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Optical bandpass characteristics of reflectance from random media
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Experiments show that the optical reflectance of a random medium can have a nonmonotonic dependence on
wavelength even when its absorption spectrum is flat and its scattering coefficient decreases monotonically
with wavelength. Measured at a particular radial distance from the illumination point, the reflectance is almost
independent of wavelength over a wide band. The peak wavelength of the reflectance increases as the optical
distance to the detector increases. We explain that this behavior is a consequence of the interplay between
direct backscattered and diffuse photon fluxes, whose magnitudes at the surface of the medium have opposite
dependencies on the mean scattering leri@h063-651X98)00805-4

PACS numbdrs): 42.25.Bs, 78.40-q

During the past decade the study of optical propagation irthe scattering cross sections of the spheres decrease mono-
random media has uncovered a number of intriguing physitonically according to a power lawg2?#™~\"275 and
cal phenomena related to the multiple scattering of photonaé-OMmN)(l-OG for 400<\ <800 nm. Diluted in water, the
through paths of different lengths. Several of these phenomnk has an absorption coefficient that is nearly independent
ena, which include weak localizatidi], polarization pres-  of wavelength, but its transmittance decreases slightly with
ervation[2], and the optical memory effe¢8,4], demon- \yavelength because the microscopic carbon particles in the
strate that the wave nature of light can reveal itself even aftef,x penave as weak Rayleigh scatterers. In these experi-
the light has scattered multiple times. At the boundary benens the extra scattering contributed by the ink was negli-
tween ballistic _and.d!ffuswg propagation of photons, 'n.thegible compared to that of the polystyrene particles. To mea-
20 cale cussballtc e, e cne of e st MUt ure the refctanc(y) of a sampe, e place wo 600

i ; . vestg um-diam optical fibers in light contact with the surface of
optical physics of random media. The transition between bal:

listic and diffusive propagation is abrupt and depends criti-the liquid. The source fiber was fixed in position and the

cally on the mean scattering length in relation to the dis- de.tection fiber was attached to a tran§lation stage for precise
tance between the points of illumination and detecfinin  adiustment of the center-to-center distamgebetween the
recent studies, researchers discovered that the sensitivity §pers- The light source was a tungsten lamp filtered by a
the reflectance of a random medium to small variationédn  SteP-Scanning monochromator with a passband of about 10
falls to zero at a particular distance away from the point oM. The intensity of the light that scattered back to the sur-
illumination [6,7]. The insensitivity has been attributed to a face into the detection fiber was measured by a photomulti-
balance between the ballistic and diffuse fluxes of photonglier tube which was connected to a lock-in amplifier syn-
that reach the surface from a secondary source set up belogfironized with a light chopper at the input of the
the surface of the medium by the incident beggh monochromator. To convert the intensities measured at dif-
This paper describes a related phenomenon that ariségrent wavelengths to normalized reflectance spectra, the in-
from the wavelength dependence of the distribution of patiensities were divided by the reflectances of a calibrated
lengths of photons reflected from a random medium. Weliffuse-reflectance standard.
present experimental results that illustrate the peculiar char- A set of reflectance spectra measured from suspensions of
acteristics of reflectance spectra measured at short optic8I2-um-diam spheres and ink is shown in Fig. 1 for different
distances from a white-light source. The shapes of the spediber separations,. The particle and ink concentrations in
tra are found to be extraordinarily sensitive to the mean scathese suspensions were adjusted to obtain an absorption co-
tering length in the medium. To explain the results, we giveefficient u,=0.04 mm! and a mean transport-corrected
a theoretical argument based on a modified photon-diffusioscattering length of’s =2 mm [Figs. 1a) and 1b)] or /7
model. =1 mm [Figs. 1c) and Xd)] at A=800 nm. A remarkable
The scattering samples used in the experiments consistatharacteristic of this set of spectra is the complete reversal of
of a suspension of either 0.2- or 1.@n-diam polystyrene the slopes of the spectra measured at the largest and smallest
microspheres in water containing a black carbon-based inKiber separations. Farp=1 mm, the steemlecreasein re-
According to numerical calculations based on Mie theory flectance with wavelength throughout most of the band con-
trasts with the steejmcreasewith wavelength in reflectance
for ro=4 mm. Although it takes place over a narrow range
* Author to whom correspondence should be addressed. Addres¥ fiber separations, the transition is smooth between the two
correspondence to EEE Department, Hong Kong University of Sciextremes. In the intermediate rangg=2-4 mm, the re-
ence and Technology, Clear Water Bay, Kowloon, Hong Kong.flectance increases at shorter wavelengths, becomes almost
Fax: 852-2358-1485. Electronic address: eeschmit@ee.ust.hk flat, and then decreases again at long wavelengths. This non-
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FIG. 1. Reflectance spectra measured from suspensions gin®-@&am microspheres at different source detector separatipnhe
values of/% calculated at =800 nm are shown at the bottom of each plot. The spectra were normalized to their peak values.

monotonic behavior appears to be at odds with the opticadame magnitudes of* . The same general changes in the
attenuation that one would expect in a medium containingshapes of the reflectance spectra at different probe separa-
particles whose cross sections decline monotonically withjons were found, with the exception that the slopes of the
wavelength. Comparing Figs(&@ and 2b) with Figs. 2b)  spectra were flat over a wider band of wavelengths. The
and Zc), we see that halving the particle concentration toweaker wavelength dependence of the cross sections of the
increase/§ from 1 to 2 mm caused the peaks of the reflec-1.0.um spheres broadened the effective passband.rfor
tance spectra measured at a givgrto shift to longer wave- =2 mm, the separation distance that gave the flattest spec-
lengths. We found that the shapes of the spectra measurg@im, the measured reflectance varied less than 5% over the
for /¥ =1 mm at a given probe separation resemble those 0400—800-nm band.
the spectra measured 6 =2 mm at about twice the probe Our experimental findings can be explained by consider-
separation, which suggests théf scaled the effective opti- ing a simplified model of a semi-infinite medium illuminated
cal distance between the points of illumination and detectiolby a narrow collimated bear(Fig. 2). We assume that the
without altering the underlying scattering mechanism. medium is composed of homogeneous random distribution
To examine the relationship betweBfi\) and the wave- of particles that scatter photons isotropically and that the
length dependence of the scattering cross sections of thbsorption takes place in the spaces between the particles.
spheres, we repeated the experiments using suspensionsTdfe photons that leave the medium through a small Agea

1.0-um spheres with their concentrations adjusted to give th@re collected by a detector located a radial distancom
the incident beam. We first consider the limit in which the

scattered photons can reach the detector only via a diffusion-
like process. In the diffusion approximation, the equation
describing the steady-state density of photons in the interior
of the medium i48]

—DV2§(r,2) + pua(r,2)=S(r,2), D

line

where D is the diffusion coefficient, which is defined in

source P terms of the transport mean free pathas /% /3, andu, is
dz —4(0,2) the absorption coefficient which equals the reciprocal of the
T average length that photons travel in the medium before ab-
vZ sorption.S(r,z) is a function that represents the source of the

diffused photons. Although the diffusion equation is not
FIG. 2. Geometry of the modified diffusion model. strictly valid at the boundary of the medium, a previous
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FIG. 3. Comparison of the measured and predicted shapes of t erivatives of the center portion of the measured and predicted re-

reflectance spectra in three scattering regions characterized by tf gfr:ance.tTpectra (5,[@.?‘_$ 7?2 nm) in Fig. 1. The optical distance
optical distancer=rq//. is the unitless quantity=rq//s.

study[9] has shown that Eq1) gives a good estimate of the essential characteristics of the wavelength dependence of the
flux of photons directed out of a bounded mediuns(f,z)  reflectance,R(\)=14(\)/lo. In the limit exp(ugp)<1

is treated as an embedded point source located at a fixed which the contribution of the directly backscattered flux is
distance below the surface and an equivalent negative soureggligible, R(\) ~exf —a(\)rg]. Since a(\)
(photon sink located the same (_1||stance above the surche_z [Bual/s(\) for a medium that scatters isotropically, it
Here we go a step closer to reality and assume that the incip|lows thatR(\) is a monotonically increasing function of
dent beam creates an exponentially distributed line source e mean scattering length. In the opposite limit,

it penetrates the medium and write the intensity of the lightexp(— , 5)—1, the directly backscattered light dominates

scattered into the detector as andR(\)~Ay/p/s. Therefore, in contrast to its behavior in
" the diffusive regionR(\) in this limit has a monotonically
Id:AdIOJ S(0,2')G(r,0;02")dZ’, 2) decreasing dependence on the mean scattering length. These
0 opposing tendencies lie at the heart of a general explanation

: o : . , of the nonmonotonic wavelength dependence of reflectance
wherello Is the mm/de_nt intensity So(0.2') = s€XH ~(ks  from a random medium: When the increase in the scattering
Tua)Z JAr—rg)Az-2) is the embedded source function, ¢ros5 sections of the particles with wavelength is sufficiently
M= 1/ is the .smgle—sc.:atter coeﬁlc!ent, at@KrO,O;OZ_) steep, light propagation at short wavelengths is predomi-
is the transmission functlon that specme_s the attenuation thfhtately diffusive andR(\) increases with wavelength a&
occurs between a point on the source line and the detectof, - eases. However, a4 increases furtheR(\) eventually
For the isotropically scattering medium a§sumed*here, tBattens and then begins to decrease as direct backscatter be-
source function has a simple form becauseand /5 are  omes more likely. With the direct backscatter dominant,
identical, but for a medium composed of particles that scatteh()\) continues to decrease with wavelength as the embed-
light preferentially in the forward direction, backward and yeq source moves deeper into the medium away from the
forward scattering would need to be distinguished. Under theiatector. This behavior can be observed only whgris
assumed conditions, the purely diffusive component of,yi sted to approximately balance the contributions of the
G(ro,0;02") is given by the solution of Eq) for the point  pyjistic and diffuse components of the total flux that reaches
sourceS, and its image. However, direct backscatter fromine detector from the embedded source.
the source to the detector must also be taken into account for e shapes of the reflectance spectra predicted by the
small values of o. To account for both propagation mecha- mqgified diffusion model are illustrated in Fig. 3 for the
nisms, we approximat&(ro,0;0z') as a sum of ballistic  girect backscatter, mixed, and diffusive scattering regions.

and diffusive propagators, To permit comparison of theory and experiment, data from
L _ _ Fig. 1 are replotted in this figure and the spectral slopes
G(r0,0:02") =Gp+{1-ex — (ust pa)p1}Gy (dR/dN\)/R, calculated from the spectra in Fig. 3 as averages
exd — (us+ pa)p] over the cent_ral portio_n of _the band, are plotted in Fig. 4

= 2 versus the unitless optical distancery// 5. The measure-

47p . S S

ments correspond well with the predictions of the model.
z' Both show a reversal in the spectral slope in the quasiballis-

+{1-exd —(ustua)pl} 2mp? tic region, 2<r<3, with a bias toward longer optical dis-
tances with increasing particle concentration. We attribute

X[(a+1lp)exp—ap)], (3) the discrepancies between the shapes of the predicted and

measured spectra to the simplifying assumptions that under-
wherep=\r2+z'? is the distance from the embedded pointlie the derivation of Eq(2). In particular, the modified dif-
source to the detectdFig. 2) and a=u,/D is the effec-  fusion theory does not account properly for multiple forward
tive attenuation coefficient for the diffusive component of scattering, nor does it account for the finite width and nu-
the photon flux. Combined with EB), Eq. (2) describes the merical aperture of the source and detector fibers. The influ-
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ence of these variables is greatest for small values,of the medium decreases. A particulgy exists at which the
Nevertheless, the modified diffusion model appears to exspectral slope is flattest within a given band of wavelengths.

plain the main features of the observed spectra and theMve anticipate that similar effects can also be observed for
dependence orf¥ andr,. off-axis transmission through random media and for acous-
In summary, we have studied and explained the charaq LETE B 1 MBCE B ERTES e M TS o e
teristics of the reflectance of a semi-infinite random medium_ % L ) :
measured close to the point of illumination. We found thatOptIcal communications through turbid medium.

the wavelength at which the reflectance peaks at a given We wish to thank the Hong Kong Biotechnology Institute
source-detector separatiog shifts in a predictable manner and the Hong Kong Research Grants Council for their sup-

toward longer wavelengths as the mean scattering length iport of this study.
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