformable mirrors allowing
high-rate adjustments became available.

A typical AO imaging system works with the following scenario [2]|[4]: First, several luminous
artificial guide stars are created in the visual field. For an astronomical telescope, the guide stars
can be generated by having several points on the sodium layer of the atmosphere stimulated by
orange laser beams. Known stars or other light emitting objects may also serve as guide stars. For
AOQ assisted microscopy, a fluorescent bead embedded in the sample can be used. Then, light from
the guide star is received by a wavefront sensor which measures the wavefront distortion (see figure
1 (a)). Based on the assumption that the optical distortion experienced by the light is weak, one
can presume that the light from all points in a certain area of the visual field close to the guide star
is similarly distorted as the light from the guide star. Therefore, at the third step, one can correct
the whole area with a deformable mirror in accordance to the captured distortion (see figure 1 (b)).

The above correction can also be done purely by software [12]. Having a certain area of the visual
field disturbed in the same way means the image in this area is convoluted by the same function.
Since the shape of the artificial guide star is known, one can thus in principle find the convolution
function in accordance to which a deconvolution can be performed via a division in Fourier space.
Note that in case of low signal-to-noise ratio, the performance of the pure-software method is limited.



Shack-Hartmann WFS &

Lenslet

array Detector \,‘i‘:ﬂ_h
= - \"L\ e

=" Atmospheric turbulence
perturbs wavefront

} Displacement
or gradient

Flat | |
wavefront | |

/ /

Perturbed ‘
ot Corrected high-
wavefront o resolution image

(a) (b)

Figure 1: (a) A Shack-Hartmann wavefront sensor consisting of an array of lenses. For a tiny slice
of the incoming wavefront, when it is parallel to the sensor surface, the corresponding focus will be
on the axis of a lens. In case the tiny slice is tilted, the focus will be off axis [4]. (b) A typical layout
of an AO telescope [4].

While both AO and wavefront shaping are about having the wavefront deformed in a certain way in
order to compensate for unwanted effects, and the precise boundary between the two fields has not
been clarified by far, it is still possible to conventionally divide them in accordance to their situations
of application: AQ is typically used to get rid of relatively weak optical distortions; wavefront shaping
is usually applied for the cases where stronger and more complicated scatterings exist.

2.2 The principle of wavefront shaping

In 2007, Vellekoop et al. [13] proposed their new method of focusing coherent light through opaque
media which is commonly seen as the first step of the wavefront shaping technique. The principle
of their experiment is shown in Fig. 2.

Fig. 2 (a) describes the case where a spatial light modulator (SLM) acts as a simple mirror sending
a coherent and monochromatic plane wave to a diffuser. When travelling through the diffuser, the
light is randomly scattered multiple times, leaving a rather complicated configuration of paths. As a
consequence, the outgoing wavefront is no longer in a “clean” plane-wave shape but rather strongly
distorted.

When travelling through a diffusing material, the light in sufficiently adjacent paths will experience
similar scattering effects. Therefore, it would make sense to spatially divide the incoming beam into
multiple input channels. As shown in Fig. 2 (b), a certain input channel typically corresponds to
multiple outputs.

It is possible to (at least partially) prevent the transmitted light from being scrambled by introducing
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Figure 2: (a) Incident plane wave distorted by a diffuser; (b) The incident beam can be spatially
divided into multiple channels where one channel corresponds to multiple outputs; (¢) By modulating
the incoming wavefront, one can have the light focused through turbid media; (d) Adding a lens
and placing the sensor on its focal plane, one can in principle generate a plane outgoing wave by
wavefront shaping;

a certain phase modulation at the SLM, as shown in Fig. 2 (¢). By issuing a particular phase ¢,
to the amplitude E,, of incoming channel n, one would be able to control the phase of £, ,,, which
is the output amplitude of channel n at position m. In case this is done for all input channels, the
interference at point m should be under a certain degree of control. With an appropriate set of ¢,
one can have the light from different channels constructively interfere at point m, thus a bright focus
is generated. To emphasize “restoring” the incident plane wave, adding a lens behind the diffuser
and placing the sensor on the focal plane of the lens shall work, as shown in Fig 2 (d).

However, it is normally not quite straightforward to find the correct phase configuration for such
an optimization. In Vellekoop’s experiment, this was done via an iterative process: At each step of
the iteration, the phases of part of the channels are modified, and the intensity at the site where a
focus is supposed to arise is measured. The phase corresponding to the highest measured intensity
is preserved. With this practice, the iteration will converge to the required phase configuration.
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Figure 3: The work done by Vellekoop and A. P. Mosk in 2008 [14]. (a) An image of speckles
before an optimization. (b) An image of speckles after an optimization. (c) Spatial distributions of
intensities averaged along y direction. Dashed curve: intensity distribution for the image before the
optimization. Solid curve: intensity distribution for the image after the optimization.

2.3 Quantitative measures of enhancement
To evaluate the performance of a focus generating method, a quantitative measure is required. The
enhancement defined as follows is rather commonly used in the field of wavefront shaping [13]:

Intensity of focus
Enhancement = Y

Averaged intensity before optimization

However, during the experiment of this project, the appearance of speckles surrounding the generated
focus has been noticed. To take this into account, a slightly different definition of the enhancement

is introduced: )
Intensity of focus

Enhancement =
Averaged background after optimization

The second definition above is supported by the work by I. M. Vellekoop and A. P. Mosk in 2008
[14], as shown in figure 3. One can see that the intensity after optimization is not only higher at
the point where the focus is generated, but also higher in the proximity of the focus. This is due to
the fact that optimization leads to a higher transmission by populating more transmissive channels
in the medium.



2.4 Types of modulations

There exist multiple parameters of the incident light that one may manipulate while performing
wavefront shaping. Correspondingly, different modulation methods are available [7].

It is possible to constructively enhance the interference at a certain field point by blocking part of
the channels. A simplified situation is given in Fig. 4 (a). In this case, there are four channels
contributing to the total amplitude FE,,. While channel 1 to 3 are contributing positively to E,,
(phasor angle difference less than 7 ), channel 4 has a negative contribution to E,, ( phasor angle
difference more than 5). Therefore, the absence of channel 4 would enhance the amplitude of E,,.

Instead of the removal of a channel with negative contribution, changing its phase by pi would also
enhance the total amplitude, as shown in Fig. 4 (b). Since no input channel is blocked in this

case, one can expect the total enhancement to be typically higher than that of binary amplitude
modulation.

The enhancement can be further increased by more delicately adjusting the phase of each channel, as
described by Fig 4 (¢). To increase the speed of an optimization, instead of having the phase of every
channel continuously scanned, one can scan it with only several discrete phases. The enhancement
achieved in this way shall be typically between that of binary phase modulation and continuously
scanned full phase modulation. In practice, due to the existence of noise, the phase maximizing
the amplitude might not be directly determined by the highest measured intensity. Otherwise, the
intensity one records might be the sum of an overshoot of the noise and a non-maximized intensity.
As an alternative, a phasor summation of intensities measured with different issued phases can be
performed:

-’[vsum = Z I(¢z)ez¢L

As shown in figure 5, since the transversal components generally cancel, the direction of fsum still
approximately points in the direction of the maximum amplitude (I(¢ge’?®)). Meanwhile, the noise
(represented by green arrows) can be suppressed. The other way to deal with the noise is to extend
the time of exposure. By doing this, the time integral of the signal will automatically have the noise
suppressed. However, doing this will obviously lead to a decrease in optimization speed.

In 2015, Jongchan Park et al. proposed that the polarization of each input channel may also be
regarded as a parameter to be modulated [10]. In this case, one input channel is splitted into two
sub-channels, corresponding to the two orthogonal linear polarization components.



Before optimization After optimization

Em

B m Eom

(b)

Eym Eom

(c)

Eym

Figure 4: Types of modulations (a) Binary amplitude modulation. The enhancement can be in-
creased by blocking channels contributing negatively; (b) Binary phase modulation. Instead of
blocking negatively contributing channels, flipping their phasor directions may further increase the
enhancement; (c¢) Full phase modulation. Delicate alignment of the phasor direction of all input
channels in principle gives the highest enhancement;
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Figure 5: Compared to directly recording the phase corresponding to the highest observed intensity,
taking the above phasor summation can better suppress the noise. The black phasors represent the
intensities measured with different issued phases. The green phasors represent the noise involved in
the above measurements. Due to the random nature of noise, the green phasors tend to cancel each
other during the phasor summation. The red phasor stands for the phasor sum. The direction of
the red phasor is supposed to be approximately the same as that of the phasor of the maximized
amplitude. Note that this method works even if no sampled black phasor is pointing in the direction
of the red phasor.



2.5 Categorizations of spatial light modulators(SLMs)

There exist multiple types of spatial light modulators with various features allowing different manners
of modulation. Complying with one or another standard, one can put those SLMs under different
categories[6].

In terms of the direction of outgoing light, SLMs can be sorted into two groups: reflective SLMs and
transmissive SLMs. For the first type, the outgoing light and the incident light are on the same side
of the SLM. For the second sort, the outgoing light and the incident light are different sides.

In terms of the principle of modulation, another categorization exists, including three most commonly
used types listed as follows:

(1) The digital light processing (DLP) type. A typical DLP SLM is a rectangular array of millions
of tiltable bistate micromirrors reflecting light in two directions one of which will be used for opti-
mization while the other is directed to a beam dump. The most straightforward way of modulation
for the DLP type is binary amplitude modulation. However, by using holographic techniques, it is
also possible to perform phase modulation with a DLP SLM [9].

(2) The deformable mirror type. Instead of titling micromirrors, having the micromirrors composed
of an array move upwards or downwards changes the length of the optical path of channels. Thus,
a phase modulation can be performed. Defromable mirrors had been used for light modulation for
decades before the birth of the wavefront shaping technique.

(3) The liquid crystal (LC) type. One can have more modulation modes by replacing the micromirror
array by a controlled LC layer. Due to the anisotropic feature of LC molecules, the optical path
length of the light traveling inside of the L.C layer can change with the variation of the LC molecule
orientation. This allows one to perform phase modulation. Besides, with the utilization of LC
polarization rotation, a LC layer can also be used for intensity and polarization modulations.

While the DLP type and the deformable mirror type SLMs are generally known for their advantage
of extremely high frame rates [9] [1] [15], ferroelectric liquid crystal SLMs are also capable to provide
with a reasonably short response time.

2.6 Grouped iterations

Practically, it has turned out to be beneficial to have channels grouped in certain ways when opti-
mizing iteratively in order to achieve higher signal-to-noise ratio (SNR) and higher speed.

2.6.1 Single-channel iteration

In principle, it is possible to scan only one channel per step. As an example, Fig. 6 demonstrates
the iteration for six input channels with their phases iterated with this manner.

On each step, there is one and only one input channel having its phase scanned around 2w. The
phase corresponding to the maximized total amplitude of the current step (i.e. when its phasor is in



the same direction as the sum of the other phasors) is preserved. After one round of such iteration,
the total amplitude of the six channels has been significantly enhanced. From the figure, one can
notice that the phasors of the channels iterated at the beginning are less perfectly aligned to the
final result (compared to those optimized later). Therefore, it would make sense to iterate those
channels once more after a whole round of optimization.

Practically, the noise can be a rather significant problem for single-channel iterations. Since there
is only one channel scanned per step, the measured intensity change would typically not be high.
Therefore, the signal to noise ratio (SNR) may suffer.

2.6.2 Grouped-channel iteration for higher SNR

One way to increase the SNR is to have multiple channels grouped and scanned with fixed relative
phases. Since the phasor summation of multiple channels would have a nontrivial chance to generate
an amplitude significantly higher than that of a single channel, the intensity change measured in
this case will typically have a stronger contrast.

One can use an Hadamard transform to perform the above grouping [8][1]. A simplified example of
grouping 4 input channels with an order 4 Hadamard matrix is given as follows:

Without loss of generality, the phase of the reference can be defined to be 0. Based on this, the field
of the four modulated channels is written as:

El = Eleiq)l
EQ = E26i¢2
Eg = .Eg,@iq>3
E4 = E4€i(b4

With the above basis one can perform the following Hadamard transform:

Em 1 1 1 1 Ey
Epa| |1 -1 1 —1| |E,
Eys| |1 1 -1 —1| |E,
Eua 1 -1 -1 1 B,
or
Epqet®m 1 1 1 1 Ee'®™
Epoei®m 1 -1 1 1| [Eyei®
Egsei®ms| — |1 1 —1 —1| |Esei®s
EH46M>H4 1 -1 -1 1 E46iq)4

where index j indicates the jth channel involved in the transform, and index H; indicates the jth
Hadamard basis. As shown in figure 7, the amplitude of the transformed basis is typically higher
than that of the original basis. When a higher amplitude is modulated, one can expect to see a
larger SNR.

10
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Figure 6: Here the optimization is done channel by channel. Compared to that of grouped iterations,
the signal acquired here is relatively low. This will lead to a typically low SNR.
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Figure 7: Here is an example of Hadamard transform. 4 original bases are transformed into 4
Hadamard bases. The amplitude of a transformed basis is rather likely to be higher than that of
an original basis. Therefore, the signal acquired during modulations after Hadamard transforms is
typically higher, and such a modulation typically gives better SNR. One can notice that the number
of modulations cannot be reduced by an Hadamard transform.
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By performing iterative optimization upon the Hadamard basis, one is able to obtain [E Hjeq)Hj],
with which it one can get [Ejecp’”’} through an inverse Hadamard transform. Thanks to the ”invo-
lutory” nature of Hadamard matrices, this can be done in a rather straightforward way:

B, ei® 1 1 1 1] [Em
By 111 -1 1 —1| |En
Bse® | 4 (1 1 -1 —1| |Eps
Eei®s 1 -1 -1 1 o

Thus, &1, 3, 3 and P4 are known. According to this, one can have the phasors of channels 1 to
4 aligned to the direction of the reference.

Note that a Hadamard transform would not be able to speed up the iterative process. Since the
number of transformed vectors is equal to the number of channels involved, the number of steps in
this manner is not going to be less than that of a single-channel iteration. However, because of the
high SNR, one might be able reduce the time of exposure. This can indirectly reduce the time for
a focus generation.

2.6.3 Grouped-channel iteration for higher speed

Beyond the enhancement of SNR, having channels grouped may also achieve a higher speed. For
this purpose, instead of performing transforms (i.e. an Hadamard transform), one can simply have
several pixels on the SLM combined into a coarser segment. While having less fine segments for
modulation will in principle reduce the enhancement, in a certain region of coarseness such reduction
can be trivial. Figure 8 shows the enhancement results with varying coarseness recorded by Vellekoop
et al. [13].

The solid straight line stands for a preliminary estimation that the enhancement obtained with N
segments is supposed to be linearly dependent to N: Supposing the intensity of all channels are
identical (= E), taking the sum of N randomly oriented phasors resembles finding the final result of
a N-step random walk which gives an expected value of vV NE. For N fully optimized phasors, the
total amplitude is NE. Therefore, the estimated enhancement is

E%ptimized _ (NE)2 —_
EI%Ton—optimized (\/NE)2

Notice that the enhancement here is defined in the first way introduced in section 2.3. The dashed
curve stands for a correction including a finite speckle persistence time:

Ideal enhancement
NT
1+ T,

Effective enhancement =

where 7' is the time required for updating a segement, and 7}, is the persistence time of the speckle
pattern. In Vellekoop’s experiment, T is around 1.2s, and 7T}, is found to be around 5400s for their
TiOg pigment sample. The persistence time for a dynamic diffusing sample can be significantly
shorter. The recorded enhancements are indicated by squares and triangles. The squares stand for
the situation where the sample is placed in focus; the triangles are used for the case where the sample
is 100 micrometers behind the focus. One can notice that at high number of N, the recorded data

13
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Figure 8: A saturation is found by Vellekoop et al. [13] when segments become sufficiently fine.

complies with the dashed curve rather well. This implies that, due to the limited rate of segment
update and the instability of the sample, having a too high number of segments will increase the
difficulty for the system to follow the changes of the sample.

Even if the rate of segment update was sufficiently high, one might still foresee another cause of
saturation at a high number of segments. When the transmitting light is divided into extremely fine
channels, a phase correlation among neighbouring channels will appear. In this case, optimizations
of a bunch of neighbouring channels will give almost the same phase, which can be obtained with a
larger segment size.
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3 The setup

In the experiment of this project, a 589nm laser serves as the coherent light source. Light leaving
from the source travels through an acousto-optic tunable filter (AOTF) where an additional beam
with a 103.086 MHz frequency deviation is created. A 512*512 liquid crystal spatial light modulator
(SLM) provided by Meadowlark Optics enables phase modulations with a particularly high rate.

The layout of the setup is given in Figure 9. One can divide the optical part of the setup into two
arms: the modulated arm (in orange) and the probing arm (in yellow). The lengths of the two arms
are designed to be similar in order to have the spatial coherence preserved.

The modulated arm comes from the Oth order output of the AOTF (i.e. no change of frequency).
It is first re-shaped by a spatial filter L1-P1-L2 into a plane wave, and then imaged on the SLM by
another typical 4f system L3-L4. Thus a certain area of the SLM surface is illuminated, and the
pixels (or segments) included in this area can participate in the optimization. The surface of the
SLM is imaged to the surface of the diffuser by lens L9, so that every pixel (or segment) of the SLM
is corresponded to one of input channels.

The probing arm comes from the 1st order output of the AOTF, and its frequency is 103.086 MHz
higher than that of the modulated arm. Similarly, the beam is first shaped by L5-P2-L6, and then
sent to M1-L7-M2, which generates a focus on the lateral plane LP1 where lens L8 is placed. The
position of the focus is solely determined by the angular position of tiltable mirrors M1 and M2,
and vice versa. The focus on LP1 is imaged virtually at a certain point on the SLM surface by a
beam splitter (BS), thus the probing light coming out of BS should geometrically coincide with the
light coming from the point on the SLM.

One may notice that with the above layout, it is inevitable to have a nonzero angle between the
virtual image of LP1 and the surface of the SLM. This can be overcome by a phase calibration of
the probing arm (see the section on calibration). The same calibration can also correct the phase
deviation contributed by the rotation of the mirrors (mainly including two effects: (1) The rotation
axis of mirrors do not go through the surface; (2) The path length of beam changes with scanning
angle;).

A pinhole (or an iris) is placed in the space behind the diffuser, determining the position of the
generated focus. The size of the pinhole is chosen to be comparable to that of the random speckles.
Light entering the pinhole is the compound of light for the modulations and probing light with its
frequency shifted by 103.086MHz. Thus, a beat with the frequency 103.086 MHz is formed. One
can show that the phase of the beat is the same as the phase of the probed channel (or the probing
light). A J-Series type 30035 silicon photomultiplier (SiPM) provided by SensL (Osemi) serves as the
sensor. 5676 microcells are integrated in the SiPM, and the time for a single cell recovery is around
45 ns. With a relatively fast speed of recovery and a sufficiently high number of cells, the SiPM is
capable of monitoring the beat. The signal of the beat is passed to an analogue 1Q demodulator,
where the phase is extracted in a manner similar to a lock-in amplifier.

15
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Figure 9: The figure above gives the general layout of the setup. The setup can be roughly divided
into two branches: the modulated arm (in orange color) and the probing arm (in yellow color).
The difference in color implies a 103.086MHz frequency shift introduced by the AOTF. For the
modulated arm, between the light source and the SLM, the whole bunch of light is included in the
figure. To better illustrate the fact that the illuminated area of the SLM is imaged on the surface of
the diffuser, between the above two components, a point-to-point convention of sketching is used.
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Figure 10: Sufficiently adjacent input beam lines can be included in the same input channel. One
channel is typically corresponded to multiple outputs which interfere in the space behind the dif-
fuser. Supposing at a specific point of interest behind the diffuser, the interference of the outputs
corresponding to a certain input channel is destructive, then this specific input channel cannot be
involved in the optimization for generating a focus at the specific point.

4 Instant phase acquisition

In this project, the phase information for optimizations is acquired via instant measurements instead
of iterations. The principle of the phase acquisition is given in this section.

4.1 Probing a channel

As shown in figure 10, the incident light (in orange) can be divided into multiple input channels, and
each channel is related to multiple outputs. The waves from the outputs shall interfere in the space
behind the diffuser. At point m, the amplitude contributed by input channel n (E, ,,) is supposed
to be the phasor sum contributed by all outputs:

En,m = Z En,l,m
l

where the label [ is used to indicate different outputs of channel n.

While Em 1,m with different [ normally have different phases, their relative phases are supposed to be
invariant. Therefore, changing the phase of the input channel n is not about to modify the relative
phases of its outputs. In case the amplitude E,, ,, is too low due to destructive interference, channel
n would not be available for the optimization. This can be considered as one of the performance
limits of phase-only modulations. Practically, it would be typically beneficial to reduce the size of
the image of the SLM on the surface of the diffusing sample.

17



When the probing arm (in yellow) coincides with the input channel n, the probing light experiences
the same scattering as that of the light of channel n. Therefore, knowing the phase of the probing
light (Eprob n,m) is equivalent to knowing the phase of E,, ,,. The phasor sum of the amplitudes
contributed by all input channels serves as the reference (Ere t m) for phase measurements. Due to
the 103.086 MHz frequency deviation between the probing arm and the modulated arm, a beat of
that frequency is formed. The phase of the beat relative to E,..y ,, is supposed to be the same to

the phase of Epmb n,m- A proof is given as follows.

Supposing the phase of E‘mob’n,m is ¢pn,m with respect to E‘reﬁm, one can choose:

= _ 1Pn, TWprobt
Eprob,n,m = Lprob,n,m¢€ Pn e e

Eref,m = Eref,meiu)t
where wprop is the frequency of the probing arm and w is the frequency of the modulated arm. The
interference of the above two vectors gives:

7 T 2
Iintcrfcrcncc = (Eprob,n,m + Ercf,m)

— E2 + EI‘Qef7m + Eprob,n,mErefn’n [ei(wprob_w)t+i¢n, + ei(w_wprob)t_i¢n]

prob,n,m

= Egrob,n,m + Er2ef,m +2 Cos[(wpmb - w)t + djn}

One can filter out the above DC terms (Egmb’n,m + EZ; ), and the remaining term 2 cos[(wprob —

w)t + ¢y,] stands for a beat with a frequency (wprob — w) and a phase ¢,,. Notice that the phase of
the beat is exactly the same as the phase of the probing light.

4.2 1IQ demodulation

To read out the phase of the beat (i.e. the phase of the measured channel), IQ demodulation is
introduced, which measures the amplitude projections of the signal on both sinusoidal and cosinu-
soidal bases in a lock-in manner. This is equivalent to the acquisition of the phase of the signal. A
proof of the equivalence is given as follows.

Given y = ycos(wz + ¢) as the signal, one has:
¥ = ylsin(¢) cos(wz) + cos(9) sin(wz)]

Supposing the value acquired from the lock-in measurements on sinusoidal and cosinusoidal bases
are respectively:
A = Cycos(¢)

and
B = Cysin(¢)

where C is the gain of the lock-in amplification. Than one should have:

¢ = arctan(

73
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In this way, the phase of a certain channel can be acquired. By having all channels scanned in the
same manner, one can instantly gather the phase information required for an optimization and have
them compensated by the SLM.

Practically, the signal sent to the AOTF is used as the demodulation signal. Thus, an additional
phase between the probing arm and the demodulation signal can be introduced. However, since such
a phase change is uniform for all input channels, in principle, no correction is required.

5 Position calibration

To have all channels scanned for an optimization, the probing arm is guided by a pair of oscillating
mirrors (one fast and one slow, {5t =4kHz, fsjow=1/64 ftast), which have the probing light enter all
scanned channels for once during a scanning period, as shown in figure 11 (a). While as discussed
in section 3, the spatial positions of the probed channel and the angular positions of the mirrors
have a one-to-one correspondence, the dependence does not seem to be linear. Therefore, to find
out which channel is currently scanned, and correspondingly, to determine which pixel (or segment)
of the SLM needs to be adjusted, one would need a position calibration. The setup layout used for
position calibration is given in figure 11

The main point of a position calibration is to have the signal from a selected part of the channels
more conspicuous, so that when this area is scanned, a change in the signal can be noticed. With
this, one can figure out which angular position of the mirrors is related to which specific position on
the SLM. This can be achieved by spatial low-pass filtering [5], and its principle is given below:

Having the pattern on the SLM illuminated by a coherent plane wave, and having the outgoing light
transformed by lens L9 (i.e. the condition for Fraunhofer diffraction is met), one can expect to see
the Fourier transform of this pattern on the lateral plane where iris P3 is placed.

Supposing a checkerboard pattern is written on the SLM where neighboring squares differ by a phase
of w (Fig. 12 (a)), the transformed pattern shown in figure 12 (d) should be found at P3. Due to the
high spatial frequency of the checkerboard pattern, the low frequency component (i.e. the central
part of the transform pattern) is relatively weak.

In case a stripe (with a constant phase, i.e. with a relatively low spatial frequency) is written over
the checkerboard pattern, as shown in figure 12 (b), the center of the transformed pattern would be
enhanced. By optically filtering out the high-frequency components (Fig. 12 (f)), one can strongly
emphasize the signal from the stripe (Fig 12 (¢)).

In the experiment, moving stripes perpendicular to the slow and fast axes respectively are used
to calibrate the slow and fast mirrors, as shown in figure 13. Note that while the fast mirror is
oscillating almost freely with its 4kHz frequency, the slow mirror is controlled and synchronized to
the motion of the fast mirror. Therefore, knowing the time of an event is equivalent to knowing the
corresponding angular position of the mirrors.

Figure 13 (a) describes the calibration for the slow mirror. The surface of the SLM is scanned by a
stripe moving along the slow axis, and the scanning is sufficiently slow to have the mirrors probe the
whole surface for each step of the stripe. When the probing light touches the stripe, a high signal of
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Figure 11: (a) A simplified sketch of the scan lines on the surface of the SLM. One shall notice that
the figure is not to scale, the real pixels and scan lines are much denser. (b) Here the setup layout
for the position calibration is given. Pinhole P5 is added as a spatial filter blocking the high-spatial-
frequency components in order to have the low-spatial-frequency pattern written on the SLM more
"visible” (also see figure 12 in the same section).
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the 103.086 MHz beat can be detected, which is indicated by the solid bar in the right-hand -side
chart. With the scan going, all dashed bars are gradually filled. Thus, one can perform a linear
fit, which matches up the time and the position along the slow axis. Further, one can find the
correspondence of the slow axis position to the angular position of the slow mirror.

Figure 13 (b) shows the calibration for the fast mirror, with the stripe moving along the fast axis.
In this case, high-signal-points are filled into a sinusoidal-like curve. After the scan, the completed
curve is fit with a sinusoidal function. An extra linear term may be added to the function for fitting
in order to correct the imperfect alignment of the mirrors.
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Figure 12: Here is a simulation of the spatial filtering. (a): A checkerboard pattern partially
illuminated by the incoming light; (d): The Fourier transform of the checkerboard pattern; (b):
Overwriting a stripe with uniform phase on the checkerboard pattern; (e): The Fourier transform of
the pattern in (b). One shall notice its low frequency component (i.e. the central part of the figure)
is brighter than that of (d); (f): Having the high frequency component of (e) filtered out; (c): The
(inverse) Fourier transform of the pattern in (e). In the restored pattern, the stripe is emphasized
in terms of intensity; Note that (a) and (b) are plots of amplitude (yellow = 1, dark blue = -1 and
aqua green = 0), and (c), (d), (e) and (f) are plotted in accordance to absolute values.
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Figure 13: (a): The calibration scan for the slow mirror; (b) The calibration scan for the fast mirror;
Again, the checkerboard in the figure is not to scale.
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6 Phase calibration

Beyond the calibration of mirror position, another calibration is introduced for the correction of
multiple problems:

(1) Flatness issue of the SLM. While in principle the surface of a non-modulating SLM is supposed
to be flat, practically, it is possible to have tiny imperfectness when a real piece is fabricated.

(2) Phase deviation introduced by the probing arm. When a mirror is tilted to the side, the light
would travel a little bit longer to reach the next component than that of the case where the mirror
is at the central angular position. While this is partially mitigated by the lens right before the beam
splitter, a finer compensation is still necessary.

(3) Imperfect flatness of the incident plane wave. During the construction of the setup, the wavefront
flatness is qualitatively checked and handled by using a shearing interferometer. However, the light
illuminating the SLM can still be slightly diverging or converging.

The above listed problems can be fixed by forming a lookup table issuing each specific channel a
specific offset compensating for the phase deviations regardless their sources of origin. One can
obtain the lookup table via the following steps:

First, write a reference phase pattern on the SLM;
Second, measure the phase of the channels with the uncalibrated setup;

Third, subtract the measured phase pattern by the known phase pattern, and the result will be the
lookup table;

In this project, the reference phase pattern is chosen to be one generating a focus in free space. The
setup layout for its acquisition is given in figure 14.

The reference phase pattern is acquired via an traditional iterative process. As discussed in section
2.4, for better convergence, the iteration is executed twice. While the probing arm is not used during
the iteration, to avoid additional deviations in phase, the AOTF remains on, and the probing beam
is blocked to avoid it affecting the iteration.

The distance between the beam splitter and pinhole P3 should be as long as possible, that the
spatial frequency of the phase pattern acquired via the iteration can be reduced. Thus, the reference
can be more robust against noise. As shown in figure 15 (a), the original reference phase pattern
normally comes with high frequency noise. To remove the noise, one can blur the whole array using
a Gaussian. The result is given in figure 15 (b). While one may argue that the Gaussian blurring
can affect the compensation of the flatness issue of the SLM, for the specific device used in this
project, flatness problems are only expected to happen on a larger spatial scale.
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Figure 14: The set up for the acquisition of the phase reference. While the probing arm (in yellow
color) is blocked, the AOTF remains to be on in order to avoid additional phase deviations.
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(a) (b)

Figure 15: The phase reference. (a): The original phase pattern obtained from an iteration; (b):
Having the phase pattern in (a) blurred by a Gaussian function in order to suppress the noise;

7 Focusing light through turbid media

With the setup built and calibrated as described in the above sections, focus generations through
multiple sorts of turbid media are now attempted. The results are given in the following subsections.

7.1 Result with (moving) glass diffuser

The sample for the first attempt is a piece of glass diffuser mounted on a movable stage. An
additional beam splitter and a CCD camera are added to monitor the enhancement, as shown in
figure 16. The distances l; and Iy are kept the same in order to have the speckle pattern (including
the case of having a focus) at P3 properly imaged on the CCD. The optimizations are performed
with different speeds of the glass diffuser, varying from 0 micrometers per second to 100 micrometers
per second. The histograms of the enhancements acquired with different speeds are given in figure
17. Each histogram contains 2000 samples distributed into 100 bins.

The six histograms given on the top (labeled as “Fixed position 0 to 5”) demonstrate the enhance-
ment distributions acquired at six arbitrary positions behind a fixed glass diffuser. One can notice
that the enhancement distributions vary in response to the change of position. This indicates a
sample-dependence of the setup performance.

The enhancement distributions acquired with speed between 10 and 100 micrometers per second
are given in the lower ten histograms (labeled as “Speed 10 to 100” respectively). A clear trend of
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Figure 16: Focusing through glass diffuser

negative correlation between the speed and the enhancement exists.

One can see from figure 17 (b) that up to the sample speed of 60um - s, a decent focus can be
generated. The length scale on which correlation exists is estimated to be around 10um. So the
approximate upper limit of the speed this setup can handle is around:

Umaz _ 60pm - st

lcorrelation 10,U4m

=6s7!

and correspondingly, the shortest time scale it can react to is:

1

= ~ 0.17s
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Figure 17: Results with glass diffuser
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7.2 Result with a layer of milk

In the second attempt, a thin layer of room-temperature milk (thickness around 0.2 mm) plays the
role of the scattering medium. The histogram of enhancements with 2000 samples distributed into
100 bins is given in figure 18.

A sequence of speckle patterns of light scattered by the milk sample are collected when the opti-
mization is off. And an autocorrelation is performed in compliance with the following definition:

Autocorrelation(7) = < Z” (A1) - <A(t)>>(Ai’j(t +7) - <A(t + T)>) >

\/Zi,j (Ai’j(t) - <A(t)>)2 : Zm‘ (Ai,j (t + T) - <A(t + 7)>)2

where indexes ¢ and j indicate the elements of an image array, 7 is the shift of time, A(t) is the
elementwise average of an image at time ¢. The highest overline indicates an average over the time
sequence. The result of the autocorrelation is shown in figure 19. One can see that the typical
decorrelation time scale is around 0.25s. This result agrees with the approximate conclusion in
subsection 7.1. In principle, solely in terms of speed, for a dynamical sample with a decorrelation
time longer than 0.25s, the setup developed in this project is capable to focus light. However,
practically, speed is not the only criterion judging the applicability of this setup. A static sample
with strong back-scattering or absorption is typically difficult to focus through.

Through a calculation with the theory of diffusion, one can obtain a decorrelation time with the
same degree of magnitude. Light in milk is mainly scattered by lipid spheres, so one can start from
looking at the Brownian motion of lipid spheres. In the Stokes-Einstein theorem, the mean square
displacement is given by:

6kpT

6mnR

where r(t) is the displacement varying with time, D is the diffusivity, kg7 is the product of the
Boltzmann constant and the temperature, n =~ 3 x 1073 Pa - s is the viscosity of milk and 10™%m <
R < 5x10~°m is the size of the lipid spheres in milk. Multiplying both sides with the square of the
wave number 2{, one gets the square of the "mean square phase change” for light scattered once:

(r*(t)) = 6Dt = t

2 2 92 2 k‘BT 2 2
Z)22()) = 6DK*t = —2—(52)%
() )
Since light is typically scattered multiple times in milk, the total "mean square phase change” needs
a correction like: . )
2 L g1l 27 o, L
2 _ 2,2 _ 2
(Protar) = <(7) r (t)>lT2 = wnR(T) tra

where 5 x 107°m < I* < 10~%m is the mean free path of light in milk, L = 0.2mm is the thickness
of the milk layer. By defining the decorrelation as <¢%Otal> = 1, one can estimate the decorrelation
time as follows:

T]Rl*2/\2

12.5ms < 1 — A
M8 =T = kg T L2

< 0.25s
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Figure 18: Result with alayer of milk
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Figure 19: (a) A typical speckle pattern received behind a milk scattering sample with a thickness
of 0.2mm. (b) Autocorrelation of the speckle patterns. One can find a characteristic decorrelation
time around 0.25s.
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7.3 Result with a layer of corn starch

It is rather typical that the polarization of the light is modified in a multiple-scattering process.
Therefore, it would be interesting to see whether one can generate a focus solely formed by the light
with a linear polarization perpendicular to that of the incoming light. The setup layout for this
purpose is given in figure 20. The linear polarization directions of PL1 and PL2 are perpendicular
to each other.

Such a goal can be challenging for the method developed in this project due to the typically low
intensity of the outgoing light with an orthogonal polarization. To overcome this, one has to prepare
for a scattering sample providing with low absorption and sufficient multi-scattering. A corn starch
layer with the thickness of 0.1mm fulfills the above requirements, and the result with such a sample
is given in figure 21.

During the measurement, it was noticed that the beam splitter sending light to the CCD camera has
the light strongly polarized. The majority of light linearly polarized in the direction of PL2 is sent
to the camera while only a small portion can reach the SiPM to be used for IQ demodulation. As
a result, the enhancement acquired above can be underestimated. A less polarizing beam splitter is
used in the experiment introduced in section 7.4.

32



7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
enhancement

Figure 21: Result with a layer of corn starch



7.4 Result with multi-mode fibers

Compared to a thin layer of corn starch, a piece of optical fiber can have the light traveling through it
more uniformly depolarized. Meanwhile, unfavorable effects such as back-scattering and absorption
are typically weaker. Therefore, an attempt of performing wavefront shaping with multi-mode fibers
as the scattering sample makes sense.

Since two orthogonal linear polarization components do not interfere, and the corresponding two
independent sets of speckles typically do not overlap, the setup developed in this project can only
optimize one of them. The setup layout is given in figure 22. Polarizers PL1 and PL2 are introduced
to control the polarization to be optimized and the polarization to be observed respectively.

The optimization is first performed with a plastic-core toslink cable with the length of 0.5m. The
result in given in figure 23. Figure 23 (a) is captured when polarizers PL1 and PL2 are placed
in parallel. Figure 23 (b) is captured when polarizers PL1 and PL2 are placed perpendicularly.
One can notice that for multiple-scattering, the optimization for one linear polarization component
generally is unable to have the perpendicular component simultaneously optimized.

The histograms in figure 23 (c) and figure 23 (d) are recorded when polarizers PL1 and PL2 are both
placed vertically, while the histograms in figure 23 (e) and figure 23 (f) are recorded when polarizers
PL1 and PL2 are both placed horizontally. One may notice a trend that the central positions of
the distributions in (c¢) and (d) seem to be lower than that of (e) and (f). One can explain this by
saying that the polarizing behavior of the beam splitter BS2 still exists: For horizontally polarized
light, the transmission is stronger than the reflection. Therefore, more light is sent to the SiPM,
and the optimization performs better. For vertically polarized light, less light is sent to the SiPM.
As the consequence, the quality of the enhancement suffers.

The same optimization is also done with another cable with a length of 3m. The result is given in
figure 24. Notice that the above mentioned trend still exists.
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Figure 22: Focusing through multi-mode fiber
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Figure 23: Result with 50cm fiber. (a) Focus generated for one linear polarization component; (b)
Speckles of one linear polarization component recorded when the orthogonal component is optimized;
(c) (d) Histograms of the enhancements obtained with one linear polarization component; (e) (f)
Histograms of the enhancements obtained with one linear polarization component; Histograms are
taken in the order (c) (e) (d) (f);
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Figure 24: Result with 3m fiber. (a) Focus generated for one linear polarization component; (b)
Speckles of one linear polarization component recorded when the orthogonal component is optimized;
(c) (d) Histograms of the enhancements obtained with one linear polarization component; (e) (f)
Histograms of the enhancements obtained with one linear polarization component; Histograms are
taken in the order (c) (e) (d) (f);
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8 Conclusion and outlooks

Based on interferometry and 1QQ demodulation, a non-iterative method for wavefront shaping is
developed. The method is capable of focusing coherent light through turbid media with a speed
significantly higher than that of typical traditional iterative methods. This allows light focus gener-
ation through some dynamic materials. The method also makes it more convenient (mostly faster)
to study light propagation in static materials. Despite to the above achievements, the method still
needs to be improved in multiple aspects:

8.1 The stability of the system

For a method having feedback loops involved, it is not surprising to see some stability problems.
While the most crucial cause of the instability has not been confirmed so far, several points are
considered suspicious, including the error propagation with the reference for 1QQ demodulation, the
instability of the light source and the environmental disturbance during calibrations.

Empirically, it is found to be easier to stabilize the system by reducing the rate of update of the
SLM. But this will obviously limit its application with dynamic media. Besides, turning on the laser
in advance and having it stabilize itself is also beneficial for increasing the system stability.

It is possible to stabilize the reference signal by leaving some of the segments of the SLM non-updated
(or only slowly updated) [8].

8.2 The observation of enhancement

As discussed in section 7.4, the polarizing feature of the beam splitter sending light to the CCD
camera does not only influence the SNR of the recorded images, but also affect the optimization
performance. Therefore, it would be helpful to replace the beam splitter by one not polarizing light
with the currently used frequency.

The saturation of the CCD camera is found to be another problem. When the intensity of the light
exceeds the upper limit of the CCD camera, the corresponding counts are allocated to the scales
close to the upper limit. As a consequence, a cutoff arises in the histogram. An example is given in
figure 25. Replacing the currently used optical filter in front of the CCD camera by a continuously
adjustable filter wheel can help one obtain non-saturated images with relatively high SNR.

Due to the existence of dark signal and noise, the enhancement is practically calculated as:

Peak intensity of smoothed focus — Averaged dark signal

Enhancement = Averaged background after optimization — Averaged dark signal
where the averaged dark signal is measured in advance when the CCD camera is completely blocked.
Since an averaged background after optimization is typically weak, a small change in the dark
signal can lead to a rather significant change in the calculated enhancement. Unfortunately, some
fluctuations in the dark signal have been noticed during the experiment. It is advisable to have it
more frequently monitored and updated.
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Figure 25: A histogram corresponding to a set of saturated images. A cutoff of the histogram is
visible.

8.3 The speed of optimization

The speed of optimization in this project mainly has three limitations: the speed of phase acquisition
at the IQ demodulator, the overwriting speed of the SLM and the speed of data transfer.

Regarding the first point, an analog IQ demodulator has been introduced to increase the speed
without having the quality suffer too much [11]. Regarding the second and the third point, it had
been planed to have the phase data transfer and SLM update done by scan lines instead of by arrays
in order to reduce the waiting time. However, due to the stability issue mentioned above, while
phase data is now transferred in scan lines, the SLM update is still done by arrays.

8.4 Focus generation in turbid media

In fields such as fluorescent microscopy, people are interested in generating light foci in turbid media
instead of behind them. For traditional iterative methods, a fluorescent bead embedded in the
medium can provide with sufficient feedback information. However, to perform IQ demodulation,
the method developed in the project requires an object responding in a frequency of 103.086 MHz,
which is typically beyond the capability of fluorescent beads.
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