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Abstract. Optical coherence tomography was used to collect cross-
sectional images of glass powder beds consisting of microspheres with
diameters ranging from 8 to 175 �m. Images were formed by a collection
of individual interferogram envelopes that give the backscattered light
amplitude as a function of the optical path in the glass powder bed. The
diameter distribution, for microspheres located near the surface of the
beds, is obtained by appropriate peak distance measurements on
threshold-selected envelopes after having performed the surface profilo-
metry. The measured distributions are in good agreement with those
obtained by laser diffraction. When considering the whole powder vol-
ume, the evaluation of the mean light penetration depth inside the pow-
der beds proves to be a useful approach to evaluate the mean particle
diameter, although no information is obtained on the actual particle size
distribution in this case. Two simplified models are introduced to under-
stand the linear relationship observed between the penetration depth
and the mean particle size. © 2008 Society of Photo-Optical Instrumentation

Engineers. �DOI: 10.1117/1.2896455�
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1 Introduction

Particle size measurements are nowadays involved in a va-
riety of industrial processes, such as the manufacture of
polymer fillers, of ceramic or metallic powders, and of
pharmaceutical products. As well, they have been intro-
duced in biological applications to retrieve the size distri-
butions of cell nuclei and mitochondria, which can be re-
lated to the detection of preinvasive cancer cells.

1
In

pollution control applications, they are commonly used to
monitor aerosols,

2
fumes and exhaust gases,

3
and water.

4

Consequently, a large number of particle sizing techniques
have been investigated over the past years, but none has
emerged as a universal technique. In fact, to the diversity of
applications corresponds a multiplicity of methods, each
having its own advantages and drawbacks.

5
To select the

appropriate method for a specific application, one has to
consider the particle properties to be measured �size, speed,
concentration, refractive index, etc.�, the environmental
constraints �accessibility, temperature, etc.�, and the mea-
surement purpose �fine distribution measurement or coarse
product control�.6 These considerations will eventually dic-
tate whether to choose sieving, an electrical low-pressure
impactor, centrifugation, micrograph and image analysis,
an optical technique �holography, laser dual Doppler an-
emometry, laser diffraction, light scattering spectroscopy,
multiwavelength extinction, etc.�, or any other method
available.

However, optical techniques are usually the most suit-
able for on-line investigation of particles in industrial

applications,
7,8

since they are generally noninvasive and
can be adapted to precisely measure a wide range of par-
ticle size, speed, and concentration. Moreover, sensitive
hardware components can be remotely located from the in-
process sample volume of the particles, the signal being
effectively carried through optical fibers. The latter charac-
teristic constitutes an important advantage of low-
coherence interferometry �LCI� over traditional diffraction-
based optical particle sizers. In fact, diffraction-based
particle sizers rely on the measurement of the angular dis-
tribution of the light scattered at low angles in the forward
direction by the sample.

9
Therefore, it requires a nearby

sensor array �or a moving sensor� to detect diffracted light.
In a LCI system, both the sample beam and the backscat-
tered signal from the sample are collected through the same
optics, reducing the invasiveness of the measuring appara-
tus. Moreover, LCI can be combined with light scattering
spectroscopy to determine particle size and refractive index
by measuring variations in scattering distributions with
angle

10,11
or wavelength.

12
Such systems couple a broad-

band light source into a Michelson interferometer to pro-
vide depth resolution, as in optical coherence tomography
�OCT�, and include an imaging system that permits the
variation of the reference field angle in the detector plane.
Probing results were obtained on polystyrene microsphere
suspensions

11 �with mean diameter of 10 �m or less�, and
the size determination requires a comparison of measured
data with the theoretical predictions of Mie theory. Multiple
scattering also proves to have significant effects on the ac-
curacy of results as the penetration depth is increased.

11,13,14

In the present work, we apply LCI in an OCT system to
measure the size distribution of dry glass powders with0091-3286/2008/$25.00 © 2008 SPIE
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mean particle diameter ranging from 8 to 175 �m. One
important aspect is that the proposed technique does not
use Mie theory to retrieve the scatterer size. Measurements
are carried out by inspecting the packed particle beds from
the top surface. It is noticed that the lower diameter limit is
fixed by the OCT system axial resolution, which depends
on the light source coherence length. Microsphere size de-
termination is directly performed on cross-sectional images
by first considering the microsphere layers located at the
surface of the powder beds. The resulting distributions are
in good agreement with those obtained by laser diffraction.
In another approach, we investigate the relationship be-
tween the mean light penetration depth and the mean par-
ticle size in the powder beds. We show that, even in the
presence of multiple scattering, the light penetration depth
is linearly related to the microsphere diameter. Such a rela-
tion is consistent with results obtained by modeling light
attenuation in two simplified cases: �i� added contributions
of single spherical particles irradiated by a plane wave �Mie
theory� and �ii� a stack of glass plates irradiated by a col-
limated beam.

2 Method and Apparatus

Glass powders of five different size distributions were ob-
tained by sieving glass beads used for shot penning. Par-
ticle shape, surface finish, and particle size distribution
were characterized by scanning electron microscopy �Hita-
chi S-4700� and by laser diffraction �Beckman Coulter LS
13 320�. Figure 1 illustrates the microsphere surface,
whereas the size distributions of the five powders investi-
gated in this study are shown in Fig. 6. The glass powders
are numbered sequentially from 1 to 5 in order of increas-
ing diameter; their cumulative distribution intervals �10%
smaller; 90% smaller� are given by �8;22�, �17; 42�, �27;
52�, �50; 96�, and �104; 144� �m, respectively.

The glass powders were poured into small cups to form
dense particle beds and were then imaged using a fiber-
based �single-mode SMF-28� OCT system, as shown in
Fig. 2. The light emitted by a Covega superluminescent
diode �SLD�, with a center wavelength � of 1320 nm and a
bandwidth �� of 70 nm, is divided at a beamsplitter �BS�
into two optical paths that are respectively oriented towards
the reference mirror and the sample powder. The maximum
emitted power is 17 mW, of which only 10% is coupled

into the interferometer, to avoid saturation of the photode-
tector �Thorlabs FGA-04�. When the light returns, if the
optical path length mismatch between the reference and
sample arms is shorter than the light coherence length, the
sample backscattered field and the reference field will com-
bine to produce an interference signal �called an interfero-
gram�, which is collected by the photodetector, amplified,
and digitally processed �filtered and demodulated�. Data ac-
quisition is performed by a two-channel, 14-bit analog-to-
digital converter running at 4 Msample/s. By recording this
interference signal as the reference mirror is synchronously
translated, the axial profile of the sample backscattering
properties can be obtained.

The axial resolution of the OCT system depends on the
coherence length of the light source, and a high resolution
can be achieved independently of the sample arm optics.
For a Gaussian source, it can be shown

15
that the axial

resolution �z of the OCT system is inversely proportional
to the power spectrum bandwidth, that is, �z

=2 ln2 ��2
/��� /�. The system used in the present experi-

ment has an axial resolution �in air� of 11 �m and a sample
probe transverse resolution of about 12 �m �a 2-mm-wide
collimated beam focused by a 14.5-mm-focal-length lens�.
The collecting numerical aperture of the system is NA
=0.07. The focal spot is located approximately at the pow-
der surface. For each powder, 16 cross-sectional images �or
B scans� were collected, a single B scan being formed by
2000 contiguous interferograms �or A scans�. Scanning is
performed by moving the probe over the surface using a
motorized slide driven by a stepper motor. The step size
between two successive interferograms was adjusted to
1 �m, while the probing depth step size �on the optical
axis� was set to � /8=0.165 �m when collecting the inter-
ferogram. However, during the demodulation process, each
envelope was resampled at 1 point /�m. The optical delay
line is made of a rotating rhombic prism mounted on a
galvanometer; it has a scanning rate of 148 Hz and a maxi-
mal probed depth of 4 mm �details of the optical delay line
are given elsewhere

16�. The separation between two con-
secutive cross-sectional images was held at 50 �m.

Fig. 1 SEM micrography of powder 2, showing its spherical mor-
phology and its surface finish. Small surface roughness appears as
white asperities.

Fig. 2 Schematic representation of the OCT system. SLD and BS
stand for superluminescent diode and beamsplitter, respectively.
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3 Results and Discussion

3.1 Cross-Sectional Images

Cross-sectional imaging of glass powder beds was per-
formed, and images are shown in Fig. 3. The grayscale is
divided into 256 levels to plot the matrix B of the normal-
ized logarithmic amplitude given by

B =
log10A

max�log10A�
, �1�

where A stands for the signal amplitude as collected by the
OCT system and max� � is the maximum value of the ex-

pression inside the brackets �the maximal value being taken
over the whole cross-sectional image�.

Three particularities can be noted when analyzing the
cross-sectional images shown in Fig. 3. Firstly, when the
microsphere diameter increases, it becomes easier to distin-
guish individual microspheres at the surface of the powder
bed, since local air-glass and glass-air interfaces generate a
clearly resolved structure. However, for larger penetration
depth, no structural peak can be identified in the back-
ground of multiply scattered signal and noise. Secondly, the
observed light penetration depth seems larger for larger par-
ticle diameters. This observation can be explained by the
reduction of the number of scattering sites per unit volume
when the microsphere diameter increases. Thirdly, almost
the whole top hemisphere of particles at the bed surface can
be observed in the cross-sectional image of powder 5. This
may appear surprising in that a perfectly focused light
beam on the apex of a single and smooth microsphere
should prevent such a result. The observation is attributed
to the surface roughness of the particles, which generates
diffuse reflections �the size of asperities may be as large as
the wavelength used, as shown in Fig. 1�. Moreover, the
finite depth of field of the optical system may contribute to
the observation discussed here. Indeed, preliminary ray-
tracing simulations on a perfectly smooth microsphere sug-
gest that the relative light intensity coupled into the fiber
decays in a slower manner as the probe moves away from
the microsphere apex, provided the apex is off focus.

The last observation is not discussed further here,
whereas the former two observations �individual micro-
spheres distinguishable near the surface and an apparent
increase in penetration depth with particle size� are used to
identify two corresponding approaches to retrieve the mi-
crosphere diameter: a processing method for the first par-
ticle layers �from which the particle size distribution is ob-
tained� and another method based on the calculation of the
light penetration depth �from which the mean particle size
is obtained�.

3.2 Near-Surface Particle Size Distribution

The first investigated approach is based on the hypothesis
that maximum signal peaks will be obtained when the
sample beam impinges on the apex of a single microsphere
surface and exits at the bottom surface �justified by the
small NA�0.07�. Both air-glass and glass-air interfaces
crossed along this optical path result in an abrupt refractive
index variation that reflects a signal towards the interferom-

eter. Therefore, measuring the distance between the corre-
sponding peaks on the interferogram envelope provides an
evaluation of the microsphere geometric diameter Dsph us-
ing the expression

Fig. 3 Examples of OCT cross-sectional images acquired for �a�
powder 1, �b� powder 3, and �c� powder 5. The normalized logarith-
mic amplitude is represented on a 256-level grayscale.
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Dsph = �d/nglass, �2�

where d is the distance between peaks, � is a correction
factor, and nglass is the refractive index of the microsphere.
The determination of the correction factor �, which in-
volves the relationship between a spherical particle and a
circular trace intersected by a random plane of finite thick-
ness �focal spot width�, is not straightforward. Such circular
traces are shown for a random close packing of spheres in
Fig. 4. Attempts to apply Schwartz-Saltykov method

17
to

evaluate the correction factor led to intrinsic difficulties re-
lated to the underrepresentation of circular traces having
smaller diameters. In fact, light reflections generated away
from the apex area of small microspheres �corresponding to
powders 1 to 4�, which should generate most of the ex-
pected smaller circular traces, are hardly collected with
OCT. The small numerical aperture and the large focal spot
width are the major obstacles. Consequently, calculation of
a correction factor based on the Schwartz-Saltykov method
does not appear practical at this point, and another method
was chosen.

An algorithmic approach was developed to circumvent
the correction factor calculation. This is done by selecting
interferogram envelopes in cross-sectional images from the
local apexes of microspheres. Formally, this envelope se-
lection, applied in a left-to-right manner in cross-sectional
images, does not remove the need for a back-to-front plane
intersection correction �Fig. 4�. However, by applying a
proper amplitude threshold algorithm as described below,
the additional correction should be made very small, since
the reflected light intensity is maximal in two cases: when
the center of the focused beam Raleigh range coincides
with the apex of a microsphere, and when the beam wave
front curvature matches the microsphere curvature. How-
ever, on taking into account the sample probe optics used in
this experiment, the latter case is seen to be improbable,
since it would require microspheres having a diameter
larger than 350 �m. Thus, one can safely consider that the

reflected light intensity is maximal when the focused beam
Raleigh range coincides with the apex of a microsphere
only.

In detail, the approach developed consists in a two-step
algorithm applied to each cross-sectional image. The first
step performs the profilometry of the powder bed surface
and identifies the interferogram envelopes associated with
the local apexes on the microspheres, as shown in Fig. 5�a�.
With this approach, only one interferogram envelope is se-
lected on each microsphere, avoiding the overrepresenta-
tion of larger particles. Then, the second step applies to
selected envelopes an amplitude threshold fixed at a certain
percentage of the mean amplitude of the most intense peaks
in the considered cross-sectional image. In this work, a
threshold fixed at 20% of the mean amplitude of the 10
largest peaks was selected. Based on the hypothesis of
maximum signal peaks, this second step removes undesired
low-amplitude signals and permits the measurement of d,
the distance between peaks, as depicted in Fig. 5�b�. Thus,
using this algorithm to select appropriate interferogram en-
velopes almost eliminates the need for a correction factor,
and Eq. �2� can be reduced to Dsph=d /nglass. From a mea-

Fig. 4 Schematic representation of a cross section �shown on front
plane� taken on a random close pack of spheres having a uniform
diameter.

Fig. 5 �a� Profilometry of the powder surface �solid black line� and
identification of interferogram envelopes corresponding to micro-
sphere apexes �black dots�. �b� Linear amplitude of interferogram
envelope located at x=384 �m, showing the relationship between
peak positions and microsphere surfaces crossed by the sample
beam.
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sured nglass=1.5�0.1, obtained with OCT on a single large
microsphere by comparing the geometrical and optical di-
ameters �denoted Dsph

geom and Dsph
opt , respectively, with nglass

=Dsph
opt

/Dsph
geom�, the microsphere diameter for all selected

envelopes on all cross-sectional images collected can be
calculated.

The microsphere diameter data are then used to plot the
size distributions of the five powders studied, as shown in
Fig. 6. The analysis just described is valid as long as the
two analyzed reflections come from the top and bottom
surfaces of the same microsphere. If this is not the case,
abnormally small or large diameter values can be obtained.
For example, an abnormally small diameter value could be
due to the presence of noise on a signal generated at a
single air-glass interface. Indeed, the algorithm could
falsely identify two distinct peaks close to each other, lead-
ing to an artificially small diameter value. On the opposite
side, if the amplitude of the peak associated with the sec-
ond interface of a microsphere is smaller than the applied
threshold, and if a subsequent peak exceeds this threshold,
then the diameter measurement will be biased upwards. In
the results presented in Fig. 6, measurements corresponding
to 2.5% smaller and larger diameters of the distributions are
removed to avoid biasing the results due to those false de-
tections. The resulting OCT size distributions can be fitted
with a normal distribution, normalized, and compared with
the distributions obtained by laser diffraction, as shown in
Fig. 6. The measured distributions are in good agreement
with those obtained by laser diffraction. A comparison of
the mean values and standard deviations of the two series
of measurements is shown in Table 1.

One might expect a shift towards larger diameters of the
OCT distribution of powder 1 �Fig. 6�a��, since the optical

axial resolution is limited to 11 �m. However, less than
10% of the microspheres have a geometrical diameter
smaller than 11 /1.5=7.3 �m, and that explains why the
expected shift is not observed. Also, notice in Fig. 6�c� the
significant left shoulder on the distribution of powder 3
obtained by laser diffraction. Diameters obtained with OCT
indeed present this shoulder, but the Gaussian fit in this
case results in a slight left shift of the mean and in a larger
standard deviation. Overall, the agreement between the two
techniques is excellent, and it validates the application of
the proposed approach to determining the size distribution
of particles located near the surface of the powder beds.
One should not expect any difficulty in retrieving the diam-
eter of even larger microspheres �diameter �175 �m� with
this technique.

Fig. 6 Comparison of microsphere size distributions as obtained by optical coherence tomography
�OCT� and laser diffraction �LD�: �a� to �e� for powders 1 to 5, respectively.

Table 1 Mean values ��� and standard deviations �	� of the five
studied powders as obtained by laser diffraction and OCT.

Powder Laser diffraction OCT

� ��m� 	 ��m� � ��m� 	 ��m�

1 15 6 17 5

2 30 9 33 8

3 41 10 45 12

4 73 19 67 18

5 123 17 121 14
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3.3 Mean Particle Size and Light Penetration Depth

3.3.1 Light penetration depth measurement

The second approach to retrieve diameter-related informa-
tion from OCT cross-sectional images relies on the appar-
ent relationship between the light penetration depth and the
particle diameter, as observed in Fig. 3. An exact descrip-
tion of the propagation of a focused beam inside a highly
scattering medium represents a very complex
problem.

13,14,18,19
Because such an exact description goes

beyond the objectives of the present study, the following
development rather aims at establishing a correlation be-
tween an OCT signal characteristic �effective light penetra-
tion depth� and the mean particle size.

The mean or effective penetration depth 
eff is defined as


eff =
�i=0

N
ziAi

�i=0

N
Ai

, �3�

where zi is the optical depth of the i’th point on an inter-
ferogram envelope �with zi=�i, � being the acquisition
step size�, Ai is the signal amplitude collected at this depth,
and N is the number of points per interferogram envelope.
Equation �3� is used to calculate the penetration 
eff for
each interferogram envelope j=1,2 , . . . ,2000 forming the
cross-sectional image �not only those corresponding to mi-
crosphere apexes�, and an average value is calculated.

Theoretically, it can be easily shown that, for an expo-
nentially decaying signal amplitude A=A0 exp�−z /
� de-

scribing a single-scattering problem, 
eff corresponds ex-
actly to the physical light penetration depth 
 for a window
of sufficiently large optical depth. The mean-penetration-
depth calculation proves to be more robust and less prone
to interferogram amplitude variations than the usual slope
measurement on the logarithmic amplitude plot of lnA
=lnA0−z /
. In particular, the slope measurement is influ-
enced by the significant signal amplitude associated with
the first microsphere surface �almost a specular reflection�
and by the identification of the optical depth where multiple
scattering begins. Thus, a shallower or steeper slope than
envisaged might result. It is worth mentioning that the cal-
culation of 
eff as defined in Eq. �3� stays useful when the
effects of multiple scattering appear, even though its pre-
cise physical interpretation is more difficult to establish in
this case. Indeed, the penetration depth obtained with the
calculation of 
eff reflects with more accuracy what is truly
observed on a B scan �see Fig. 3� than what would be
calculated from the slope of the logarithmic amplitude plot
of lnA=lnA0−z /
. Still, a Monte Carlo simulation such as
the one conducted by Karamata et al.

19
may help provide a

physical interpretation for 
eff.

3.3.2 Results and discussion

Figure 7 illustrates the observed relationship between the
penetration depth 
eff of cross-sectional images and the cor-
responding mean microsphere diameter of the powders.
The error bars correspond to the standard deviation of the
calculated penetration for the 16 cross-sectional images. As
shown in Fig. 7, a linear relationship is found between 
eff

and the microsphere diameter. It is interesting to compare
the mean penetration depths observed in this study with

theoretical predictions of models that can approximate, as
limiting cases, the light scattering in the powder beds.
Clearly, these predictions are not exact, but they bring out
interesting comparison points to stimulate further research
in this field. Figure 7 shows the comparison of observed
penetration depths with those based on �i� Mie scattering
theory for spheres and �ii� normal incidence of a parallel
beam on a stack of glass plates. The illumination conditions
in theses cases are schematically represented in Fig. 8 and
compared with the real situation.

The penetration depth 
eff is much larger than the one
theoretically predicted from the Mie theory �see Sec. 5�.
Strictly speaking, Mie theory does not apply for randomly
close-packed powders. Indeed, the large volume fraction of
particles, the finite dimension of the light beam, and mul-
tiple scattering all limit the validity of a scattering model
based on Mie theory. In fact, according to Yadlowsky et
al.,

13
multiple scattering significantly reduces the light am-

plitude decrease below the single-scattering prediction, as
observed in the present study. Moreover, the plane wave

Fig. 7 Comparison of measured mean penetration depth 
eff with
results predicted from the Mie theory and the glass plate model for
different microsphere diameters.

Fig. 8 Schematic representation of illumination conditions. Mie
scattering applies for an incident plane wave over a single small
sphere. Real conditions have a focused beam with a size compa-
rable to the size of microspheres illuminated. Stacked glass plates
correspond to large microspheres irradiated by a small collimated
�parallel� beam.
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assumption of the Mie scattering theory is not verified
when large glass microspheres are irradiated by a small
focused light beam.

In the second model, the scattering problem is reformu-
lated as a collimated beam that impinges on a stack of glass
plates �each plate having a thickness close to the micro-
sphere diameter� as illustrated in Fig. 8. Assuming that ab-
sorption in the glass is negligible and that the plates are
slightly separated by a thin air layer, it is possible to model
the light amplitude as a function of depth in the stack �see
Sec. 6�. Again, this model does not strictly apply to glass
powders, but it is interesting for the sake of comparison
with the experimental results. According to this model, the
measured light penetration should reach between 13 and 16
times the microsphere diameter. Figure 7 shows the case
where the light penetration depth is taken at 13 diameters.
The experimental penetrations in Fig. 7 differ from the
glass plate results by a factor up to 2. The differences might
be explained as follows: The light penetration depth from
the glass plate model is very dependent on the chosen
equivalent transmission coefficient �defined in Sec. 6�.
When dealing with microspheres, the sample beam inci-
dence angle over air-glass interfaces may differ from nor-
mal incidence, some of the light rays being reflected
in directions where they are not collected. Therefore,
the transmission coefficient used in the model is probably
overestimated.

As expected, neither the Mie scattering theory nor the
glass plate stacking model successfully reproduces light
penetration in a glass powder bed. However, they both
show a linear dependence of light penetration on particle
diameter, as do the experimental results. Further modeling
is needed to understand how the mean penetration depth

eff is physically related to light penetration when multiple
scattering occurs. For example, one can alternatively use
geometrical optics and/or a Monte Carlo approach �as sug-
gested earlier� to model the incident light beam energy
losses as a result of random focusing and defocusing by
microspheres. With such modeling, it will be possible to
more confidently use the mean penetration depth 
eff to
determine the microsphere diameter from OCT cross-
sectional images.

4 Conclusion

The results presented in this study show that OCT can be
used to characterize the particle size of compact micro-
sphere beds. The studied microsphere diameters ranged
from 8 to 175 �m. Two different approaches were devel-
oped to determine, respectively, the actual size distribution
and the mean diameter of transparent microspheres at the
surface of beds.

The diameter distributions obtained from near-surface
interpeak distances on amplitude threshold-selected inter-
ferogram envelopes were found to be in good agreement
with the actual particle size distributions obtained by laser
diffraction. Interestingly, the proposed approach does not
refer to the Mie scattering theory to retrieve the particle
size distribution. However, the technique shows the limita-
tion imposed by the axial resolution when studying a pow-
der that contains microspheres with an optical diameter
smaller than the coherence length of the light source used.
Another limitation would be the need for a priori knowl-

edge or experimental determination of the refractive index
of the scatterers to obtain the size distribution.

It was also shown that the light penetration depth within
the powder volume depends linearly on the microsphere
diameter. The experimental results were compared with two
different light scattering models where this linear depen-
dence is also observed. However, further modeling is
needed to derive the mean penetration depth under multiple
scattering conditions. Provided that one identifies the clear
physical relationship between the effective penetration
depth and the microstructure, a study of the relative attenu-
ation as a function of depth may prove to be useful for the
discrimination of variations in scatterer size and refractive
index with depth, as would be observed in a real biological
sample.

5 Appendix: Mie Theory Calculation

The Mie-theory-based model starts by considering single
scattering. The signal intensity I at an optical depth z can
then be expressed as

I = I0 exp�− �extz� , �4�

where I0 is the initial intensity �at z=0� and �ext=�	+�a

is the extinction coefficient, with �a the absorption coeffi-
cient, � the microsphere number density, and 	 the scatter-
ing cross section of a single microsphere. We mention here
that the signal intensity is chosen in Eq. �4� to be consistent
with Mie theory, but that OCT is sensitive to the backscat-
tered field amplitude. At a wavelength of 1.32 �m, absorp-
tion in glass can be neglected and the extinction coefficient
reduces to the scattering coefficient ��ext=�s=�	�. How-

ever, the scattered light is not completely removed from the
incident beam, and a significant portion of optical energy
continues to propagate as a forward-scattered component.
Therefore, an anisotropy factor g is introduced to give the
so-called reduced scattering coefficient �s�= �1−g��s,
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which is a better representation of the extinction coefficient
under the present imaging condition.

From Eq. �4�, we can define the light penetration depth 

as the optical path z for which the intensity ratio is I / I0

=1 /e2. It is equivalent to a detected OCT amplitude ratio of
1/e. Therefore, when using the reduced scattering coeffi-
cient and the approximation of weak absorption, the light
penetration depth is expressed as


Mie =
2

1 − g
·

2

�	
=

2

1 − g
� f�	

v

�	−1

, �5�

where f is the volume fraction of particles and 	 /v is the
volume scattering coefficient �scattering cross section 	 per
unit particle volume v�. Both g and 	 can be calculated as
functions of microsphere diameter with the Mie scattering
theory.
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Figure 7 illustrates the light penetration depth for

f =0.64 �random close-packed powders�, as calculated with
Eq. �5�.

The applicability of this model is limited by the require-
ment of small scattering contributions to the total attenua-
tion �i.e., �	h≪1, with h being the considered slab thick-
ness�. The particle concentration has to be small, which is
obviously not the case of random close-packed powders,
and multiple scattering cannot be neglected. Moreover, the
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incident wave �focused beam� does not verify the plane
wave assumption, especially for larger microspheres.

6 Appendix: Stack Model

To facilitate modeling of stacked glass plates, the two in-
terfaces �1, glass-air, and 2, air-glass, with transmission and
reflection coefficients in amplitude for normal incidence
given by t1=1.2, r1=0.2, t2=0.8 and r2=−0.2� at the junc-
tion between two plates are replaced by a single equivalent
interface. The latter transmits t1t2=0.96 of the amplitude
and reflects a proportion r1+ t1t2r2=0.008. To calculate the
amplitude at a depth of N plates, it is necessary to consider
the simple reflection generated at the corresponding inter-
face, but also all the combinations of multiple reflections
that give the same optical path. Therefore, with teq=0.96
and req=0.008 respectively standing for the transmitted and
reflected amplitudes at an equivalent interface, the follow-
ing expressions give the asymptotic values of light ampli-
tude A at a depth of N plates:

minimum amplitude limit: A�N� � t1t2 � teq
2�N−1�req, �6�

maximum amplitude limit:

A�N�  t1t2 � �
i=1

N

T�N,i�teq
2�N−i�req

i r2
i−1, �7�

where the factor t1t2 represents light transmission through
the top surface of the first glass plate �in and out�. In Eq.
�7�, T�N , i� corresponds to the triangle of Narayana

numbers.
22

According to this model, the light penetration
�defined at the location where A /A0=1 /e� reaches a depth
between 13 and 16 plates.
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