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Abstract: We utilize Fourier-holographic light scattering angular
spectroscopy to record the spatially resolved complex langcattering
spectra of samples over wide elds of view in a single or fewage
captures. Without resolving individual scatterers, we @k to generate
spatially-resolved particle size maps for samples congpagespherical
scatterers, by comparing generated spectra with Mie-yhpoedictions.
We present a theoretical discussion of the fundamentatipites of our
technique and, in addition to the sphere samples, applypieraxentally
to a biological sample which comprises red blood cells. Owthod
could possibly represent an ef cient alternative to theginoonsuming and
laborious conventional procedure in light microscopy ofgma tiling and
inspection, for the characterization of microscopic mailpgy over wide
elds of view.
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1. Introduction

In biological systems, it is often necessary to determimectiral information over a large
range of size scales. For example, the size and shape oidndicells and the distribution of
these cells throughout a sample both represent importatirfs necessary for tissue charac-
terization. Histological analysis of tissue sections &srtiost informative way to assess cellular
composition and events in many situations [1]. All such exeations are laborious tasks, par-
ticularly when large tissue areas must be surveyed to obtatistically signi cant cell popula-
tions, yet information on the microscopic scale must beatised in order to provide accurate
characterization. Recently, our group proposed a new appreo perform high-throughput
structural characterization of a wide range of biologi@hgles [2, 3]. Our technique is based
on the intrinsic dependence of the angular distribution laétéc light scattering upon sam-
ple microstructure. By employing digital Fourier hologhgpwe seek to map, with a single
camera exposure, scatterer sizes (and potentially rafeaicidex contrast) over exceptionally
large elds of view. Ultimately, this technique could enatdingle-image-capture “histologi-
cal' assessment of the microscopic properties of millimstale samples without histological
staining and without microscopic examinations such asamihting - indeed, without even
resolving the scatterers. Our publications thus far havailed the rst proposal and demon-
stration of this technique [2], and a preliminary experitaéand theoretical analysis [3]. In
this paper, we present a thorough theoretical treatmerteofechnique, and for the rst time
demonstrate experimentally the ability of our approacheioggate fully spatially-resolved par-
ticle size maps for non-biological samples, and spatighoelved angular spectra of a biological
sample. We nally discuss outstanding issues and limiteim its implementation.

The technology of digital holographic imaging has devetbpensiderably in recent years
[4] due to the accessibility of high-power personal commutnd advances in digital record-
ing hardware. Its primary advantage over alternative tegles is the ability to form a digital
representation of the full complex eld distribution of amage, thus enabling the application
of image processing and reconstruction algorithms to ex§@mple features, without recourse
to complex optical setups. The renewed impetus in the elsllbeen particularly striking with
respect to the application of digital holographic micrgggand a considerable body of liter-
ature has developed. Published journal papers have irttludatments of quantitative phase
contrast microscopy [5, 6, 7, 8], refractometry [9, 10],e#ndimensional visualization [11],
and synthetic-aperture optical imaging to achieve supetugion [12], or high resolution over
large elds of view while utilizing low-numerical-apertaroptics [13].

In parallel with developments in digital holographic miscopy, methods of characterizing
a sample using the angular distribution [14] or spectrunj §f®lastically scattered light have
been developed. These techniques have been termed “lagtarsny spectroscopy’ (LSS) and
have been developed to quantify cellular or subcellulaphology (structure). LSS has shown
promise in the detection of nuclear pleomorphism (the ia®een size and shape variation of
cell nuclei associated with dysplasia) in epithelial tusiarvivo[15, 16, 17, 18] and has been
applied to bacteria size determination [19, 20]. A closalated microscopy technique has
combined LSS with optical Fourier ltering to map morphologver a microscope's eld of
view [21]. More recently, the importance of angular disitibns has begun to be appreciated
[22, 23], including the combined measurement of angularsgeattral scattering distributions
[24]. All such techniques are not intrinsically depth sewetng, which is a common impor-
tant requirement for thick or turbid media. Both polaripatigating [15, 16, 25, 26, 27] and
coherence gating [28, 29] have been used to determine thbk-degplved spectral or angular
distributions of scattered light.

In quantitative microscopy, the morphological paramedésamples are generally measured
directly and accuracy depends largely on spatial resalufitne requirement for high spatial



resolution typically restricts elds of view to substarijaless than the region of interest. In
LSS, microscopic morphology and spatial resolution areodpled; measurements averaged
over small but macroscopic areas of the sample are sensitivécroscopic morphology. Ac-
curate measurements of the scatterer sizes can still bme8taia the convenient use of low-
resolution optics. The angular scattering spectra pubdigisewhere [14, 19, 20, 22, 23, 24, 28]
were obtained point by point over a sample area. Our teckregables such spectra to be col-
lected over millimeter-scale samples with a single imagewea.

The remainder of the paper is organized as follows. In Se@jonve describe in detail the
theory of the technique. In Section 3, we present its expartal realization and an analysis
of the experimental setup. In Section 4, we present expetaheesults. We provide some
discussion and draw some conclusions in Section 5.

2. Methodology

To determine the angular scattering spectra for each loeal af a sample, it is suf cient to
record the complex amplitude distribution of the scattemede. Our approach is based on
recording a digital hologram of the scattered light in a plaptically conjugate to the Fourier
plane of the object. By performing Itering in either the F@r plane or the reconstructed
object plane, we are able to generate spatially-dependentlar scattering pro les for the
sample.

Object plane Recording plane

Fig. 1. Schematic showing orientation of the object and recording planestheir coor-
dinate systems. The wavevectdis andks, and the fringe vectokg, correspond to the
special case of an axial sample wave.

Figure 1 is a schematic showing the orientations of the olfjech) and recording X;y)
planes, and the coordinate systems used to describe thentohtiplex representations of the
Fourier transform of the scattered wave and the plane merevave in the recording plane
may be denotets(x;y) = Uos(xy) exd jj s(x;y)] andUr(X;y) = Uorexd jj r(XY)], re-
spectively, wherdJos(Xx;y) is a real (positive) spatially-varying amplitude, adgk is a con-
stant amplitude (assumed real and positive, without losgeokrality). The term g(x;y) is
the phase of the Fourier transform of the sample wag€x;y) = ksing(xcosf, + ysinf,) is
the phase of the reference wave, linear with respect toapaisition,k = 2p=I represents
optical wavenumber, and is the wavelength of the source. The anglés the incident angle
of the reference wave (relative to thexis, which is normal to the Fourier plane) ahds the
azimuthal angle, i.e., the angle between the referenceglimcidence and the coordinate
axis.



The recorded intensity distribution is:
1(xy) = UG+ Uz + UsUore! R + UgUgre U R: (1)

When this intensity is inverse Fourier-transformed, we iobta

F ooyl = Gu(many)+ Ugd(ngny) + Uorus i+ Si”quCOSfr .+ Si”QrI sinfy
+UorUs M+ m; nﬁm : @)
whereF ! denotes the inverse Fourier-transform operator, de nethbyequation:
h(n;ny)=F fH(xy)g= z i H(xy)exp + j2p (mx+ ny) dxdy, 3)

and(ny; ny) represent the coordinates in the transform space. In EqudB)the inverse Fourier
transform ofUs, andd represents the Dirac delta function. The rst term on thétigand
side of the equationGx(nx; ny) = us(n; ny)  ug( ny;  ny), is a zero-order autocorrelation
and the second term is a high-intensity zero-order spoatéocat the origin. The third and
fourth terms are rst-order twin images of the sample eldddts (spatially inverted) complex
conjugate, each translated in opposite directions dueetintbence of the exponential carrier
factors. If the rst-order images are suf ciently spatipieparated from the zero-order images,
the squared magnitude of the entire transformed distohutields reconstructed twin images
of the scattered power from the sample. Otherwise, the wa&t terms can be removed by
recording the sample and reference intensities separatedysubtracting both from Eg. (1).

The reconstructed eldis(ny; ny) is a scaled version of the scattered eld distribution in the
object plane. We denote the latter distributionMgyf x; h) (utilizing the input plane coordinate
system), such that:

o X, h |
Vo(x;h)= +Fus & o 4)

whereM is a constant (with dimensions of squared length) depermiettie optical elements
of the setup and proportional to the illumination waveléngt

An important issue to consider in reconstructing the samgtedistribution is that of de-
focusing, in both the object and recording planes. The diogrplane may be deliberately
defocused (i.e., located in a plane whicm@ conjugate to the back focal plane of the Fourier-
transforming objective lens) when imaging strongly diffiag sample structures. This ensures
that any tightly-focused bright spots in the recording plane spread out over many pixels,
improving signal-to-noise ratio, and avoiding detectatusation. For the present purposes,
recording plane defocusing is unnecessary, since thetddtsample wave is generated by
scattering processes. However, for each recorded holgdheme remains the possibility that
the sample plane is defocused (not located at the front fdaak of the objective lens). Within
the assumption of Fresnel diffraction theory, we can cari@cthis offset by multiplying the
recording plane eldUs by a quadratic phase factor, as follows. If the sample istéztat a
distancey in front of the front focal plane, then the eld in the frontdal planévo is related to
the eld in the sample plan¥s via the convolution [30, p. 67]:

Vo(x;h) = Vs(x;h)  ky(x;h); )

where: " "
EXF(j g) exp L X2+ h2 : (6)

WOM= " &P o



Thus,Us, the detected wave in the absence of defocus correctioe)adted to the defocus-
corrected wavélg via the equation:

T = . X,y .
Us(X;y) = Usdac(X Y)Kg MM (7)
whereKy, the Fourier transform dég, may be represented:
h [
Kg(ne;nn) = exp(jkg)exp jgpl ni+nj (8)

If the recorded intensity distributioh(x;y) is divided by the quadratic correction factor, we
obtain (noting that the inverse & is equal to its complex conjugate):

Kgl = UgsKy + UgrKy + UsadUore! R+ Uggo(KG) Uore VR; 9)

where the arguments &f; are taken to bé x=M; y=M) asin Eq. (7). Itis clear from Eq. (9)
that, after the recorded hologram is multiplied by the qatididefocus correction factor, only
one of the twin reconstructed images will be focused; therothll be doubly defocused.

The spatial (angular) frequency of the fringe pattern fairdee to the interference between
the sample and reference waves in the recording plane islatd by projecting the difference
between the sample and reference waveveciggsand ks, respectively, onto the recording
plane. For an axial sample wave, this difference, the frimggtorkg = kr  Ks, is depicted
along withkgr andks in Fig. 1. The wavevectors both have magnitkdmdkr has magnitude
ke = 2ksin(g-=2). The fringe vector is oriented at anglg=2 to the recording plane, thus, its
projection onto the plane has magnitugecoq g-=2). The spatial period of the fringe pattern
is therefore:
_ 2p _

ke cogq=2)  sing’
It should be noted that in Fourier holography, this fringeigebis not dependent on the scatte-
ring angle of the light from the sample; instead, it dependyg on the location of the scatterer in
the sample plane. This is an important advantage of Fouoleghaphy over other techniques,
endowing it with the ability to record a large range of saatg angles on a low-resolution
CCD sensor.

For a sample composed of discrete scatterers, angulagisogtspectroscopy measurements
may be suf cient to ascertain the scatterers' sizes and tiedative refractive indices with re-
spect to the background medium. In the Fourier plane, tlteeeedne-to-one correspondence
between spatial position and scattered light directiond@®rmine the angular scattering dis-
tributions for selected sample regions, we have adopteddifierent (but essentially equiv-
alent) techniques. In the rst, we perform Fourier lteringsing a selection of masks in the
recording plane, each of which speci es (and weights) aipaler scattering solid angle range.
After ltering, a reconstructed image of the entire sam@darmed only from the light scat-
tered within that range. For each area of the sample, thati@riin the reconstructed power
corresponding to different mask positions can be used triohite sample structural charac-
teristics. This technique, demonstrated in Refs. [2, 3iseful when it is not convenient to
select (manually or automaticallg)priori sample regions of interest. In the second technique,
we select such sample regions from the reconstructed gligae eld distribution (where all
detected scattering angles are utilized to form the recoctstn). The eld within each region
is Fourier-transformed to obtain a map of the scatterindeattigtribution. The principal advan-
tage of this technique is the fact that it allows direct as¢eghese two-dimensional maps. The
distribution of the scattered power in each may be used &rdée sample properties within
the selected region.

Hy (10)



The fundamental resolution limit of our method, which hdldisboth approaches above, is
governed by the Fourier uncertainty relationship betwesgukar resolution in the recording
plane and spatial resolution in the sample plane. Assum{png&dimensional) Gaussian lIter
mask pro le in the recording plane of full-width-at-halfarimum (FHWM)Dw, then accord-
ing to Eq. (4), the spatial resolution in the reconstrucfitame is limited by a Gaussian coherent
point-spread function FWHM ddd = 4(In2)M (pDw). In the paraxial approximation, the de-
ection angle g4 (from the optical axis) is related to the focal point de ectidistance in the
recording planeq by the equatiorgy = | rq=M. Thus, the scattering angle resolution (FWHM
in air) Dq is related to spatial resolution in the reconstruction elad by the equation:

DdDg = 4In2

l: (11)
Itis clear from Eqg. (11) that the only system parameter upbitithe trade-off depends is the
optical wavelength. For the red He-Ne laser wavelerigth 6328nm and a FWHM angular
resolution ofDg = 1.0 , this yields a sample spatial resolutibd = 32nm. Despite the fact
that this value is clearly too large to directly resolve s&mpicrostructure, it does not represent
an impediment in our approach.

3. Experimental setup and procedure

Figure 2 presents a schematic diagram of our experimeritgd.s& light beam from a coherent
source S (He-Ne laser) is split into reference and sampleesvat the beamsplitter B1. A
sample is placed at the object plane of the Fourier-trangfay objective lens L1 (focal length
f1 = 15mm) and illuminated by a plane wave. Its optical Fourjgectrum is imaged onto
the recording plane via the lenses L2 and L3 (of focal lendths 15cm andf; = 26cm,
respectively). For this setup, the scaling conshant | f; f3=f,. Recording is performed using
a charge-coupled device (CCD) matrix sensor (12 bit, 13920 pixels, pixel lengtior =
4:65mm). The reference wave is expanded using the telescopiersyBtand is directed off-
axis onto the CCD matrix at angtg of approximately 2.3

Fig. 2. Schematic diagram of the experimental setup. ltems L1, L2,é Bases, M1, M2,
M3 are mirrors, B1, B2 are beamsplitters, RFS is a rectangular eld Sap,the light
source, T is a telescopic system, and CCD is the CCD matrix sensor. Bieargains a
magni ed depiction of the sample, showing the direction of the illumination aadtered
waves within the sample plane.

The direction of the light scattered by the sample is desdritly a polar (scattering) angle
gs, the deviation from the forward direction, and an azimutnagle. Its angular deviatiogy



from the axis depends on both of these angles, as well asréagtidn of the illumination wave
(described byg;,fi) and the refractive index of the sample mediogg The inset to Fig. 2
illustrates this relationship in the plane of incidencestieting our consideration to this plane,
we may letqq take both positive and negative values with respect to thieamxis, with the
direction shown corresponding to a positive value. Withiis plane gs is related togy via the
equation:
sna-, arcsin SINGd
Nmed Nmed
The range of angles captured by the optical system is linfatethe numerical aperture (NA)
of the objective lens L1, the diameters and focal lengthsméés L2 and L3, and the pixel size
and count of the CCD sensor. In our case, the size of the CC&psén(for the most part) the
limiting component of the system. For our experimental geitn whichg; = 49 , the angular
deviationgy range is about 17(in air), centered on the axis. If the sample background omadi
is water imeq= 1:33), the scattering angleg which can be detected range from 138 152 .
Arectangular eld stop is placed in a plane conjugate to tmsle, in order to restrict the eld
of view to a Imm 2mm area, thus enabling clear identi cation of the rst-erdwin images.
The precise relationship between recording plane locatimh scattering direction can be
determined. For our setup, the h, x, andy axes, depicted in Fig. 1, are aligned with the
horizontal and vertical axes of the CCD recording area,eebely, and the azimuthal angle
fi = 35 . For our system parameters, curves in the recording plamespmnding to constant
scattering anglegs (but varying azimuthal angle) are displayed in the left pafi€ig. 3. The
curves are well approximated by straight lines perpendidual the illumination-wave plane of
incidence (in the paraxial approximation), i.e., orien&énglef; to they-axis. (The angular
error associated with this straight-line approximatioreiss than @ over virtually the en-
tire recording plane.) The distance between two such linegsponding to a scattering angle
difference ofgsqi is approximatelygis = ( MNmed=! ) Gs.difs -

gs= p arcsin

(12)

Fig. 3. (a) Curves of constant scattering angles in the recording pldwedistancegis

is shown for the casgsgir = 1 ; (b) Regions in the sample plane for which the recorded
spectrum is not limited by vignetting, for different objective lens diamedbgrgdisplayed

in millimeters on each curve). In increasing order, their numericaltapes are 0.175, 0.2,
0.225 and 0.25. The case corresponding to our objective Bans (6mm) is highlighted.

Vignetting due to the optical components between the saamleecording planes can limit
the sample eld of view. We assume that the objective lenstraegerely limits the range of



scattered rays that can be detected by the system. Thendiom & the Fourier spectrum
(in the recording plane) contributed to by a scatterer antyos; hs) in the sample plane is a
circle centered at the poifks; ys) = ( fa=f2)(xs; hs) of diameter( f3=f2)D,, whereD, is the
diameter of the objective lens. Consider the sample areaticth the CCD recording area lies
entirely within this region. If the CCD recording area wacalar with diameteDg, then this
area would also be a circle with diamefeg= D  (f,=f3)Dg (if D_ > (f,=f3)Dg, and zero
otherwise). Of course, for our setup, the recording areadgangular, with dimensions 4.8
6.5 mm. The corresponding sample areas for a range of diffelgective lens diameters are
shown in the right panel of Fig. 3. For our case, the objedéms diameteD, = 6mm, so that
its NA was 0.2.

Let ds be the diameter of the sample (or an alternative represemiangth). Then to en-
sure that the twin reconstructed images are spatially atgghfrom the zero-order terms, it is
necessary that [30, p. 309]:
3ds!

2M
To satisfy sampl!jrlg restrictions due tg the nite pixel simghe recording plane, it is necessary
thatHs > 2(Dr=2), where the factor 2 arises due to the effective pixel size in a diagonal
direction, and the factor 2 arises from Nyquist's theorem, by Eq. (10):

singr (13)

. |

singy < pa (14)
For a 1-mm-diameter sample, Egs. (13) and (14) imply thatfio system, it is necessary that
3:3 ¢ < 55 .0urchoice ofg; = 2:3 clearly violates the lower limit, so there will be some
overlap between the zero-order terms and the twin imagesxplained above, however, this
can be overcome by digitally subtracting the recorded esfeg and sample waves from the
hologram. Equation (13) demonstrates that, for a given C&i3ar size and wavelength,df
is increased, theM must undergo a corresponding increase to satisfy the ifigguihat is,
there is a trade-off between measured scattering angle i@mdjsample size.

We selected samples based on their scattering pro les iretige of scattering angleg de-
tectable by our system, from about 138 152 as described above. The choice of microsphere
suspensions was natural since their angular scatteritgrpdollows a distinctive modulation
(ripple) pattern described by Mie theory, with an (angulaejiod which (for the most part)
decreases with increasing sphere diameter. Our samplegriseah polysterene spheres sus-
pended in distilled water. The microspheres were diluted t@lume concentration of 0.1%
and a droplet was deposited into a 22D mm well on a microscope slide. To demonstrate the
application of our approach to biological samples, we zgili a smear of erythrocytes, or red
blood cells (RBCs). The RBCs were diluted with a droplet ofdNsolution (9%) and evenly
smeared over a microscope slide. A coverslip was placedtbeesample, and sealed at the
edges. The normal RBC shape is a discocyte, an axially-syrimnigsc indented on the axis
[31]. This shape produces a distinctive angular scatteipyge pattern [31] which should be
clearly observable over our angle range.

For spherical scatterers, the angular scattering disioibulepends on scattering angle but
not signi cantly on azimuthal angle, and this fact was aglil when processing the images.
When applying the rst technique of Section 2, the recorditenp masks were chosen to be
strips perpendicular to the dotted line in Fig. 3(a). Ea@reby corresponded to a single scat-
tering angle (and the full range of azimuthal angles). (Thers had a Gaussian cross-section.)
By applying a range of such masks to the recorded image, itpmasible to record the total
power scattered at each scattering angle. We were thusocedpbmérate a one-dimensional curve
of scattered power vs. scattering angle for each selectepleaegion [2]. When applying the



second technique, we sought to develop scatterer idetiticanethods that were sensitive to
structure parallel to the dotted line of Fig. 3(a) (in thetgmréng-angle-distribution map for each
selected region), the direction of varying scattering angl

4. Results

The scattered power angular distributions predicted by tiéory are shown as blue curves
in Fig. 4, assuming a refractive index ratio between sphe lzackground medium of
M= NspiNmed= 1:59=1:33= 1:20, for a range of particle sizes. The ripple patterns ardilsea

Fig. 4. Blue curves show scattered power vs. angle predicted by Mieytitee high-pass
Itered red curves emphasize their sinusoidal character. Each draplan arbitrary (and
different) scale on the ordinate axis.

apparent, as well as the dependence of their angular pesiodphere size. It is this parame-
ter of the curves that we utilize to determine sphere sizaimsamples. To assign a value to
the apparent angular period in each case, a high-pass kearapplied to the curve in order
to tit accurately to a sinusoidal curve. The angular perwas originally estimated from the
average fringe spacing over the angle range 12070 , and the (4th-order Butterworth) Iter
cutoff frequency was equal to 0.75 times the estimated drilngquency. The ltered curves
are shown in red. They were tted (in a minimum least-squa®sse) to sinusoidal curves,
and the frequencies recorded. By this process, it may bershioat the ripple angular fre-
guency is almost linearly dependent on the Mie size paranzete pdnye! , whered is
the sphere diameter. Such an approximation is valid (at)leaer the refractive index ratio
rangem= 1.1 1:25, yielding a maximum error in detected diameter of less tham (for
sphere sizes ranging from 1 to/2M) and a mean error of about2rm. A more direct Mie
inversion procedure may be used for particle size/refraétidex values outside these ranges.
Thus, particle size can be recovered from the measurecergopdular frequency, to a degree
of accuracy which should be suf cient for many applicatiofBe minimum patrticle size mea-
surable by our system can be estimated by determining therejglimmeter for which one full
ripple cycle is visible over the angular range used. As iarcfeom Fig. 4, this minimum size
is about 2rm, assumingn is within the given range. In general, the particle-sizesg@fity of
our approach is limited by angular range and refractivexrtdehe same extent as alternative
angular-scattering-spectroscopy techniques [14]. Goatdc measurements published in the
literature have clearly shown multiple Mie-theory rippkessociated with sphere diameters of
less than 1 or 2m [20, 22, 32].

Figure 5 demonstrates the application of Method 1 of Se@ida a sample of 11.4am
spheres in water. The apparent brightness of the scattexgigns of the sample (right-hand
side) is clearly dependent on the recording plane stripkrpasition (shown on the left-hand
side) and, thus, on scattering angle.



Fig. 5. Movie showing the variation in the reconstructed scattered povggt)(as the
recording plane strip-mask position (and corresponding selectedrstgiagle, left) is
varied over a scattering angle range from 149151 . (A low-pass spatial Iter is applied
to the reconstructed power map before it is displayed.) A linear graglor scale is used
for both parts of the gure. For the reconstructed power map, a falke scale is used,; its
color bar is depicted at the right of the gure.

Figures 6 and 7 show reconstructed images of samples ofrsispe of 5.4 and 11.4m
spheres in water, respectively. In each case, ve regiorth@Bample were selected, and the
angular scattering (power) spectra corresponding to eadisplayed. Note that for each, the
speckle size in the two-dimensional spectra (and thus thelanresolution) appears to be in-
versely related to the size of the selected region (outlineed), an observation consistent with
the trade-off represented by Eq. (11). A two-dimensionaldise) Fourier transform operation
was applied to each power spectrum, and the results alsaysh with a dotted yellow line in-
dicating spatial frequencies in the direction of varyingtsering angle. Bright spots along this
line correspond to detected ripple frequencies in the amgahlttering spectra, and by detecting
the peak position (indicated with a magenta cross), we camtify each region with a detected
sphere diameter by invoking the linear relationship désctiin the rst paragraph of this sec-
tion. (Diffraction effects due to the shape of the recordingy and low-spatial-frequency noise
were mitigated by subtracting a CCD-sensor-shaped reletdirmgn the spectra before inverse
Fourier-transforming them, so that their mean value was, 2e1d applying a radial square-root-
pro le mask to the Fourier-transformed spatial frequenpgara before peak detection.) The
same process was applied to every region of the sample, ardktected sphere size in each
displayed using a false color scale. The color scale shodinates sphere size in micrometers.

The mean diameter of the detected spheres (ignoring spudatliers) was 4.8m and
9.9mm (with standard deviations @®n and 0.%rm), respectively. The systematic error of 10-
15% is due possibly to errors in the system scaling conddgdiuie to the large tolerances of the
optical components used), leading to a smaller range afesta angles being imaged onto the
CCD detector than predicted theoretically. The relativefge variation in the values measured
in the former case is due to the dif culty in precisely detegtthe period of low-frequency
fringes using a detector encompassing a limited angulayeran both cases, the scatterers on
the far left of the reconstruction take on a “streaked' apgeze. This is due to vignetting at the
boundary of the sample region; the scatterers are recaetetiusing a reduced range of spatial
frequencies, so they exhibit a resolution loss (and appareadening) in one direction.

Figure 8 presents a reconstruction and a false-color mapispdhe detected size distribu-
tions of a sample containing a mixture of both 5.4 and Itrd spheres. The two particle sizes
are clearly distinguishable by their distinct hues usedlatter representation. Six different
regions, three of each particle size, are highlighted aserbefThe detected sphere sizes are
consistent with those measured in the previous two gures.



Fig. 6. Reconstruction of a sample of 54 spheres in water (logarithmic scale, top row,
left), and a false-color plot (right) showing the detected sphere size&mregion (the scale
bar indicates sphere diameter in micrometers). The second row displeydimensional
angular scattering power spectra (linear scale) corresponding to ¢heelected regions
in the sample. The third row shows the two-dimensional inverse Fouriesftian of each
region (linear scale), with a dotted yellow line indicating the direction of scagemyle
variation. The detected peak position is indicated with a magenta cross ettt tretical
peak positions corresponding to 5.4 and 1am-spheres shown in yellow. The detected
sphere sizes for the ve regions were, respectively, 4.3, 4.3463 and 4.3m.

The reconstructed image and scattering spectra from vecsedl regions of a hologram
of the red-blood-cells sample are shown in Fig. 9. The oaitiorh of the incident beam with
respect to the recording plane was different from the previmeasurements. (In this case,
fi = 140 .) Thus, the angle of the lines of constant scattering anggeteen likewise varied.
Clear ripple structure is apparent in the recorded powertsppéand highly visible peaks along
the yellow dotted line in their inverse Fourier transforpmrresponding to a uniform spatial
frequency. Since red blood cells are not spherical, it isstiattly appropriate to utilize Mie
theory to determine their sizes. Nonetheless, for the mérpd comparison with the previous
results, the same Mie inversion procedure was applied tedhgle, and a false-color map
of particle size generated, as before. (The fact that tlaivelrefractive indexn between the
blood cells and their background was outside the range sgeearlier in this section was
ignored for the purpose of this simple analysis.) For thisfge, despite the fact that a majority
(65%) of detected particle sizes were withimrh of the mean value (ignoring spurious outliers),
there was much more variation in the detected blood celkdizan in the sphere sizes of the
earlier experiments. This is probably accounted for by tarimal variation in the size and
orientation of the particles, as well as the general inaadas inherent in applying a Mie-theory
inversion procedure to a distribution of non-sphericatltiptes. However, the mean detected
size of about @m correlates well with typical red-blood-cell sizes repodrin the literature
[31]. It is evident in the reconstructed image (as it had bieeRigs. 6-8) that the focused
regions corresponding to individual red blood cells take filrm of a pair of closely-spaced



Fig. 7. Reconstruction and sphere size detection of a sample o gpheres in water.
The structure of the gure is similar to that of Fig. 6. The detected sphees $or the ve
regions were, respectively, 10.2, 10.2, 10.5, 10.5, andrth4

bright points. This is unsurprising, since the far- eldenfierence pattern generated by a pair
of coherent point sources is a fringe pattern with a simifgresmrance to the two-dimensional
spectra generated in these gures. We should thereforecexipe focused scatterer images to
be of this form when highly visible ripple patterns are prese the angular scattering spectra.

5. Discussion and Conclusion

The results presented in this paper clearly demonstratsé@surement of spatially resolved
angular scattering spectra, and their use in estimatingostopic sphere sizes over large
elds of view. We have con rmed that the spatial resolutioequired to resolve the sam-
ple's microstructure is not necessary to characterize hie Theoretical (diffraction-limited)
spatial/angular resolution trade-off for the present gétising a Gaussian-pro le spatial |-
ter mask) in the direction of varying scattering angle maydb&ermined using Eq. (11). A
representative pair of values & = 1:3 (in air), andDd = 25mm. Utilizing the full mask
length to reconstruct the sample, the angular/spatialugsos in the direction of varying az-
imuthal angle are given by.8 (rectangular length) /@m (main lobe length). In principle, an
image can be formed from a single exposure, in common witkierttional microscopy, how-
ever, since we do not require spatial resolutions high ehdgagneasure microparticle sizes
directly, our system optical requirements are very modd/stcan utilize a low-magni cation,



Fig. 8. Reconstruction and associated images of a sample comprisiegesi two dif-
ferent sizes (5.4 and 11n#n) in water. The structure of the gure is similar to that of the
previous two, except that six regions have been highlighted. Regi8nsirespond to the
larger spheres, and regions 4-6 to the smaller spheres. The defguéed sizes were 10.3,
10.0, 10.2, 4.8, 4.9, and 5@, respectively.

low-numerical-aperture objective, which allows us to famages over long working distances
and millimeter-scale elds of view. This ability to form nfiineter-scale images that provide
the angular distribution of the scattered light in each lacaa is unique to our method.
Digitally recording the complex Fourier transformationtbé scattered sample wave pro-
vides great exibility for applying spatial Itering and, gtentially, optical pattern recognition
methods to select speci ¢ information from a sample. Besilike theory, other models to
describe scattered light can be utilized in our technique. éxample, for samples such as
connective tissue that comprise non-spherical scatteattesnative methods will be needed to
quantify scatterer parameters. We are encouraged, irethésd, by the demonstrated sensitivity
of light scattering to even small changes in the structusesgfmple [21, 33]. In many instances,
detection of change (e.g., differentiating normal fromaiomal tissue structures) in itself will
be suf cient to provide valuable capability. In our expednts, we used only the angular fre-
qguency of the Mie ripples to detect particle size. This pamalone has low sensitivity to
refractive index ratios (between spheres and backgrouvet) the rangen= 1:1  1:25. If
we were able to improve our processing procedure to consitier parameters such as peak
position or relative magnitude, our approach could haven greater discriminatory powers.
Curiously, even for samples composed of identical pagi¢és in Figs. 6, 7), the peaks in
the one-dimensional scattering spectra were not alignedtbe ve images. This observation
is partially accounted for by the variation in the size of geaticles used (the manufacturer-
speci ed standard deviation was 0.14 and 01, respectively, for the 5.4 and 1hrh sphere
sizes; diameter variations of about 0.3 andir® respectively, would be suf cient to account
for complete contrast reversal of the Mie ripples). Alsoy wariation in the particle shape from



Fig. 9. Reconstruction and associated images of a sample of red blbedTde struc-
ture of the gure is similar to that of the previous ones. The false-cola digtribution
was generated assuming that the particles could be approximated assspihe scale on
the plots on the bottom row is not sphere diameter but fringe spatial fnegue inverse
millimetres. The detected fringe frequencies were 0.37, 0.39, 0.38, &nd 0.35 mmt,
which would correspond to sphere diameters of 6.1, 6.3, 5.6, 1625 & nm, respectively.

sphericity could account for these anomalies.

The accuracy of the technique could be improved by collgairattered light over a larger
solid angle range, and we are currently working to achieise(dee, for example, Ref. [13]).
The backscattering geometry that we use has the advantageadtecting specularly re ected
or unde ected incident light, but our scattering-anglegarof sensitivity could in this way be
extended three- or four-fold.

Spatially-resolved Fourier-holographic angular scattgspectroscopy has great potential
for application to the study of the microarchitecture oflbgical tissue. The technique could
provide maps of the size ranges of key scatterers, incluzbiig, cell nuclei, and organelles, as
well as the brous components of tissues such as collagerekstin matrices.
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