Focusing through dynamic scattering media
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Abstract: We demonstrate steady-state focusing of coherent light through
dynamic scattering media. The phase of an incident beam is controlled both
spatially and temporally using a reflective, 1020-segment MEMS spatial
light modulator, using a coordinate descent optimization technique. We
achieve focal intensity enhancement of between 5 and 400 for dynamic
media with speckle decorrelation time constants ranging from 0.4 seconds
to 20 seconds. We show that this optimization approach combined with a
fast spatial light modulator enables focusing through dynamic media. The
capacity to enhance focal intensity despite transmission through dynamic
scattering media could enable advancement in biological microscopy and
imaging through turbid environments.
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1. Introduction

A number of research groups have demonstrated optical focusing through stationary scattering
media [1-7] using either coordinate descent optimization or measurement of the system’s
effective transmission matrix. Either approach controls phase of a beam incident on a
scattering medium using a liquid crystal spatial light modulator (SLM), with a goal of
optimizing intensity at a point on the opposite side of the medium. An optical intensity sensor
provides control feedback. In coordinate descent optimization focus intensity is optimized
iteratively for each of N input modes where N corresponds to the number of spatial degrees of
freedom in the SLM. In transmission matrix optimization the relationship between optical
input and output modes of the system is estimated from an ensemble of N SLM input states
and N corresponding output states. Using that relationship one can optimize focus at any point
in the measured field. Moreover, one can use the estimated transmission matrix to predict the
SLM input state that will optimize an arbitrary output state. We believe that coordinate
descent optimization should be advantageous for focusing through a dynamic medium since
that approach continuously adapts to the changing medium state with each new measurement,
whereas the transmission matrix optimization can only adapt after an ensemble of
measurements. The ability to focus light through highly scattering media could enable
improvements in biological microscopy in biological tissue. A nontrivial challenge associated
with this in most applications, however, is the dynamic nature of scattering in such tissue, or
conversely, the strong sensitivity of the transmission matrix on the precise geometry of the
system. Micrometer-scale translations of the medium or the beam almost completely
eliminate focal intensity enhancements that required hundreds or thousands of control
iterations to establish.

More recently this technique has been extended to steady focusing light through a slowly
evolving dynamic biological medium with decorrelation time constants of twenty-five
seconds [8], and intermittent focusing through a more highly scattering media with
decorrelation time constants less than one second [9]. Because the latter work involved
calculating a transmission matrix and then freezing the SLM state to provide focus, the
enhancement deteriorated within a period comparable to the speckle decorrelation time.

In this paper we report on steady focusing enhancement over a wide range of decorrelation
time constants, including sub-second time constants. We also quantify focusing enhancement
as a function of number of degrees of freedom in the SLM. We have taken an additional step
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in dynamic optimization by using a high-speed segmented MEMS deformable mirror [Boston
Micromachines Corporation, Kilo-SLM] [10] spatial light modulator (SLM) to maintain
highly enhanced focus through media having speckle decorrelation time constants consistent
with those of typical biological tissue.

2. Experimental apparatus

The Kilo-SLM has been used previously in a variety of applications requiring control of
dynamic aberrations containing high spatial and/or temporal frequencies [11-19]. It is
comprised of 1020 mirror segments in a 32 x 32 array where the 4 corner segments are fixed.
Each segment measures 300um square and 3um thick and can be translated in a surface-
normal direction using voltage control to an underlying electrostatic actuator. Each segment’s
surface-normal translation is controllable over a range of ~1.5pum, except for the four
immovable corner segments. The SLM was pre-calibrated using a surface mapping
interferometer [Zygo NewView 6300], to allow subsequent direct phase control with ~0.01
wave accuracy at the laser wavelength of 532nm. The SLM can be updated at a frame rate of
>10kHz. In the experiments reported here, the 32 x 32 pixel CMOS sensor [USB 2 uEye LE]
used for optimization feedback limited the overall system control frequency to ~330Hz.
Control frequency is defined as the frequency at which the SLM can be updated and the
sensor read.

32x32
Segment
MEMS SLM

\

CMOS

J\ |— 20x 10x
| \\‘ W |_ Camera

Fig. 1. Schematic of the experimental apparatus. A collimated, spatially filtered laser beam, (a),
reflects from the SLM surface, (b), acquiring a spatially distributed phase shift. The wavefront
at the SLM is reimaged by a 45 x telescope comprised of a 400mm focal length lens and a 20 x
, 0.4NA microscope objective, (c) onto the near side of the scattering medium, (d). A
microscope objective on the far side of the scattering medium, (e), projects a portion of the
resulting speckle pattern onto a fixed detector, (f).

A schematic representation and a photograph of the experimental setup are depicted in
Fig. 1. The phase of a collimated beam can be controlled over a full wavelength at each of the
spatially distributed, independent mirror segments. The SLM optical plane is reimaged onto
the front surface of a scattering medium using a lens and a microscope objective, and
scattered light exiting the medium is projected by a second microscope objective onto the
CMOS camera sensor. The goal of the optimization algorithm is to maximize the intensity of
a single speckle grain in the camera sensor plane.

3. Optimization algorithm

The optimization algorithm employed in this work is based on coordinate descent using 1024
orthogonal 2D Walsh functions as a basis set [20-23]. Each 2D Walsh function, Wj, has 32 x
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32 (1024) terms that are bi-valued ( + 1 or —1). Each term is associated with a corresponding
mirror segment in the 32 x 32 SLM [24]. A collection of 1024 Walsh matrices scaled by
corresponding coefficients a; (in units of waves) represents an orthogonal basis set for the
1020 segment SLM. For simplicity, we ignore the fact that the four corner segments of the
SLM are not functional. All possible states can be produced using a linear combination of
scaled Walsh functions.

To implement Walsh optimization, the modal coefficient a; of each Walsh function W is
adjusted sequentially to maximize the scalar optimization metric S, defined in our experiments
as the intensity of a selected pixel on the camera (In all of our experiments, pixel coordinate
16,16 near the center of our 32 x 32 camera sensor was selected). For a particular Walsh
mode, k, an initial measure is made of the optimization metric, Sy, with a modal coefficient of
0. Next, the modal coefficient of the Walsh function is set to a prescribed value + a,
(typically, but not necessarily, ¥4 of a wave), and a scalar measure (S;;) of the optimization
metric is made. Next, the modal coefficient of the Walsh function is set to a prescribed value -
o and a third scalar measure (Sy;) of the desired optimization metric is made. Finally, the
coordinate optimal value for this Walsh function coefficient (in waves) is calculated using a
standard technique for three-point phase shifting interferometry [25]:

(S0 =Sy, )tan(Zj

ZSk() _Skl _Skz

1

a, =tan

ey

The process is repeated for all 1024 Walsh coordinate functions. Because each Walsh
coordinate optimization requires three perturbations (i.e. three sequences of SLM output
followed by camera input), the effective optimization frequency for Walsh coordinate
optimization is one third of the base control frequency, or ~110Hz.

4. Experimental results

In a qualitative demonstration of the technique, focus was enhanced through an ex vivo 5mm
thick section of chicken breast. Before optimization, the decorrelation time constant of the
speckle at the camera was measured to be 3.4s, based on an ensemble average autocorrelation
for each pixel in the 32x32 pixel camera array decaying to the 3dB point. Figure 2 illustrates
the results. Focus enhancement, normalized by the mean camera intensity prior to
optimization, reached approximately 160 with a standard deviation of 15, and did not
diminish while the optimization controller continued to run for nearly two minutes. After the
controller was stopped, with the SLM fixed at its final state, the enhancement dropped to a
normalized value of ~1 with an enhancement decay time constant measured to be 3.6s —
approximately the same as the sample decorrelation time.

This result suggests, as expected, that the decay time after optimization corresponds to the
speckle decorrelation time before optimization. It is expected that the peak enhancement
would be smaller for optimization through media characterized by shorter speckle
decorrelation times, and vice versa, given a fixed controller update rate.
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Fig. 2. Experimental results for focus optimization though a 5Smm ex vivo sample of chicken
breast tissue. Before each optimization, the mean intensity on the camera was measured. This
value was then used as a normalization constant for subsequent enhancement measurements.
Left: Ensemble average autocorrelation for the fully developed speckle pattern on the camera
prior to optimization. The decorrelation time constant was estimated to be ~3.4s from this data.
Center: Optimized focus spot centered on the pixel at coordinate location (16,16) within the
32-pixel square camera sensor area, with peak intensity ~160 times larger than the initial mean
camera intensity measured within this area. Right: Normalized peak intensity on the camera as
a function of time before, during, and after optimization. After optimization is stopped, the
focus enhancement decays with a first-order time constant of ~3.6s to the background intensity
level. A similar plot in Media 1 shows the full progression of the enhancement along with the
real time decay using a sample composed of polystyrene spheres translating at 200um per
second.

To quantify system performance as a function of media-dependent speckle decorrelation
time, an experiment was conducted in which optimization was performed through a medium
comprised of two axially sequential adjacent cuvettes containing identical media. The first
cuvette traversed the beam axis at fixed speed while the second cuvette remained stationary.
The medium was comprised of 0.75um diameter polystyrene spheres (Polybead®
Microspheres) diluted to a concentration of 0.125% by volume and suspended in agarose gel.
At this dilution the medium has a transport mean free path — the distance over which the
direction of propagation becomes randomized — of 4mm. The first cuvette was 4mm thick and
the second was 1.2mm thick. The speckle pattern produced by a beam passing through these
two samples was fully developed, and had a decorrelation time that scaled in proportion to the
speed of the translating sample. Sample translation was generated using a piezoelectric
actuator, and speed was measured by differentiating the output of a linear variable differential
transformer (LVDT) displacement gage. Translation speeds ranging from 75nm/s to 3um/sec
were used in these experiments, yielding measured speckle decorrelation times of 0.35s to
18s. Prior to conducting the dynamic experiments, focus was optimized through the combined
media without translation. Peak normalized enhancement after optimization in this stationary
case was approximately 380 with a standard deviation of ~20. For all dynamic experiments,
optimization duration was 90s. Peak focus enhancement for translating media ranged from a
low of 5 at a translation speed of 3um/s, corresponding to a speckle decorrelation time of
0.4s, to a high of 380 at a translation speed of 75nm/s, corresponding to a speckle
decorrelation time of 20s. Figure 3 illustrates the optimization results graphically for a
number of dynamic conditions using 1020 independent SLM segments in the optimization.

If we consider the speckle evolution and the optimization to be competing first-order
processes characterized by their respective time constants, we can estimate the expected peak
enhancement can be made as a function of the number of independent segments in the SLM,
N, the time required to update each Walsh term in the optimization process T}, (0.085s for the
present system) and the speckle decorrelation time 7, and a proportionality constant a. That
relationship adapted from [2] is as follows:

aN
E=——"" (2)
NT,
1+
T,
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In the case of a static medium, this reduces to £ = a/N. In our static medium experiments
we found that a~0.5, a constant of proportionality similar to that achieved experimentally by
other researchers using liquid crystal SLMs [2, 8]. The theoretical maximum for o proposed in
[2] is /4.
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Fig. 3. Peak optimized enhancement measured as a function of initial speckle decorrelation
time for a dynamic scattering medium, with Walsh function coordinate optimization update
rate of 110Hz and 1020 phase-modulating segments. The dashed line corresponds to the mean
peak enhancement level achieved when the medium was stationary. Error bars correspond to
one standard deviation of enhancement fluctuation over a 10s period at the end of the
optimization trial.

We conducted a series of experiments similar to those shown in Fig. 3, but using fewer
independent segments in the SLM and correspondingly fewer Walsh coordinate functions in
the optimization algorithm. The optics of the system were not changed: to reduce the number
of independent segments, the mirrors segments in the SLM were grouped into dependent
clusters of 2x2 4x4 and 8x8 “super-segments” corresponding to effective SLM array sizes of
256, 64, and 16 respectively. The measured and modeled peak enhancement data is plotted as
a function of speckle decorrelation time and number of segments in the SLM in Fig. 4.
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Fig. 4. Normalized peak enhancement as a function of speckle decorrelation time and number
of independent segments in the SLM. Error bars correspond to the span of mean enhancement
for three trials at each experimental condition.

For shorter speckle decorrelation times associated with fast-changing dynamic media, the
advantage of additional segments in the SLM becomes increasingly less significant in the
overall task of enhancing focus intensity. This is expected: the additional degrees of freedom
enabled by more segments require proportionately longer time to cycle through a full set of
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orthogonal Walsh coordinate optimizations. When the speckle decorrelation time is shorter
than the time required to complete that set of optimizations, the advantages of additional
orthogonal coordinates is substantially diminished. The results obtained experimentally here
correspond well both qualitatively and quantitatively to analytical predictions proposed
previously [26] for optimization through fluctuating media.

5. Discussion and conclusions

Controlling optical intensity enhancement through highly scattering media could have
relevance to nonlinear microscopy for deep in-vivo brain tissue imaging [27]. In this
important application, scattering of the focused incident beam strongly limits the achievable
imaging depth. An optical control technique that could enhance focus intensity inside of a
scattering medium would extend that achievable imaging depth. Whereas the experiments
reported in this work achieve enhanced focus outside of the medium, the same technique
could be used to optimize inside the medium in two-photon microscopy, with the two-photon
excited signal used as optimization feedback. When the incident beam’s focal intensity is
increased, this two-photon excitation will also increase, in proportion to the square of the
enhancement.

The controller has been demonstrated to be fast enough to achieve significant
enhancement in focus through thick ex vivo tissue samples. Additional data are collected on
media in which scattering mean free path and far-field speckle decorrelation times could be
controlled. Optimization of focus through this controlled medium confirms a previously-
proposed relationship [2] between the achievable intensity enhancement and the relevant
system parameters: controller update rate, speckle decorrelation time, and number of
independent mirror segments in the SLM.

The control bandwidth for the experiments described here was limited to 330Hz by the
CMOS camera sensor frame rate. The SLM is capable of much higher update rates (>10kHz).
For focus enhancement through dynamic media, a fast single-point sensor such as a PIN
photodetector or a photomultiplier can take the place of the CMOS camera, enabling a
potential thirty-fold decrease in the allowable speckle decorrelation time for a given
enhancement value.
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