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This paper analyzes the capability of an optical coherence tomography (0CT) setup to visualize paper structure by comparing experimental
and Monte Carlo (MC) simulated OCT images. In the experiments, we used an OCT setup at 910 nm with the coherence length of an
SLD source of 7.5 um. Several different refractive index matching agents were applied to paper samples to enhance the visualization of
their inner structure. The obtained OCT images show improved contrast in inner structure and enhanced visualization depth. A set of
corresponding simulations were then performed using a previously developed MC code. A multilayer paper sheet model with non-planar
fiber-air interfaces was developed to characterize the paper samples. MC simulations were carried out to study the effect of the setup
parameters on the obtained OCT images. A comparison with the experimental data shows that the developed model provides a satisfactory

correspondence between simulated and experimental images. [DOI: 10.2971/j€05.2007.07031]
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1 Introduction

Each paper sample has a unique structure which can be rep-
resented by a particular stochastic network of cellulose fibers
[1]. Changing the properties of paper is usually performed by
adding fillers of various sizes to paper pulp during produc-
tion [2]. Also paper samples contain fines, which are small
parts of fibers. The thickness of forming cellulose fibers typi-
cally varies from 10 to 40 um (fiber diameters in different types
of wood are: in birch 22 ym, in eucalyptus 16 pm, in pine 20-
35 um, in spruce 19-33 um [3]), while their length can reach
several millimeters. Paper samples usually vary in thickness
from 50 to 150 ym. An important quality control aspect in pa-
per production is the monitoring of paper structure with an
appropriate imaging technique.

In paper production the techniques able to provide real time
paper monitoring are required. This is the key requirement to
the technique. The properties of paper to be controlled among
others are paper thickness and porosity.

Optical coherence tomography (OCT) is an elaborate method
for non-invasive imaging of the inner structure of optically
non-uniform objects [4]. This fact allows us to suppose that
OCT could be an effective tool for the paper industry, where
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fast and precise techniques are necessary for paper property
control during production. OCT provides a high scanning
rate, high resolution and does not necessitate long preprocess-
ing of the samples [5, 6]. On the other hand, current meth-
ods are scanning electron microscopy (SEM) and laser confo-
cal microscopy (LCM), both of them provide higher resolution
compared to OCT. However, the former requires additional
time-consuming processing of the studied object before imag-
ing which includes filling the air pores with special agent and
further precise cutting of the sample for obtaining the cross-
section for imaging. The latter has a limited imaging depth
(few tens of micrometers for paper, which is smaller than pro-
vided by OCT) restricted by multiple scattering in the sample
under study. Due to this fact the imaging of in-depth paper
cross-section by LCM can also be obtained only after cutting
the sample. Usually LCM is utilized for studying the paper
surface profile. More than that, SEM and LCM techniques pro-
vide the scanning times longer than OCT (in modern OCT sys-
tems, especially the Fourier domain ones, the A scans can be
obtained at kilohertz rate).

Usually, in the quantitative characterization of a paper sam-
ple’s optical properties, paper is considered as a uniform scat-
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tering medium in frames of the Kubelka-Munk theory [2].
However, this approach does not account for the complex
structure of paper and seems hardly applicable to the analysis
of OCT images of paper samples [5, 7]. Although the sophisti-
cated 3D paper model, published by Green et al., describes the
structural features of paper very well [8], their model is com-
plicated and requires a long calculation time, making it hardly
practical for the simulation of OCT images. A simpler model
which adequately describes the structural properties of paper
would be more practical for implementation.

From the microscopic point of view, light scattering is caused
by a distortion of the electromagnetic field in an area with a
variable refractive index; from the macroscopic point of view,
it is caused by the reflection and refraction of light at the
boundaries of media with different refractive indexes [9]. A
scatterer can be considered as an area whose refractive index
differs from that of the environment. If the refractive index
mismatch 17 /1, is rather small and the scatterer size R is quite
large compared to the wavelength (1; /1y < 1.05,R >> A), the
anisotropy of scattering is large and the average change in the
direction of photon propagation after the scattering event is
insignificant. In the opposite case, the effect of scattering is
fairly high, which leads to the chaotization in the direction of
photon propagation and, consequently, to blurring in the OCT
image. To reduce the effects of light multiple scattering on
OCT images, refractive index matching agents (RIMAs) [10]
are usually applied to produce an optical clearing effect. This
effect is based on the substitution of initial medium with a
significantly different refractive index by a medium with re-
fractive index value close to that of the scattering components.
This substitution results in changing the scattering properties
of the object under study [10, 11]. A potential RIMA for a pa-
per sample should satisfy the following requirements: (i) its
refractive index should be close to that of the cellulose fibers
(ny = 1.53) forming the basis of the sample; (ii) it should
not penetrate into the fibers, filling only the air gaps inside
the sample: (iii) it should not react chemically with the fibers,
fillers or other components of the sample.

In our previous work [5], we have analyzed different RIMAs
to find which ones best satisfy the above-listed requirements.
It was shown that 1-pentanol and benzyl alcohol are advanta-
geous for the optical clearing of paper. Further studies then
established that isopropanol is also applicable for the pur-
pose. In this work, we analyze how these three RIMAs af-
fect the OCT imaging of paper samples both experimentally
and by a numerical simulation implementing a previously de-
veloped Monte Carlo code. To avoid additional scattering ef-
fects caused by fillers, special paper samples without fillers
were prepared to facilitate the interpretation of the experi-
mental images and to provide a basis for comparison, even
though the proposed model can be extended to account for
the presence of fillers. Another aim involved studying the ef-
fect of such OCT system parameters as the detector’s numer-
ical aperture and the light source’s coherence length, on the
obtained images. These parameters are usually fixed for a par-
ticular OCT system, and a rebuild of the setup is needed to
change them. Monte Carlo simulations, however, allow vary-
ing these parameters quite freely.

2 MATERIALS AND METHODS

2.1 Experiment

This study used a specially prepared paper sample lacking
any fillers. Its thickness was about 150 ym and porosity about
40%. As already mentioned, three RIMAs, whose refractive in-
dices are shown in Table 1, were used for the optical clearing
of the samples.

RIMA n
Isopropanol | 1.375
1-pentanol 1.407
Benzyl alcohol | 1.538

TABLE 1 Refractive indices of the refractive index matching agents(RIMA)

Experimental images of the samples were obtained with a
commercially available fiber-based OCT device produced by
the Institute of Applied Physics of RAS (Nizhny Novgorod,
Russia). This setup uses a superluminescent diode having a
center wavelength of 910 nm and a FWHM spectral width
of 49 nm as a light source and has coherence length of 7.5
um, transversal resolution of 9 ym, and the detection angle
of its measuring head is 6° in air. The irradiated power to
the sample is 0.6 mW. The signal is modulated to 1.415 MHz
Doppler frequency and then after detection amplified, filtered,
demodulated, A/D-converted and saved to the computer via
USB channel. A scanner inside the OCT-measurement head
gives an adjustable scanning range between 0 and 2.2 mm
along the x- and y-axes which can be extended by inter-
changeable objective at the expense of the transversal reso-
lution. A schematic diagram of the experimental arrangement
is given in Figure 1. The setup is capable of producing 2D-

Speckle suppression unit
<>

OCT scanning head

Refractive index
matching liquid

<
—— Paper sample

FIG. 1 Schematic of the experimental arrangement

and 3D-OCT reconstructions of the samples within few sec-
onds. A 200x200 pixels 2D-slice image without averaging can
be recorded in 1.9 seconds.
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The sample to be measured was placed into a cuvette with a
circular holder beneath the paper sample. After placing the
sample into the cuvette, the latter was filled with a refractive
index matching liquid so that the sample was completely im-
mersed in the liquid and, thus, totally soaked. To decrease the
effect of speckles, a piezo element with a frequency rate of
about 15 Hz was connected to the scanning head for the spa-
tial averaging of A-scans along the scanning direction. Each
sample was imaged with and without speckle suppression. A
new sample was used for each RIMA, because it is impossible
to restore the initial structure of the sample after the applica-
tion of a RIMA.

2.2 Monte Carlo simulations

As already mentioned above, paper has a fairly complicated
structure, which makes the analysis of light propagation in
it quite sophisticated. In an earlier publication [7], we have
developed a multilayer model of paper comprising fiber and
air (fiber-free) layers for the simulation of OCT images. On
one hand, this model is more complicated than the uniform
medium model used for the evaluation of paper optical prop-
erties within the framework of the Kubelka-Munk [2] or dif-
fusion theories [12]-[14]. On the other hand, it is simpler than
the fiber network model developed in Ref. [8]. As a result,
it enables faster calculations, while accounting for the non-
uniform structure of paper. Unlike the Kubelka-Munk and dif-
fusion theory, this model can take into account the porosity of
the sample as well as filler and fine particles [7]. An alternative
model, treating paper as a porous medium with ellipsoidal
pores, was proposed in Ref. [15].

Monte Carlo simulations of OCT images were performed by a
consecutive step-wise calculation of individual in-depth scans
(A-scans) along the z-axis, followed by a further compilation
to the matrix of the bitmap object image. The simulated OCT
A-scans are represented in a logarithmic scale in accordance
with the way of obtaining of the OCT image in the experi-
ment. To obtain one simulated OCT image measuring 1000 by
250 pm area 100 A-scans with 10 ym steps are required. Con-
sidering that only a small portion of all injected photons (circa
3%) contribute to the OCT signal and form the image, initially
a total of 0.5 mIn weighted input photons were used to obtain
one A-scan. In this case the calculation time for a single im-
age on a PC running an Intel Pentium processor at 2.5 GHz
was about one hour. However, for small numerical apertures
(NA = 0.12...0.13) of the detector, this number of input pho-
tons was proved insufficient to provide good image quality.
As a result, 5 mIn photons were used to obtain one A-scan,
resulting in a calculation time of about 10 hours.

In the available literature, we could not find values for the
scattering and absorption coefficients of cellulose fibers.
Hence, in accordance with ref. [5] and basing also on the data
available from [2, 8, 16], we used the following parameters,
obtained from the Kubelka-Munk theory [2], for the average
fiber density of 800 g/dm3: Us = 16 mm -}, ua = 0.5 mm !,
g = 0.94, n = 1.53. The role of the scattering and absorption
coefficients is in characterizing the scattering properties of
the fibers; the fiber layers are considered to be uniform. We

used the empirical Henyey-Greenstein function as phase

function, characterizing scattering inside fiber layers, which
our previous study found to provide a reasonable approxi-
mation [7]. Major scattering events in paper occur at air-fiber
and fiber-air boundaries (not inside the fibers), and the shape
of the phase function of the fiber layers should not play a
significant role while preserving the anisotropy factor value.

Unlike the model presented in Ref. [7], using a paper sample
with plain outer boundaries, the model with all non-planar
layer boundaries considered in this work looks more realis-
tic. The sample’s total thickness was set in accordance with
the experimental data. The upper and lower boundaries of the
layers were defined by the following analytic expressions:

z(x) = asin(2tvx + 47tm/10) + (a/5) sin(2rtvx + rud), (1)

z(x) = —asin(2nvx + 4tm/10) — (a/5) sin(2mvx + rud),
)

where m = 1...5 represents the index of the fiber layer, v is
the spatial frequency of the boundary sinusoidal shape, cho-
sen equal to 6 mm~!, aisits amplitude, chosen equal to 2 ym,
rnd is a random value uniformly distributed in the interval
[0,27] and x and z are the transverse and longitudinal coor-
dinates, respectively. Figure 2 presents a cross-section of the
model paper sample. The transversal scanning in the simula-
tions is performed along the x-direction.

FIG. 2 Cross-section of a model paper sample used in the Monte Carlo simulation
of OCT images. The sample comprises 5 fibril layers and 4 air layers. The size of the
presented cross-section is 1000 by 140 pm. A-scans are performed consecutively along

the z-axis at different x values.

In Egs. 1 and 2, the random component provides random non-
uniformities at the micro-scale to simulate the structural dis-
order of paper samples. However, due to its scale, this effect is
not clearly visible in the figure. More accurate model could be
obtained introducing the shapes of the layer boundaries based
on real paper geometry, while in this study they are extrapo-
lated analytically for simplification.

When performing simulations we supposed that the applied
RIMAs satisfy the requirements mentioned above and do not
affect the structure of the sample under study.

3 RESULTS AND DISCUSSION

Figure 3 presents experimental OCT images of the studied pa-
per samples obtained with the OCT setup described above.
The scale is in ym, and optical length is shown at the ordinate
axis while physical length is shown at abscissa axes.
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FIG. 3 Experimental OCT images of the paper samples with speckle suppression (a -
without RIMA, ¢ - with benzyl alcohol, e - with 1-pentanol, g - with isopropanol) and
without it (b - without RIMA, d - with benzyl alcohol, f - with 1-pentanol, h - with

isopropanol).

Different pseudo-colors indicate the z — x distributions of the
local backscattering efficiency in logarithmic scale (brighter
areas correspond to the higher backscattering efficiencies).
Comparison of the left-column figures with the right-column
ones shows that speckle suppression improves the quality of
OCT images in all cases. This proves that the chosen speckle
suppression method is effective in the visualization of paper
structure by OCT.

The simulated OCT images with and without RIMAs to be
compared with the experimental ones (Figure 3) are shown in
Figure 4.

FIG. 4 Simulated OCT images of the paper samples for 7 = 50 and leop = 10 um (a -

without RIMA, b - with benzyl alcohol, ¢ - with 1-pentanol, d - with isopropanol).

This figure shows that simulated images are in qualitative
similarity with the experimental ones, however, a more ex-
act coincidence requires the application of more complicated

paper models, which are much more time-consuming than
the presented multilayer model. On one hand, we are deal-
ing with a complicated task requiring a detailed preliminary
examination of the sample for implementing its results to the
model; on the other hand, one of the aims of the present study
is to propose a simpler paper model, providing reasonable re-
sults, for the calculation of light propagation. The proposed
multilayer model seems to meet this requirement.

An important criterion for precise non-contact paper thickness
measurements is a good image contrast especially in the sam-
ple’s rear boundary. As the presented images show, the con-
trast is the lowest when no RIMA is used. In the experimental
OCT image, the rear border is not detectable, although it is
distinguishable in the simulated image.

We should mention that scattering events occur both at the
fiber boundaries and inside the fibers. Multiple scattering in
paper samples is contributed by the photons scattered at large
angles to initial (forward) direction, which prevents them
from leaving the sample into forward hemisphere. Multiple
scattering elongates the trajectories of these photons, yielding
apparent non-zero OCT signals in the regions corresponding
to the depths which exceed the sample’s optical thickness. Ap-
plication of a RIMA significantly decreases the probability of
photon scattering at large angles, thereby decreasing the mul-
tiple scattering effects. This phenomenon can be observed in
the OCT images of samples containing a RIMA. All images are
shown in the same color scale to allow a comparison of sig-
nal levels in the different cases. Signal intensity is the lowest
for benzyl alcohol, because its refractive index is the closest
to that of cellulose fibers, resulting in minimal deflections in
photon propagation direction at fiber boundaries. However,
both the experimental and simulated images demonstrate that
the application of RIMA allows visualizing the sample’s in-
ner structure. The fact that sample structure is more regular in
the simulations than in the real samples allows us to analyze
how the inner structure image is formed. Thus, for benzyl al-
cohol, the signal is formed mostly by photons scattered inside
the fibers. In the case of 1-pentanol and isopropanol, show-
ing higher contrast at fiber boundaries, signals are formed by
photons reflected from these boundaries.

In this work, we also studied the effects of the coherence
length and the numerical aperture (N A) of the detector on the
simulated OCT images. As NA depends on the refractive in-
dex of the medium and, hence, differs for various RIMAs, we
also introduced the detection angle 7, representing the maxi-
mal exit angle at which a photon contributes to the OCT sig-
nal. We considered the coherence lengths /., of 5 and 10 ym
and detection angles 7 of 5, 10, 15, 20 and 40 degrees.

The effect of coherence length is obvious and is manifested by
a decrease in the system axial resolution with a simultaneous
increase in signal level, caused by the widening of the coher-
ence function. Figure 5 shows the simulated OCT images of
a sample containing benzyl alcohol at two coherence length
values: 5 and 10 ym and 7 = 15°.

Figure 6 presents simulated OCT images of paper samples
corresponding to I, = 5 pm. The left column shows the ef-
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FIG. 5 Simulated OCT images of a paper sample with benzyl alcohol applied at two
values of the coherence length of the light source (a - I, = 5 pm, b - Io; = 10 um)

for 7 = 150,

fects of various detection angle values on the samples with no
RIMA applied and the right column shows the corresponding
samples containing benzyl alcohol. One can see that the signal
levels increase with the detection angle, due to decreasing de-
tector selectivity of single and least scattered photons. How-
ever, this decrease in detector selectivity expands the number
of multiply scattered photons which contribute to the signal
and distort the image. This effect produces an apparent in-
crease in the thickness of the fiber layers and a corresponding
apparent decrease in the thickness of the air layers in the ob-
tained images. Besides, as the detection angle increases, con-
trast in the visualization of the deep layers becomes lower
than in the superficial layers, which is clearly observable in
images corresponding to 77 = 40°. For smaller detection angle
values, the layer contrast remains almost identical.

iSRS =
0 200 400 600 800 1000

(9) (h)
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FIG. 6 Simulated OCT images of paper samples without RIMA applied (a - 7 = 50 ¢-
7 =10 e-n=20"g-1 = 40) and samples with benzyl alcohol applied (b -
7=5"d-n=100f-5 =20, h-5=40) at various detection angle values and

leon =5 pum.

As a criterion for the quantitative characterization of the ob-
tained simulated images, we chose the contrast of the rear

boundary image. Contrast is defined by the following expres-
sion:

I — L
K= , 3
Ib+la ()

where I, is the average brightness of pixels corresponding to
the rear boundary and I, is the average brightness of pixels
corresponding to the air layer. For the samples containing ben-
zyl alcohol, this expression does not work. In the case of al-
most perfect matching the brightness of the boundary area
in the image is the same as the brightness of the fiber layer,
while for the case of particular clearing (1-pentanol and iso-
propanol) the brightness of boundaries is higher that that of
the fiber layers. However, when averaging the values on the
boundaries are lower than in the middle of the fiber. Due to
this fact the value accounted when calculating K for benzyl
alcohol is taken as maximum over the fiber layer.

Figure 7 shows the contrast dependence on the detection an-
gle and on the coherence length for various RIMAs. Results
are not shown for the sample without a RIMA, because the
position of the rear boundary is not sufficiently well defined,
and K can be assumed to be zero.

The NA value corresponding to the applied RIMA is shown
along the horizontal axes on the top of each graph. One can
see from this figure that the application of RIMA significantly
increases the rear boundary contrast. The dependence of the
contrast K on the detection angle is non-monotonous, which
can be explained by the fact that for each calculation a differ-
ent model multilayer sample with a random layer boundary
shape was generated . Each individual shape determines the
characteristics of the sample’s OCT image.

From the figures related to the application of isopropanol and
1-pentanol (Figure 7a and 7b), we may conclude that an in-
crease in the detection angle and the coherence length de-
creases the contrast K non-significantly.

An increase in the detection angle # results in a correspond-
ing increase in the contribution of the multiply scattered pho-
tons, which introduces distortions and noise into the images
and, consequently, decreases the contrast K. When the smaller
n values are used, the photons that exit the paper at angles
close to normal to the surface mostly contribute to the signal.
On the contrary, when higher # values are used, the photons
that significantly deflect from the normal contribute to the sig-
nal. Small values of # provide high photon selectivity and
the brightness corresponding to different depths is about the
same, while when increasing # the selectivity becomes worse
and the contribution of multiply scattered photons to the OCT
image increases. However, the intensity of the incident beam
decreases with depth causing the difference in the brightness,
which is not visible for small # values due to high selectivity.

The effect of an increase in coherence length on the contrast
K, on the other hand, is caused by the broadening of the par-
tial signal from individual scatterers, which leads to an over-
lapping of the partial signals from two neighboring scatter-
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FIG. 7 Contrast K versus the detection angle # (numerical aperture NA) in the vi-
sualization of sample rear boundaries following the application of various RIMAs (a -
isopropanol, b - 1-pentanol, ¢ - benzyl alcohol) for two values of the coherence length:

lon of 5and 10 um

ers, when the distance between them is less than the coher-
ence length. Thus, signals from the neighboring fiber layer
boundaries overlap and the signal level corresponding to the
air layer between the fiber layers increases. For benzyl alcohol
(Figure 7c), the dependence is not monotonous due to the ef-
fect of random boundary shape on the OCT image described
above and accounts for the rear fiber layer signal level, be-
cause the rear boundary cannot be distinguished.

However, we should mention that for all considered values
of the coherence length and detection angle, the contrast K is
higher than 0.8 for benzyl alcohol, while for other considered
RIMAs, it is lower than 0.8, when I, = 10 ym. For I.,;, =5
um, the effect of all considered RIMAs is similar. This fact con-
firms the experimentally based conclusion made in Reference
[5] that benzyl alcohol is the best RIMA for paper samples.

4 CONCLUSIONS

In this work, the experimental OCT images are obtained with
and without application of refractive index matching agents
(RIMAs). Speckle suppression is performed by connecting a
piezo element with a frequency rate of about 15 Hz to the scan-
ning head for the spatial averaging of A-scans. This speckle
suppression method is shown to be effective for enhancing the
obtained OCT images of paper samples.

Multilayer paper model accounting for the non-uniform
structure of paper sheets is developed for the calculation
of light propagation in paper both before and after the
application of RIMAs. The model is applied to simulations of
two-dimensional OCT images of paper samples. A qualitative
agreement between simulated and experimental images
allows concluding that the proposed simple model provides
reasonably good results that can be used to analyze the for-
mation of signals in an OCT setup. Potentially it can be used
to verify the results obtained with other light scattering mea-
surement techniques. An essential disagreement observed
between simulated and experimental images originates from
the fact that the structure of real samples is more disordered
that that of the simulated samples, where disorder is modeled
utilizing a random component in the analytical expression
determining the shape of layer boundaries, while the basic
layer shape is regular.

However, the effects of the RIMAs employed in the experi-
ment and simulations are similar: they cause a decrease in the
contribution of multiply scattered photons, thus reducing the
distortions and noise into OCT images, increasing the contrast
in the deeper layer images and significantly improving the vi-
sualization of each sample’s rear boundary.

Variance in the parameters of the simulated OCT setup, coher-
ence length and the detector’s numerical aperture shows that
an increase in detection angle and coherence length reduces
the contrast in the rear boundary of samples. However, the
application of RIMAs allows us to detect this border. Benzyl
alcohol is shown to be the most effective optical clearing agent
among these tested providing the highest rear boundary con-
trast under the considered conditions.
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