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Experimentally mapping the scattering phases and amplitudes
of a finite object by optical mutual scattering
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Mutual scattering arises when multiple waves intersect within a finite scattering object, resulting in cross
interference between the incident and scattered waves. By measuring mutual scattering, we determine the
complex-valued scattering amplitude f—both amplitude and phase—of the finite object, which holds infor-
mation on its scattering properties by linking incident and outgoing waves from any arbitrary direction. Mutual
scattering is present for any coherent wave: acoustic, electromagnetic, particle, and we demonstrate the effect
here using optical experiments. We propose an experimental technique for characterization that utilizes mutual
scattering and we present our results for four distinct finite objects: a polystyrene sphere (diameter 59 um), a
single black human hair (diameter 92 um), a strip of pultruded carbon (edge length 140 um), and a block of
ZnO, (edge length 64 um). Our measurements exhibit qualitative agreement with Mie scattering calculations
where the model is applicable. Deviations from the model indicate the complexity of the objects, both in terms
of their geometrical structure and scattering properties. Our results offer new insights into mutual scattering
and have significant implications for future applications of sample characterization in fields such as metrology,

microscopy, and nanofabrication.
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I. INTRODUCTION

The interaction of waves with matter is a topic of ex-
tensive study in modern physics, notably to study an object
by using waves as a probe, or to control the properties of
waves using tailored matter. This interaction is relevant for
every type of wave, whether electromagnetic, particle, acous-
tic, surface, or other. Scattering is a fundamental effect that
occurs when a particle or a wave interacts with a scattering
object, or scatterer. Scattering describes the generation of
scattered waves when an incident wave impinges on scat-
terers and interacts with them. The theory of scattering is
a mature and unifying branch of theoretical physics [1-5],
and scattering experiments of an object is a vast source of
information on the properties of the object under study, ever
since the early 1900s studies of scattering by atomic nu-
clei [6,7]. Thus, it is not a surprise to see that scattering
is being used for characterization purposes in a wide range
of applications with different waves, such as electromagnetic
waves for, e.g., dynamic light scattering in chemistry of biol-
ogy [8,9], optical coherent tomography [10—12], transmission
matrices for imaging or communication [13-16], resonant
electromagnetic scattering [17-21], particle waves for, e.g.,
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electron microscopy [22,23], neutron scattering in biology
and materials [2,24,25], and acoustic waves for, e.g., medical
imaging [26,27], and sonar detection and ranging [28,29].
In a scattering study of an object, all scattering properties
of the object are encapsulated in a scattering amplitude f
that is complex valued, similar to a transmission matrix, and
that dictates the relation of an incident wave (both amplitude
and phase) with the resulting scattered wave at any given
angle [1,30-32]. Once the scattering amplitude of the object
is obtained, all scattering properties can be derived. In optics,
this is generally difficult since scattered light is generally
detected as an intensity, thus yielding the absolute squared
scattering amplitude | f|>. Here, we describe an optical exper-
iment to extract the complex-valued scattering amplitude f by
measuring the change of extinction. Extinction, or more pre-
cisely, self-extinction, refers to the attenuation of the incident
wave, due to both absorption and scattering [1]. In this paper,
we use extinction to characterize any scattering object.

In many scattering experiments in optics [5], the projected
area of the object is usually much greater than the area of the
incident beam of waves. In addition, the object is assumed to
be opaque, meaning that all incident waves or particles are
supposed to interact with the object. This experimental setup
induces a relevant yet commonly overlooked limitation: since
all incident radiation is scattered, the incident wave is not
present at the detector in transmission [4,32—-34].

When the object is finite, i.e., smaller than the area of the
incident beam of waves, the incident wave is always present
at the detector when measuring in transmission. An advan-
tage of studying finite objects is the opportunity to observe
extinction, which is fully described by interference between

©2024 American Physical Society
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FIG. 1. Schematic of two-wave mutual scattering. N = 2 beams
with directions l%in,l and IEM and mutual angle y are incident
onto a finite scattering object. The spherically scattered waves are
shown as curved wobbly wavefronts to emphasize that they occur
in all outgoing directions (l%scm,l and IESCHI_Q). When lgml,l = Igimz and
l%scat,z = l%in_], the scattered wave interfere with the incident coherent
beam. The phase difference between two incident waves is A¢.
Colors distinguish the scattered waves and do not represent different
wavelengths.

the incident wave amplitude, still present in transmission, and
the scattered wave amplitude in the forward direction. The
effect on the incident power of the single incident wave due to
extinction is described by the optical theorem, a well-known
conservation law [1]. Recently, however, our team discovered
that if multiple incident waves are incident on a finite object,
as illustrated in Fig. 1, there is a cross interference between the
incident coherent wave of one incident beam and the scattered
wave of another incident beam [35], an interference effect that
is not described by the traditional optical theorem. We call
this cross interference cross extinction and we generalized the
optical theorem to account for both self-extinction and cross
extinction in the case of multiple incident waves. Figure 1
illustrates this process in the case of two incident beams; the
incident purple wave in the figure interferes with the scattered
orange waves in the direction of the detector.

In addition, we discovered that cross extinction controls
the total extinction of the object. The change of the total
extinction depends on the angle and phase difference between
the incident waves and on the scattering amplitude f of the
object. Thus, by changing the angle and phase of the in-
cident waves, we tune the extinction of the object, making
it appear more translucent (less extinction) or more opaque
(more extinction). We demonstrated this control of extinction
experimentally, and call it mutual scattering [36].

In this paper, we present an experimental method and
protocol to characterize any scattering object with mutual
scattering and unravel how the objects interact with the light
waves. By measuring mutual scattering, we extract the scat-
tering amplitude f. To extract the full complex-valued f and
thus fully characterize the scattering properties of the object,
we need to extract both amplitude and phase information from
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FIG. 2. Diagram of the experimental setup. The two incident
beams are generated with active areas in the digital micromirror
device (DMD), which also sets the phase difference A¢ between
the beams. The active areas are shown in the inset. Lenses L3 and
L5 compose the holographic filter needed for phase control. The two
beams are focused into the sample by lens L5 at an angle y, and
collected by camera CCD1. A beam splitter is placed in front of the
sample such that the reflected focus arrives on camera CCD2.

the mutual scattering measurements. We do this by shaping
two incident beams with a digital micromirror device (DMD)
and measuring the transmitted light. The high stability of a
DMD allows us to extract both amplitude and phase.

This experiment is designed to extract the complex-valued
scattering amplitude, including its phase, for a broad range
of scattering angles. Having access to the complex-valued
scattering amplitude f is a major step beyond conventional
intensity measurements, which are proportional to | f|>. Since
extinction consists of both absorption and pure scattering
components, mutual scattering has a significant benefit as
it enables the characterization of strongly absorbing ob-
jects. Here, we present the mutual scattering measurements
of four finite objects with different optical properties: (i) a
polystyrene sphere, (ii) a single black human hair, (iii) a
strip of pultruded carbon, and (iv) a block of ZnO,. For the
polystyrene sphere and the human hair, we interpret our ex-
periments with results of the well-known Mie theory [37,38].

II. EXPERIMENTAL METHODS
A. Optical setup

To study mutual scattering of light, we built the experimen-
tal setup shown in Fig. 2. We utilize a He-Ne laser (Hughes
3225H-PC, 5 mW, A = 632.8 nm) as a source and a x15
telescope to enlarge the beam area. The angle and phase of the
incident beams are controlled by a digital micromirror device
(DMD, Vialux VX4100), where the two incident beams are
generated with two active areas in the DMD. An active area
is a collection of adjacent DMD segments (in this case, 24
segments) that are simultaneously activated, surrounded by
inactive segments (see inset Fig. 2). We decided to use a DMD
over the commonly used liquid-crystal spatial light modulator
(SLM) because the DMD allows us to modulate both ampli-
tude and phase of the wavefront, which is needed to generate
the aforementioned active areas.
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The relative phase A¢ of the beams is controlled using the
Lee holography technique [39,40]. We implement the holo-
graphic filter needed for this technique with lenses L3 and L4
and an iris in between. The two beams are then focused into
the sample with lens L5 in such a way that the beams form
an angle y. To change the angle y, we change the position of
the active areas of the DMD, thus making the beams closer
or further apart before reaching lens L5 (see inset Fig. 2).
Two charge-coupled device cameras (CCD, Stingray F-125)
detect the flux F integrated over the illuminated pixels. The
flux F measures the energy flow in the detector area and is
the magnitude of the Poynting vector S, unlike the intensity /,
which measures power per area. Camera CCD1 measures the
flux of the two incident beams transmitted along the sample,
whereas camera CCD2 is placed at the focal distance of LS,
and its measurement corresponds to the wavefront pattern
at the sample position. We use camera CCD1 to measure
mutual scattering, while camera CCD2 is used for calibration
and characterization. The measurement consists of a total of
280 positions of y from 0°-2.8°. For each angle y, we vary
the phase difference A¢ from O to 2w with 30 steps in be-
tween. To extract the normalized mutual scattering component
Fys we follow the same procedure described in our previous
work [36], as

FMS=F1\?]25_F1WS_F2WS_(Fllf;_Flns_ans)’ (1

where the subindex labels which beam is activated (only beam
1, only beam 2, or both 1,2), and the upper index labels
whether we measure with the sample present (ws) or when
there is no sample present (ns). The component Fyis repre-
sents the change of the extinction flux of light due to mutual
scattering and it is normalized with the total extinction of a
single beam. If Fys = 0, the extinction has the same value
as in a single-beam experiment; if Fyys = 1, the extinction
is twice as large, making the object twice as opaque; and if
Fys = —1, the extinction is canceled out, making the object
fully transparent.

B. Samples

We measure Fys for four different samples: (i) a
polystyrene sphere (Thermo Scientific 7000 Series, 7550A
55 um), (ii) a single black human hair, (iii) a strip of pultruded
carbon, and (iv) a block of ZnO,. With the exception of
the single human hair, all samples are embedded in PDMS
(Dowsil SYLGARD 184 and included curing agent). The
samples are prepared with two layers of PDMS, as shown in
Fig. 3. First, we prepare a PDMS layer in a Petri dish and
employ a vacuum pump to remove the microbubbles in the
PDMS. Once the PDMS is cured, we place the sample on top
of it and fill a second layer following the same procedure.
When the second layer is ready, we cut the area where the
sample is embedded and glue it to a microscope glass slide.
For all steps, the proportion between PDMS and the curing
agent is 10:1. Meanwhile, we glue both ends of the single hair
to a microscope glass slide such that it is suspended in air.
A microscope picture of every sample already embedded in
PDMS is presented in Fig. 4. Note that due to a microscope
artifact, the ZnO, in Fig. 4(d) looks as opaque as the pul-
truded carbon in Fig. 4(c). To better showcase the difference in

(a) (b) i
(c) (d)
.PDMS DSampIe Glass

FIG. 3. Illustration of the main steps in the sample preparation.
(a) In a Petri dish, we prepare a layer of PDMS (gray). (b) Once the
PDMS is cured, we place the sample (white) on top of it. (c) We
cover the sample with a new layer of PDMS. (d) Once the second
layer is cured, we cut out the relevant part of the sample and glue it
on a microscope glass slide.

optical properties, Fig. 4(e) shows a picture of the bulk mate-
rials. In addition, Fig. 5 shows scanning electron microscope
(SEM) images of the surface and cross section of the human

(e)

d)z,,oz

FIG. 4. Microscope images of the samples studied.
(a) Polystyrene sphere, (b) a single black human hair, (c) a pultruded
carbon strip, and (d) a block of scattering ZnO, nanospheres. All
pictures are taken at the end of the fabrication process, so all samples
except the hair are embedded in two stacked layers of PDMS. (e)
Image of macroscopic raw materials, namely pultruded carbon and
Zn0O, scattering sample. Both samples were manually cut to the
desired geometry.
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FIG. 5. SEM images of the human hair sample for different po-
sitions and magnifications.

hair. The refractive index n of the sphere and the hair are
shown in Table I.

While the sphere and the hair already have the desired
dimensions (27sphere = 59 wm and 2rpyi; = 92 um), the pul-
truded carbon and the ZnO, need to be manually prepared.
The pultruded carbon is prepared from a commercially avail-
able manufacturer (van Dijk Pultrusion Products DPP) with
dimensions 1000 x 10 x 0.1 mm, and it is manually cut to a
cuboid with estimated dimensions 140 x 54 x 10 um.

The block of ZnO, is prepared using ZnO, particles
(Sigma-Aldrich 544906 Zinc Oxide nanopowder) suspended
in PDMS, following the same procedure discussed above,
with a particle concentration of 10%. Then, the sample is
manually cut into a cuboid with an estimated edge length of
LZnOz =64 um.

We position all samples at the crossing point of the two in-
cident beams, i.e., at the focal distance of L5. All the samples
have a size smaller than the beam waist at the focus. Thus,
they do not block all the light, and the incident beam is still
present at the detector.

We use samples with a size in the range of 50-500 um in
accordance to our experimental design, but mutual scattering
experiments are not restricted to this range whatsoever. The
experiment can be adapted to measure larger or smaller sam-
ples by changing the focal distance of the lens L5 (Fig. 2)
or by changing the wavelength of the light source. Indeed,
we previously showed that good estimation of the size range
of the sample is to consider the extreme scenario of a
fully opaque, infinitely thin sample and using the diffraction
approximation [36]. With that, we find that the extinction
modulation follows a sinc pattern, and the first zero crossing
can be found at y;,04e = a/A. Thus, changing the wavelength

TABLE 1. Parameters used for our Mie calculations.

Sample N Nm 2rs (um)
Polystyrene sphere 1.5875% 1.412% 59
Single black hair 1.55+1i [41] 1 92

2From manufacturer.
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FIG. 6. Phase masks in DMD for selected angles. Each circle
corresponds to a different incident angle at the sample. The red
circle highlights the central circle, which is always activated. All the
segments outside the circles have phase and amplitude 0. The color
bar is circular (the color at 1 is the same as the color at —1) to account
for the periodicity of the phase.

of the source extends the limits of the angular resolution of
the experiment.

III. EXPERIMENTAL RESULTS
A. Wavefront correction

A crucial aspect of the experiment is the calibration of the
incident beams. Ideally, when using a planoconvex lens, all the
rays cross at the focal point. Hence, two incident beams are
sure to cross on the sample. Unfortunately, any misalignment
or aberration will distort the focus. In addition, we realized the
DMD itself causes strong aberrations in the wavefront. This
is most probably because the micromirrors are not perfectly
flat, and any curvature or imperfection adds up to the final
wavefront.

To overcome this issue, we implement the correction
shown in Ref. [42]. The correction is based on optimizing
the intensity pattern at the focus by adding a phase mask and
a pattern generated by Zernike polynomials. This correction
is based on the assumption that common aberrations have a
pattern described by Zernike polynomials [43]. In Ref. [42],
they iterate the coefficients of the polynomials to maximize
the intensity at the focal point. For our case, we found that
instead of maximizing intensity, we obtain a better correction
by calculating beforehand the expected intensity distribution
at the focus and then maximizing the two-dimensional (2D)
correlation between the measurements and the calculated pat-
tern. For this calibration, we employ the camera CCD?2 (see
Fig. 2). Having a beam splitter adds the possibility of calibrat-
ing the setup without disturbing the sample.

In Fig. 6, we show an example of the phase masks used for
different angles. We characterize our experiment by running
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the optimization described above for every active area sepa-
rately. In the experiments, only two areas are simultaneously
activated for a given angle. For the results shown in this
paper, we keep the center area (highlighted with a red circle)
constantly activated, and only vary the second beam. We call
this the asymmetric case. Still, our experimental setup also
allows for the symmetric case, where we vary both beams
simultaneously. In our system, it is also possible to vary the
position of the active areas not only in one line but at any
angle by characterizing the whole DMD. Note that here we
only show a set of selected angles, while in reality, we have
almost 600 different positions along the y axis of the DMD.
Once a pair of areas is activated and the angle y is set, we
scan the phase from 0 to 27 with 30 steps in between. We
iterate this scan three times to have better statistics. We extract
the amplitude and phase of mutual scattering by taking the
Fourier transform of the phase-dependent curve and filtering
the frequency f = 1/2m. We then take the maximum value,
the minimum value, and the phase of the curve. Examples
of the phase-dependent curve are shown in Fig. 7 for angles
y =0.8°, y =1.1°, and y = 2.7°, from the measurements
of the dielectric sphere. While most data points have a well-
defined shape such as in Fig. 7(a), an example of an undefined
phase can be seen in Fig. 7(b), where the extinction amplitude
is so small that a single frequency does not describe the data.
Figure 7(c) shows an example of a large angle, where the
phase has higher uncertainty but it is not yet undefined.

B. General observations

Four different samples were studied: a dielectric sphere,
a single black human hair, a strip of pultruded carbon, and
a block of ZnO;. The results for all samples are present in
Figs. 8—11. The amplitude of mutual scattering is represented
by the total modulation of the extinction, shown in the top
panel of each figure, where the blue circles and green squares
represent the minimum and maximum extinction, respec-
tively. These values are extracted from the phase dependency
at each angle, as shown in Fig. 7.

Additionally, the solid red lines in Figs. 8 and 9 show
the results from our Mie scattering calculations, both for
amplitude and phase. Note that we plot the model against
the right y axis, which has a scaling factor and offset for
clear comparison. We include multiple model curves with 2
spacing to account for the periodicity of the phase. For our
calculations, we assume a sphere geometry for the dielectric
sphere and a cylinder geometry for the single human hair. The
input to the model is the refractive index of the sample ng, the
refractive index of the medium np,, and the sample radius r;.
The parameters used for the models are presented in Table I.
These Mie models are not applicable to the strip of pultruded
carbon and the block of ZnO, due to their complicated shape.

The bottom panel of each subfigure of Figs. 8—11 shows
the angular dependency of the phase information, which is the
phase at which we obtain the maximum value (green squares
in the top panel). The phase information of mutual scattering
allows the extraction of the complex-valued scattering ampli-
tude f and the phase information is available for any given
angle. The calibration of the phase information is discussed in
Appendix A. When the amplitude of mutual scattering is close
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FIG. 7. Total extinction flux against phase difference between
beams for angles (a) y = 0.8°,(b) y = 1.1°,and (c) y = 2.7°. Circle
symbols are experimental data, and the different colors represent the
different iterations of the measurements. The solid black line shows
the extracted cosine component with Fourier filtering.

to zero, the phase has an increasing error margin. We consider
these points as undefined [see Fig. 7(b)].

C. Polystyrene sphere

In Fig. 8, we see that the measurements of the polystyrene
sphere have a trend that is in agreement with our model, both
in amplitude and phase. In a previous work [36], we show how
analytical models are in agreement with experiments when the
angle is close to zero y — 0, and deviate when increasing

063518-5



RATES, LAGENDIJK, TRUONG, AND VOS

PHYSICAL REVIEW A 110, 063518 (2024)

075 T % 2
0.50 4"
0.25

0.00 ~

-0.25 - A
-0.50

Normalized modulation

e  Minimum
= Maximum

e
N}

0.1

o
o
Theory modulation

T T
| |
o ©
[N} [

0.50 1~

0.25 4

0.00 +

—0.25 1

Phase in units of 2m

—0.50 A

¢ Phase at max. extinction
v ™

0.5 1.0 1.5
Angle in degrees

2.0 2.5 3.0
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extinction change, with purple circles the measured phase and the red curve our model.

the angle, as we approach the speckle regime, where the
distribution of scatterers and the exact 3D shape of the object
gain more relevance. Here we observe a similar behavior, with
the model for the amplitude information starting to deviate
around y = 2.1°. Around y = 1.5°, the model and the data
seemingly split; the model goes upwards while the data goes
downwards. Although the trend is different, the phase goes
down to —0.5 x 27, which is close to the value of the model
after accounting for the periodicity of the phase.

The measurements show that the phase becomes undefined
at the nodes of the amplitude, namely around y = 0.6° and
y = 1.2°. We call these closed nodes, where the control range
of the extinction is so small that it is not possible to define the
optimal phase. Still, a third node is present around y = 1.6°,
which is not accompanied by an undefined phase. We call
these types of nodes open nodes, as the gap between maxi-
mum and minimum extinction is not completely closed.

The measurements of the polystyrene sphere show a larger
error range compared to the other samples. This is mainly due
to the low contrast of the refractive index between the sample
and the surrounding media (see Table I). This translates into a
weak scattering signal and, thus, a lower signal-to-noise ratio
(SNR). This is particularly relevant at the end of the angular
range for the amplitude data, where the low SNR makes the
phase undetermined. Interestingly, the phase data starts devi-
ating from the theory just at the point of the expected third
node, which is an open node, located before the amplitude
deviates from the theory.

A possible reason for the differences between theory and
experiments is the geometry of the sample. While the Mie cal-
culations assume a perfect, homogeneous sphere, our sphere is
exposed to fabrication imperfections. For example, it has been
previously observed [44] that a dielectric sphere fabricated by
a two-step growing process has the scattering properties of

two spheres, one inside the other. Our experiment is particu-
larly sensitive to such effects when increasing the angle y, as
we are entering the speckle regime.

For future benchmark of mutual scattering, a polystyrene
sphere could be replaced with a silicon microsphere as
used in whispering gallery modes (WGMs) optical res-
onators [45-48]. Because the quality factor of the resonator
depend on the geometry and fabrication process of the micro-
sphere, such spheres achieve higher quality than commercially
available polystyrene spheres.

D. Human hair

For the measurements of the single human hair shown in
Fig. 9, we observe that the model is in good agreement with
the experimental measurement of the amplitude of mutual
scattering. Similar to the polystyrene sphere, when increasing
the angle we approach the speckle regime and the model
deviates from the experimental data. The separation happens
around y = 1.9°, although for small angles we also note a
difference between the model and the data, as the first node of
the model is not present in the experimental data. Note that for
very small angles, the two incident Gaussian beams overlap
in the area of the detector, and thus the measurements are less
precise.

For the phase measurements, we see an abrupt jump of
8¢ ~ m around y = 1°, which is not accounted for in the
model. After this, the phase information follows the same
decreasing trend as the analytical model. We also notice that
even though we have nodes in the amplitude measurements,
the phase is never undefined, even when y > 1.9° where the
model starts deviating from the amplitude data.

In this case, the Mie calculation is useful as a first ap-
proach, but incomplete. We can apply it to, e.g., extract the
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width of the sample, which dictates the periodicity of the
nodes in the amplitude data; we note that the periodicity
of the nodes in the sphere measurements is larger than the
periodicity in the hair measurements, meaning the sphere is
smaller than the hair. Nevertheless, the complexity of a bio-
logical sample as a single human hair is not encapsulated in
our calculations, where we assume the sample to be a perfect
cylinder.

It is well known that human hair is composed of layers,
namely the cortex, medulla, and cuticle [49,50]. Each layer
has different scattering properties, and it may not be homo-
geneous along the hair [41,51]. Furthermore, the surface of
the human hair may contain overlapping cuticle cells that
form a scalelike structure, deviating even more from the ideal
structure used in the calculation. The SEM shown in Fig. 5
provides an insight into the structure of human hair, revealing
deviations from the assumed cylindrical shape. The cross-
sectional images presented in Figs. 5(a) and 5(b) show that
the single hair in our sample seems to have a triangular shape.
Additionally, Figs. 5(c) and 5(d) highlight the presence of
scalelike structures, which as we mentioned before, are not
accounted for in the Mie calculation.

In addition, the calculation imposes a certain orientation of
the sample with respect to the incident beam. Thus, any tilt
in the sample is reflected in the measurements. This is not a
problem in the case of the sphere because of its symmetry.

E. Pultruded carbon strip

For the amplitude data of the pultruded carbon in Fig. 10,
we identify three nodes, namely around y = 1.25°, around
y = 2.1°, and around y = 2.8°. These nodes are not as clear

as for the rest of the samples, and other interpretations are
possible, e.g., instead of a single node around y = 1.25°, there
might be two nodes close to each other, around y = 1.2° and
y = 1.45°. For the case of the phase data, we note a long
step between y = 1.2° and y = 1.8°, where the phase is also
undefined. These positions are close to the nodes described
above.

Due to the freeform shape of this sample, it is very chal-
lenging to build an analytical mathematical model to predict
experimental results, which is the type of challenge we ad-
dress in our research program, “Freeform scattering optics
(FFSO).” We may, in turn, use a simpler approximate model
based on diffraction theory, with which we model the sample
as a perfectly flat, fully absorbing object. One of the many
problems with this approach is that it is highly sensitive to the
geometry and orientation of the sample. Even supposing the
sample has a perfect cuboid shape, mutual scattering depends
heavily on the orientation of the sample with respect to the
axis where the angle y between the two incident beams is
formed. We hypothesize that the orientation of the carbon
strip is the reason why the first node is not so clear for this
measurement.

F. Block of ZnO,

In Fig. 11, we identify many nodes in the amplitude mea-
surements at specific angles. These nodes are located at y =
0.69°, 0.87°, 1.03°, 1.3°, 1.62°, 2.0°, 2.17°, 2.27°, and 2.5°.
Some of these nodes also have undefined phases. However,
there are four nodes at y = 0.69°, 1.03°, 1.3°, and 1.62°
that do not have undefined phase, which we call open nodes.
As in the previous cases, the phase data shows a long step
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between the node at y = 0.87° and the node at y = 2.0°. This
step seems to agree with an overall increase in the amplitude
data.

To better analyze the amplitude data, we divide it into two
functions: One with a strong angle dependency, known as the
carrier signal, and another with a weak angle dependency,
known as the envelope signal. The carrier signal is responsible
for the nodes that are present across the entire angular range

and is in sync with the points of undefined phases. The enve-
lope signal, on the other hand, is responsible for the overall
increase in the amplitude data and is in sync with the step
present in the phase data. We attribute these two signals to
different characteristics of the freeform nature of the sample.
The carrier signal is related to the object’s overall shape, while
the envelope signal is related to small changes in geometry.
Furthermore, the small jumps in phase, such as those observed
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FIG. 11. Mutual scattering result for ZnO, block. (a) Amplitude of the total extinction change, with green squares the measured maximum
extinction and blue circles the minimum extinction. (b) Phase of the total extinction change, with purple circles the measured phase.
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at y = 1.17°, 1.85°, and 2.14°, are indicative of the speckle
behavior of mutual scattering.

IV. CONCLUSIONS

In this work, we present an experimental procedure to mea-
sure the change of light extinction in different materials. This
is done with two incident laser beams and exploiting mutual
scattering. By varying the relative angle and phase between
the two beams, we obtain the control range of the extinction
and the phase at which the extinction is maximized. From
this measurement, it is possible to extract the complex-valued
scattering amplitude, including phase, which fully describes
the light-scattering properties of the object (see Appendix B).
This work shows mapping of the phase information of the
scattering amplitude for any arbitrary angle, by the innovative
use of a spatial DMD modulator.

We studied four different finite scattering objects: a dielec-
tric sphere, a single black human hair, a strip of pultruded
carbon, and a block of ZnO,. With all these samples, we
cover objects with different geometries, objects that are ei-
ther absorbing or scattering, and we also include a biological
sample. We compared the polystyrene sphere and the single
human hair to Mie calculations, and we found that, especially
for the amplitude data, the model is in close agreement with
the data. In turn, deviations from the model are attributed to
object characteristics that differ from the ideal, homogeneous
geometries considered in the calculations.

One of the advantages of our approach with mutual scat-
tering is that it is applicable for either very absorbing or very
scattering materials. Furthermore, as long as the approxima-
tion of far-field holds, mutual scattering is applicable for any
object size and wavelength. Indeed, mutual scattering could
also be expanded to plasmonic particles, which exhibit ab-
normal scattering properties. Although the effect of mutual
scattering in the near field is not yet known, we predict that
mutual scattering is also present in far-field measurements of
plasmonic particles.

By slightly modifying the setup with the right phase mod-
ulators, we can adapt the experiment to have a better angular
resolution or to extend the angular range and thus measure
objects with a wide range of sizes. On top of that, a DMD
allows us to rotate the plane of the two incident beams or
even add more incident beams, which resembles the multiple-
beam wavefront shaping setup [52,53]. For such experiments,
other wavefront modulators could be used, such as deformable
mirrors or an SLM.

Finally, mutual scattering is applicable to any type of wave,
and we believe that extracting the complex-valued scattering
properties of an object has applications beyond optics. In par-
ticular, mutual scattering has a high potential for applications
in acoustic and radio waves. In the future, and anticipating the
development of wavefront modulators even for x- rays, mutual
x-ray scattering is expected to hold great potential in x-ray
metrology, for instance, for precise sensing of nanometer or
even subnanometer structures in the semiconductor industry.
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APPENDIX A: CALIBRATION AND ERROR ESTIMATION

It is very important to highlight the difference between
the phase mask for the calibration of the experiments, which
we measure and characterize employing camera CCD2, and
the phase information extracted from our experiments, which
we obtain by controlling the incident beams onto the sample.
When varying the phase difference between the two beams
A¢ at a fixed angle, Fys follows a sinusoidal curve, as illus-
trated in Fig. 7. We extract the amplitude and phase of the
control of Fygs for each angle y. We do this by taking the
Fourier transform of the raw data and filtering the point with
frequency f = 1/2m. This gives us the cosinelike behavior
we expect from theory. The optimized amplitude of the fil-
tered data is extracted as the amplitude of Fys. Conversely,
the phase information of the mutual scattering is the phase
difference at which Fys is maximized.

We treat the error of the estimation of amplitude and phase
separately. We consider the error range of our amplitude esti-
mation to be the average difference between the filtered curve
(solid black line at Fig. 7) and the data (symbols at Fig. 7),
similar to the residual of a fitting process. Meanwhile, the
error of the phase estimation is done through an iterative pro-
cess. We do this by adding phase offsets to the experimental
data and calculating the amplitude error for every new phase
offset. The offset where the amplitude error is twice (chosen
based on experience) the original amplitude error, is chosen
as the error range of our phase estimation.

If we reach an offset equal to 27 and the amplitude error is
still not doubled, we consider the phase to be undefined, i.e.,
the data does not have a cosinelike shape, and we are not able
to estimate the phase of the data.

The most challenging step to extract the phase information
is to calibrate the phase difference A¢ when changing the
angle. This is because any change in path length generated
by changing the angle will add a dephase. For example, given
angle y; with the set phase difference A¢,, at the modulator,
changing to angle y, without adapting the phase difference,
any aberration, misalignment, or medium interface induces a
dephase such that A¢,, # A¢,, at the sample.

Calibrations of this induced dephase turn out to be tremen-
dously difficult. We initially calibrate A¢ and y by measuring
the interference fringes at CCD2. Besides technical limita-
tions, such as noise, alignment, and camera resolution, we
found that the camera cannot obtain the exact phase and angle
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FIG. 12. Steps for the calibration of the phase information of
mutual scattering between angles. (a) We obtain the raw phase data
from the phase dependency plots (Fig. 7). (b) Then we add the same
curve many times with jumps of 2. (c) From this curve, we select
the correct 27 jumps to obtain a continuous line. (d) We finally do
a linear regression (solid blue line) and subtract the linear regression
to obtain the calibrated phase information.

information because the detector chip is covered by a protec-
tive glass [55], while the samples are embedded in PDMS.
These two media have different effects on the phase and angle
of the incident light. Furthermore, to calibrate A¢ and y
we need to estimate multiple parameters such as the depth of
the sample in the medium, the orientation of the sample inside
the medium, the roughness of the surface of the medium, any
tilt of both cameras, any misalignment, etc. The estimation has
so many degrees of freedom that it is not far from an educated
guess, making it also more susceptible to confirmation bias.
There is a glimpse of hope when looking at the raw data
of the phase information extracted when measuring mutual
scattering. Figure 12 illustrates the steps we currently follow
to calibrate the phase information. Figure 12(a) shows the raw
phase data for the dielectric sphere. Because of the periodicity
of the phase, we know that ¢ = 2 + ¢. Figure 12(b) shows
the same raw data multiple times with jumps of 2r. We select
the 2w jump such that yields a continuous curve, shown in
Fig. 12(c). We observe that there is a slow decaying envelope
pattern in the phase, presumably coming from the dephases
explained above, as it has a weak dependence on the angle
(i.e., slow variations when changing y) and larger than the
phase information of the mutual scattering that we expect
from theory for any sample. Thus, it is possible to reduce the
effect of the envelope pattern by making a linear regression
and subtracting it from the data in order to obtain the phase
information shown in Fig. 12(d). This allows us to discuss

the small variations in the data that have a strong dependence
on the angle (i.e., fast variations when changing y), which
we attribute to the sample itself. We believe this correction
is enough to get relevant information from the measured
samples. We follow this procedure for all the samples present
in this paper.

APPENDIX B: FROM TOTAL EXTINCTION
TO SCATTERING AMPLITUDE

In our measurements, we extract the normalized mutual
scattering component Fyig by measuring flux F, which is the
integral of the current J over the detector area A [31]. We
have two incident waves with direction I%in, 1 and l%in,z, and we
integrate the current that goes in the direction l%nyz. The mutual
scattering in the direction of IQin,z is expressed as [56]

Juskinz = AyAIM[f (kin 2, kin1)e’ @911, (BD)

where f (l%in,,-,lan, j) is the scattering amplitude relating an
incident wave at direction l%in’ ; and an outgoing wave at di-
rection l%inki. The component A; is the amplitude of the wave at
direction k;, ;, and A¢; ; is the phase difference between the
two incident waves.

The complex-valued scattering amplitude f can be decom-
posed in the exponent form as f = |f|exp(i¢). Thus, (B1)
can be simplified as follows:

Juskin = A1As| fo1] sin(ds + A1), (B2)

where we change the notation f; ; = f (i%in,i» lzin, ;) for sim-
plicity. The same notation follows for the phase component.
We maximize this component if we set the phase difference
as A¢p =m — ¢,. With this relation, we obtain ¢, in our
experiment by scanning the phase and finding the maximum
value. Furthermore, the maximum value of the current is
max(JMsl%nwz) = A1A;|f|. Consequently, we measure the am-
plitude of the incident waves A1, A, separately, and hence we
obtain | f].

For some cases, it is more informative to normalize the
mutual scattering by the self-extinction Jsjr = A% Im(f2), as
we do for our experimental results. We define the normalized
mutual scattering as

[ JusdS

F [ S
MS fAJindS7

(B3)

where we integrate the current over the detector area A to
obtain the flux. Thus, the effect of the mutual scattering on the
total extinction is clearer: if 1 — Fys = 2, the total extinction
is twice as large. If 1 — Fys = 0, the total extinction vanishes.
Experimentally, Fys is obtained by measuring the flux for
different scenarios, as shown in Eq. (1).
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