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Spatially resolved Fourier holographic light
scattering angular spectroscopy
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We show for what is the first time to our knowledge that digital Fourier holography can be used to record
spatially resolved angular light scattering spectra from microscopically structured samples. This is achieved
in one or a few digital image captures over large millimeter-scale fields of view. Such spectra are a sensitive
measure of microscopic morphology, with wide applications in biological and medical imaging. We demon-
strate good agreement between results of experiment and Mie theory for the angular scattering spectra of
microspheres in water extracted from local regions within reconstructed 2 X1 millimeter image sets.
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For many applications, particularly in biological mi-
croscopy and medical imaging, the significant areas
of a sample are of millimeter or greater dimensions,
but the spatial information of interest is on the mi-
croscopic scale. It remains laborious and time con-
suming to survey morphology (structure) by micro-
scopic imaging, typically involving multiple tiled
images of statistically significant populations of ob-
jects over large areas of samples. The ability to rap-
idly capture information that effectively character-
izes the morphology on the microscopic scale over
these large fields of view would be a useful advance.
We seek to achieve this by exploiting the angular
scattering spectrum of elastically scattered light,
which is rapldly becomlng recognlzed as a sensitive
measure of mlcroscoplc morphology.’ In this Letter
we show for what is the first time to our knowledge
that digital Fourier holography can be used to mea-
sure the angular spectrum of elastically scattered
light at many spatial locations covering a large field
of view based on a single capture or a few image cap-
tures.

There have been many recent attempts to use light
scattering to deduce from biological samples morpho-
logical 1nformation connected to function or
pathology.2® So-called light scattering spectroscopy
began with the recordmg of the spectral distribution
of scatterlng of a point, 2 which was followed by spec-
tral imaging over large areas of samples.®> Combined
with polarization gating™” to discriminate superficial
from deeper layers in tissues, it has shown great
promise in the detection of nuclear pleomorphlsm in
epithelial tumours in vivo. 35 More recently, the im-
portance of angular distributions has begun to be ap-
preciated in light scattering spectroscopy®>’ and in
related approaches 1.6 including one based on optical
Fourier ﬁltermg Previously reported methods of re-
cording angular scattering spectra involve either the
capture of a single image pomt per measurement™
or have a small field of view and limited ﬂex1b111ty
We seek to improve on these methods through the
use of digital holography, which has previously been
successfully applied to microscopy.” Our objective is
to obtain the complex Fourier spectrum of light back-
scattered from a sample (at low magnification over a
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wide field of view®) by recording the interference pat-
tern formed by the optical Fourier transform of the
scattered wave®>! and a reference wave. Digital
Fourier filtering is then used to reconstruct spatially
resolved angular scattering spectra. Uniquely, to our
knowledge, we can produce such wide-field spectra
from a single or a few image captures. They can be
used to deduce morphological information at all
points within the field of view, for example, in combi-
nation with Mie or other scattering theories to ex-
tract scatterer sizes and refractive index
contrasts.*>!

Let the complex representations in the recording
plane of the Fourier transform of the scattered field
and the reference field be Eg(x,y) and Eg(x,y)
=Ag(x,y)exp[—j2m(axx+ayy)], respectively, where
Ag(x,y) is a slowly varying complex envelope and «y,
ay are spatial carrier frequencies imparted by the off-
set angle of the reference wave with respect to the op-
tical axis of the scattered wave. Then the recorded in-
tensity distribution is

I(x,y) = |Eg|* + |Ag|* + EsAR explj2m(axx + ayy)]

+ EgAp exp[- j2m(axx + ayy)]. (1)

When this intensity is inverse Fourier transformed,
the first two terms yield zero-order autocorrelation
and background images, centered at the origin. The
third and fourth terms yield first-order twin images
of the sample field and its (spatially inverted) com-
plex conjugate, each translated in opposite directions
due to the influence of the exponential carrier factors.
If the first-order images are sufficiently spatially
separated from the zero-order images, the squared
magnitude of the entire reconstruction yields twin
images of the scattered power from the sample. Oth-
erwise, the first two terms can be removed by record-
ing the sample and reference intensities separately
and subtracting both from Eq. (1).

The complex angular spectrum of the scattered
field depends on the scatterers’ sizes and relative re-
fractive 1nd1ces with respect to the background
medium.? In the Fourier plane there is a one-to-one
correspondence between spatial position and scatter-
ing angle.”” Therefore we perform spatial filtering of
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Fig. 1. Schematic diagram of the experimental setup. L1,
L2, L3, lenses; M1, M2, M3, mirrors; B1, B2, beam split-
ters; P1, P2, polarizers; RFS, rectangular field stop; S, light
source; T, telescopic system; CCD, CCD matrix sensor.

the Fourier hologram via a set of masks, which can
be used to select (and weight) any given range of
scattering angles. The subsequently reconstructed
image is a spatially resolved plot of the power scat-
tered in this solid angle range.

Figure 1 presents a schematic diagram of our ex-
perimental setup. A randomly polarized light beam
from a He—Ne laser source S is split into reference
and sample waves at beam splitter B1. A sample is
placed at the object plane of a Fourier-transforming
objective lens L1 (f=15 mm) and illuminated by a lin-
early polarized nearly plane wave. The optical Fou-
rier spectrum of the backscattered light is formed in
the back focal plane of objective lens L1. We chose a
backscattering geometry to permit the future study
of optically thick samples. A digital CCD matrix sen-
sor (12 bit, 1392 X 1040 pixels, 7.6 mm X 6.2 mm) is
placed in a plane conjugate to this focal plane. The
reference wave is expanded by using the telescopic
system T and is directed to fill the CCD matrix (at an
angle of 2.3° to the sample beam axis), forming the
Fourier hologram. The value of the modulation spa-
tial frequency imposed by the axial sample wave and
the tilted reference wave is about 60 cycles/mm. The
twin images are fully separated provided this value
is greater than 30 cycles/mm (the CCD sensor array
spacing is 215 pixels/mm). The angle of incidence «;,
of the illumination wave is 69° (Fig. 1 inset). The
plane of incidence is perpendicular to the plane of the
CCD matrix, and the projection of the former plane
onto the latter one is a diagonally oriented line. In
the CCD plane, curves of constant scattering (polar)
angle are therefore well approximated by lines per-
pendicular to this diagonal, within the limited size of
the CCD matrix. The angular scattering range in air
is A= ot max— Xoutmin=15°. The maximum and
minimum values of the scattering angle # within a
sample of refractive index n,.q are given by

sin Ui
Omax/min = T — | arcsin

Nmed

. sin Qout,min/max
+arcsin| ————— | |. (2)
Nmed
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The values are shown in Fig. 2(a). The spatial filter-
ing mask is a narrow slit corresponding to a scatter-
ing angle range (in the medium) of 1.2° (and the full
range of azimuthal angles). It is digitally scanned in
order to reconstruct images corresponding to each
scattering angle. We may thus determine scattered
power as a function of scattering angle for any
sample region of interest by computing the total scat-
tered power from this region in each reconstructed
image.

Our samples comprised polystyrene spheres sus-
pended in distilled water, with volume concentration
of approximately 0.1%. A droplet was placed in a
10 mm X 20 mm well on a microscope slide. A typical
Fourier hologram of such a sample (sphere diameter
5.4 um), after subtraction of the reference and
sample waves, is presented in Fig. 2(a), based on
400 ms exposures. The borders of two slit masks are
shown overlaid on the hologram. Figure 2(b) shows a
magnified portion of the modulation pattern. In Figs.
2(c) and 2(d) reconstructed filtered images are pre-
sented, corresponding to the two spatial filter loca-
tions. In order to clearly identify the twin first-order
reconstructed images, the field of view has been re-
stricted to a 2 mm X 1 mm area by placing a rectan-
gular field stop in the image plane. A direct compari-
son of the two reconstructions shows that the power
distribution depends on the position of the spatial fil-
ter.

We applied the method to samples containing a
mix of polystyrene spheres of two different diam-
eters, 5.4 and 11.4 um (with respective standard de-
viations 0.14 and 0.21 um). Figure 3 (top) shows the
reconstructed image of the sample. For two selected
locations on the reconstructed image, the angular
power dependence was obtained by using the set of
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Fig. 2. (a) Recorded Fourier spectrum of the sample con-
taining microspheres, diameter 5.4 um, with two positions
of the spatial filter shown. Each dotted line corresponds to
a given scattering angle. The highlighted square is magni-
fied in (b). (¢), (d) Reconstructed filtered images for posi-
tions (I), (II) of the spatial filter, respectively, displayed
with a logarithmic gray scale. The images are scaled by the
inverse area of the filter.
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Fig. 3. Reconstructed image of a sample containing micro-
spheres of two different diameters, 5.4 and 11.4 um, sus-
pended in distilled water, displayed with a linear gray
scale. For regions I and II the angular dependence of the
scattered power is plotted against the theoretical predic-
tions of Mie theory (with the optimum fit corresponding to
diameters 5.2 and 11.2 um, respectively).

reconstructed images over the full range of angles.
The corresponding angular-dependent scattering
plots (overlaid with the results of Mie theory) are pre-
sented in Fig. 3. The agreement between experiment
and theory is good, demonstrating the ability of our
approach to discriminate scatterer size in each local
area of the sample.

The large field of view demonstrated here is pos-
sible because of the encoding of microscopic informa-
tion in the angular scattering spectrum. The micro-
spheres are too small for their size to be accurately
determined directly from the reconstructed image, in
which the pixel size is approximately 3 um. Thus, we
have shown that high spatial resolution is not neces-
sary to characterize the microstructure of the
sample. Fundamentally, the spatial resolution of our
approach is traded off with angular resolution. De-
creasing the range of solid angles contributing to the
image, by decreasing the mask area, degrades the
spatial resolution of the reconstructed image. Our
choice of a rectangular 1.2° X 8.9° (maximum) mask
yields an impulse response width (main lobe) of
50 um X 6 um. It also means that the angle-resolved
scattered power curves are effectively convolved with
a rectangular function of width 1.2°. The choice of an-
gular and spatial resolution will be determined by
the needs of a given application.

The implementation reported here does not per-
form optical sectioning, but polarization sensitivity®
can be incorporated into our setup by rotating polar-
izer P2 relative to P1, enabling partial discrimination
of multiply scattered light arising from deeper loca-
tions in a thick sample. Depth sectlonmg by coher-
ence gatlng7 1112 should also be possible, since its use
in depth-resolved holography has already been
reported.

The good agreement with Mie theory shown in Fig.
3 suggests that an inversion procedure to extract
scatterer size and refractive index contrast should be
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feasible. In biological samples, such a process may be
limited by the complexity of the angular scattering
spectra and the lack of a suitable model.* In such
cases, it may still be useful to map spatial variations
in angular scattering spectra, for example, to enable
the calculation of the fractal dimensions of tissue
microarchitecture.!! It may also be possible to mea-
sure azimuthal scattering patterns or to incorporate
spectral dependence by using a light source with sev-
eral wavelengths.

The ability to record spatially resolved angular
scattering spectra with one or a few image captures
opens up many possibilities for the efficient and po-
tentially dynamic study of microstructure. In biology
and medicine, this includes the efficient high-
throughput characterlzatlon of processes such as mi-
tosis and apoptosis® through the microscopic observa-
tion of cells; the study of tissue structures, for
example, the assessment of muscle damage and re-
generation in muscular dystrophy; and imaging tis-
sues, for example, the in vivo detection of
dysplasia.?”5
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