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Abstract. Polytetrafluoroethylene �PTFE� is a strongly scattering mate-
rial and has been regarded to have optical properties similar to bio-
logical tissues. In the present study, the bidirectional reflectance dis-
tribution function �BRDF� and the bidirectional transmittance
distribution function �BTDF� of several PTFE films, with thicknesses
from 0.11 to 10 mm, are measured using a laser scatterometer at the
wavelength of 635 nm. The directional-hemispherical reflectance �R�
and transmittance �T� were obtained by integrating BRDF and BTDF
for normal incidence. Comparison of the ratio of the measured R and
T with that calculated from the adding-doubling method allows the
determination of the reduced scattering coefficient. Furthermore, the
effect of surface scattering is investigated by measuring the
polarization-dependent BRDF and BTDF at oblique incidence. By
analyzing the measurement uncertainty of BTDF in the near-normal
observation angles at normal incidence, the present authors found
that the scattering coefficient of PTFE should exceed 1200 cm−1,
which is much greater than that of biological tissues. On the other
hand, the absorption coefficient of PTFE must be less than 0.01 cm−1,
much smaller than that of biological tissues, a necessary condition to
achieve R�0.98 with a 10-mm-thick slab. © 2008 Society of Photo-Optical
Instrumentation Engineers. �DOI: 10.1117/1.2992485�

Keywords: bidirectional reflectance distribution function; bidirectional transmit-
tance distribution function; polytetrafluoroethylene; radiative transfer;
semitransparent; volume scattering.
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Introduction
olytetrafluoroethylene �PTFE� is known as a strongly scat-

ering and diffusely reflecting material. The diffuse reflection
s mainly due to the volume scattering of light inside the

aterial. When the light enters a volume-scattering material,
t is scattered by microstructures and propagates in random
irections before escaping the medium. Due to its character-
stics of being a nearly diffuse reflector, PTFE has been used
s a diffuse-reflectance standard in the spectral range from
00 to 2500 nm by the National Institute of Standards and
echnology �NIST�,1 as a calibration standard for onboard
ensors on satellites in remote sensing,2–5 as whiteness stan-
ards in colorimetry,6,7 and as a coating layer in integrating
pheres.8 In addition, since both PTFE and most biological
issues are strongly scattering materials, researchers have used
TFE as tissue phantoms to simulate layers of skin for the
tudy of burn depth.9

Light scattering in a turbid medium such as PTFE and
issue has been studied extensively. The angle-resolved scat-
ering of a turbid medium could not be predicted until the
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ournal of Biomedical Optics 054064-
more general radiative transfer equation �RTE� was
developed.10 The common techniques for solving RTE include
Chandrasekhar’s X and Y functions,10 the discrete-ordinates
method,11 the Monte Carlo method,12–15 and the adding-
doubling method.16 To describe light propagation in a PTFE
slab using the RTE, the scattering coefficient ����, absorption
coefficient �a��, and the scattering phase function need to be
known. The determination of these parameters typically re-
quires several measurements, among which are:17 1.
directional-hemispherical reflectance �R�; 2. directional-
hemispherical transmittance �T�; 3. absorptance �A�; 4. colli-
mated light transmittance �Td�; and 5. angular distribution of
scattered light from a sample thin enough to ensure that only
single scattering occurs. The double-integrating-sphere
method has been widely used for measuring R and T.18,19

With the additional measurement of Td, these parameters can
be determined with an inverse method.20,21

Using an approach similar to the double-integrating-sphere
method, Huber, Heitz, and Bauerle22 reported the scattering
coefficient, absorption coefficient, and the asymmetric param-
eter in the Henyey–Greenstein phase function of PTFE films
with thicknesses from 190 to 845 �m. The scattering param-
eters of PTFE reported in their study are very similar to those
of biological tissues.17 For example, the scattering and absorp-
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ion coefficients at 633 nm were ��=240 cm−1 and a�

3.6 cm−1, respectively. However, it appears that these au-
hors did not distinguish the scattered light in the parallel
irection from the collimated light transmission. For PTFE
amples with thicknesses greater than 190 �m, the scattered
ight would dominate the transmittance even in the direction
arallel to the incident light; in other words, since Td is es-
entially zero, the collimated light does not contribute to the
etector signal. Unless the PTFE films can be made thinner
han approximately four times the mean free path of the inci-
ent light, it is not feasible to unambiguously determine the
cattering coefficient because the collimated light would be
uch weaker than the forward scattered light. This difficulty

lso applies to the determination of scattering phase function
y measuring the angular distribution of scattered light from a
ample because the single scattering condition cannot be guar-
nteed. Furthermore, the measurement of absorptance of
TFE using an integrating sphere is problematic because the
bsorption coefficient of this material is so small that the un-
ertainty of integrating sphere measurements often makes the
bsorptance imperceptible.

In the present study, the bidirectional reflectance distribu-
ion function �BRDF� and bidirectional transmittance distribu-
ion function �BTDF� of five PTFE films, whose thicknesses
ary from 0.11 to 10 mm, were measured using a laser scat-
erometer at 635 nm. Integrating the measured BRDF and
TDF over the corresponding hemisphere yields the R and T

or normal incidence. The reduced scattering coefficient ���
���1−g�, where g is the asymmetric parameter in the
enyey–Greenstein phase function, was determined by fitting
/T �i.e., the ratio of R and T� of the thin-film samples with

hose calculated from the adding-doubling method. The
anges of ��, g, and a� were also estimated by analyzing the
easurement results. The polarization-dependent BRDF and
TDF were measured at oblique incidence to demonstrate the
ffect of surface scattering. Moreover, a monochromator and
n integrating sphere were employed to measure R and T in
he wavelength region from 350 to 1050 nm.

Method
.1 Bidirectional Measurements
he five sintered Zenith PTFE samples were purchased from
phereOptics �Concord, New Hampshire�. The thicknesses of

Table 1 Parameters of the PTFE samples and t
tance obtained by integrating the measured BRD

Sample
Thickness
d �mm�

Density

 �g/cm3�

1 0.109±0.003 1.65±0.05

2 0.259±0.003 1.82±0.05

3 0.522±0.004 1.90±0.05

4 1.057±0.008 1.70±0.05

5 10.1±0.1 1.52±0.05
ournal of Biomedical Optics 054064-
samples 1 to 5 were measured with a micrometer to be
�0.109�0.003�, �0.259�0.003�, �0.522�0.004�,
�1.057�0.008�, and �10.1�0.1� mm, respectively. Table 1
lists the sample parameters as well as some of the measured
optical properties. The densities of samples range
from 1.5 to 1.9 g /cm3. These samples were cut into
50�50-mm2 pieces from a sheet, except for sample 5, which
came as a 50�50-mm2 piece from the manufacturer.

A three-axis automated scatterometer �TAAS�23 with a
635-nm laser diode was used for the measurement of the
BRDF and BTDF. The BRDF is defined as the reflected radi-
ance divided by the incident irradiance,

fr =
dIr

Ii cos �id�i
, �1�

where Ir is the reflected radiance, Ii is the incident radiance, �i
is the angle of incidence, and d�i is the solid angle of the
incident light. The measurement equation of BRDF is given
as

fr = CI
Po

Pi cos �o	�o
, �2�

where Pi and Po are respectively the incident and reflected
optical powers reaching the detector, �o is the observation
angle �i.e., polar angle of the detector�, and 	�o is the solid
angle of the detector. An instrument calibration factor CI is
introduced and is determined later. The BTDF is defined in a
similar way by replacing Ir with It �i.e., transmitted radiance�
in Eq. �1�. A collimation lens was placed in front of the laser
diode, resulting in a highly collimated light with a beam di-
vergence less than 0.0126 deg. A lock-in amplifier was used
to produce a modulated voltage signal for the laser diode con-
troller; thus the effect of stray light can be minimized. The
samples were mounted in a rotary stage so that the incidence
angle �i could be changed. A detector controlled by another
rotary stage measured the scattered light in an observation
angle �o ranging from −90 to 90 deg. In front of the detector,
there was a precision aperture with a diameter of 8 mm. The
distance between the aperture and the sample holder was mea-
sured to be �522.5�0.5� mm. Consequently, the detector
solid angle was 1.84�10−4 sr and the half cone angle was
approximately 0.45 deg. Since the detector blocked the inci-

ctional-hemispherical reflectance and transmit-
BTDF at �=635 nm.

ctance
R

Transmittance
T R+T R/T

558 0.425 0.983 1.31

723 0.282 1.005 2.56

822 0.179 1.001 4.58

921 0.090 1.010 10.4
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ent light, the BRDF within �3 deg of the retroreflection
irection could not be measured.23

Figure 1 shows the schematic of light scattering from a
emitransparent film. The observation angle is defined sepa-
ately for BRDF and BTDF as depicted in the figure. For
TDF measurement when �o=�i, both the transmitted colli-
ated light �i.e., unscattered light� and the scattered light may

ontribute to the detector signal. The measured BTDF should
xhibit a noticeable peak at �o=�i when the collimated light
ransmittance is significant enough.

.2 Spectral Characterization
he wavelength dependence of R and T was characterized
ith a monochromator and an integrating sphere at wave-

engths from 350 to 1050 nm.24 The light source was a
ungsten-halogen lamp. The rotation of two gratings inside the

onochromator and the change of filters at the inlet of the
onochromator are capable of achieving a wavelength reso-

ution of 10 nm. The rms fluctuation of power from the mono-
hromator was estimated to be 1%. The light exiting the
onochromator is directed to the sample mounted either be-

ore the sphere entrance port for measuring T or at the back of
he sphere wall for measuring R. A chopper is used to obtain
phase-locked optical signal. A silicon detector was located at

he bottom port with a baffle to prevent the direct illumination
f the detector from the scattered light. The detector output is
mplified by a transimpedance preamplifier before being sent
o a lock-in amplifier. The integrating sphere has an inner wall
f 200 mm in diameter. The entrance port is 25 mm in diam-
ter. The inner wall is coated with PTFE with a reflectance
etween 0.98 and 0.99 in the visible spectral range.

.3 Theory and Calculations
ith the assumptions that the medium does not emit light

i.e., cold medium�, the wave-like interactions are negligible,

Samp

Incid
ent

light
�i

�o

Samp

Incid
ent

light
�i

�o

ig. 1 Schematic of volume scattering by a slab and the laser sca
bservation angle �o is relative to the surface normal of the sample an

he direction of the laser is fixed. The sample can be rotated to chang
ournal of Biomedical Optics 054064-
the medium is homogeneous, and the polarization state is ne-
glected, the light scattering in a PTFE film can be modeled
using the RTE as

1

�� + a�

dI��ŝ�
ds

= − I��ŝ� +
��

4�
�

4�

I��ŝi�
�ŝi, ŝ�d�i, �3�

where I� is the �spectral� radiance, s is the physical distance
that the light travels, ��=�� / ���+a�� defines the scattering
albedo, ŝ and ŝi represent the light propagation directions, �i
is the solid angle, and 
 is the scattering phase function. In
many applications, the Henyey–Greenstein function is used as
the scattering phase function and is given by20


HG�cos �� =
1 − g2

�1 + g2 − 2g cos ��3/2 , �4�

where the scattering angle � is the angle between the propa-
gation directions of the incident light and the scattered light
�i.e., cos �= ŝi · ŝ�, and g is called the asymmetric parameter
�ranging from −1 to 1�. The Henyey–Greenstein function
yields isotropic scattering when g=0. If g�0, there are more
forward scattered photons than backward scattered photons. If
g approaches 1, all photons are scattered in the direction par-
allel to the incident light. However, if g�0, more photons are
scattered backward than forward. If g approaches −1, all pho-
tons will be scattered in the opposite direction of the incident
light. The RTE governs the changes of radiance along an in-
finitesimal distance inside the medium. As a beam of light
travels a distance ds in the medium, the radiance is attenuated
due to scattering and absorption. Conversely, the radiance is
enhanced by the incoming light scattered from other direc-
tions. Due to the complexity of the integrodifferential equa-
tion, no effective method is available that can analytically
solve the RTE without some sort of approximation.

Detector

�o
nsc
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red

attered

Detector

�o
nsc
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attered

ter. The unscattered light is the transmitted collimated beam. The
ed separately for BRDF and BTDF measurements. In the experiments,
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If only the hemispherical properties are of interest, the
dding-doubling method is an effective technique that results
n high accuracy for obtaining R and T of an absorbing and
cattering medium. The adding-doubling method was intro-
uced by van de Hulst25 to solve the RTE in a parallel slab
omposed of multiple layers. In the adding method, if the
eflection and transmission functions of each individual layer
re known, the reflection and transmission functions of the
omposite can be calculated. The adding method is termed as
he doubling method when the layers are identical in thickness
nd in all the RTE parameters.20 The reflection and transmis-
ion functions for an arbitrarily thick slab can be obtained by
epeatedly adding and doubling the layers until the desired
hickness is reached. Subsequently, the directional-
emispherical reflectance and transmittance can be calculated
y integrating the reflection and transmission functions. De-
ailed discussion of the adding-doubling method can be found
rom Refs. 16 and 20. The adding-doubling method requires
nputs of the scattering albedo, optical thickness ��= ���

a��d with d being the film thickness, and the asymmetric
arameter g to predict the directional-hemispherical proper-
ies of PTFE films.

A Monte Carlo algorithm was developed to model the
RDF and BTDF by considering volume scattering but ne-
lecting the effect of surface scattering. Furthermore, the
onte Carlo simulation does not consider the dependent mul-

iple scattering and coherent wave-like interactions. After a
hoton bundle is released from air to the PTFE medium, the
ropagation step between subsequent scattering events is cal-
ulated by l=−ln�R1� / ���+a��, where R1 is a random num-
er between 0 and 1 and is generated based on a quasirandom
equence.26 The previous equation results in the mean free
ath �i.e., average propagation step� of 1 / ���+a��. The angle
etween the direction vectors before and after the scattering is
etermined by the Henyey–Greenstein scattering phase func-
ion given in Eq. �4� following the procedure described by

ang, Jacques, and Zheng.27 After each scattering event, the
nergy of the photon bundle reduces to ��E due to the ab-
orption, where E is the energy of the photon bundle before
cattering.

In the Monte Carlo simulation, R is calculated as the sum-
ation of the reflected photon bundle energy divided by the

otal energy of the incident photon bundle, which is the prod-
ct of the number of photon bundles and the energy assigned
o each incident photon bundle. Similarly, T is calculated as
he summation of the transmitted photon bundle energy di-
ided by the total energy of the incident photon bundles. The
alculated R and T using the Monte Carlo simulation with a
hoton bundle number of 1�106 is in agreement with that
sing the adding-doubling method within a statistical fluctua-
ion of 0.5%. To determine the BRDF and BTDF, a virtual
etector with a solid angle of 1.76�10−3 sr is placed in
-deg intervals in the corresponding hemisphere. For the cal-
ulation of BRDF and BTDF, 2�107 photon bundles are
sed and each run takes approximately 2.5 h of CPU time
ith a 3.2-GHz Pentium 4 processor when the thickness of

he sample is 0.1 mm. The resulting fluctuation is within
.5% of the BRDF and BTDF values. Additional photon
undles can be used to reduce the statistical fluctuation with
onger calculation time.
ournal of Biomedical Optics 054064-
3 Results
3.1 Measured Bidirectional Reflectance Distribution

Function and Bidirectional Transmittance
Distribution Function

Figure 2 shows the measured BRDF for all five samples and
the BTDF for samples 1 to 4 for normal incidence at the
wavelength �=635 nm. The transmittance of sample 5 is less
than 0.01, and its BTDF cannot be measured due to the lim-
ited signal-to-noise ratio. The measured BRDF and BTDF ex-
hibit nearly diffuse characteristics. For a perfectly diffuse re-
flector, the BRDF should be a constant of 0.318 sr−1. In a
round-robin test of the PTFE material, Early et al.28 also re-
ported the similar variation of the BRDF of thick PTFE slabs.
As the sample thickness decreases, the corresponding BRDF
value decreases because of the increased transmission. Inter-
estingly, the hump in the BRDF near �o=0 deg becomes
more obvious as the thickness decreases. Due to the measure-
ment uncertainty of the laser scatterometer, the measured
BRDF does not exhibit perfect symmetry with respect to
�o=0 deg.

As expected, the BTDF values increase as the sample
thickness decreases. The measurements reveal that the BTDF

���
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Fig. 2 Measured �a� BRDF and �b� BTDF, averaged over the two po-
larizations, at normal incidence for �=635 nm.
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f samples 2, 3, and 4 are flatter than the corresponding
RDF even though the values are smaller. This can be ex-
lained by the multiple scattering of light inside the film. In
rder for the photon bundles to transmit through the PTFE
lms, they need to experience numerous scattering events,
esulting in random propagation in the medium. Therefore,
he BTDF of sample 4 with thickness of 1 mm is nearly uni-
orm within �75 deg observation angles.

To obtain the hemispherical properties, the BRDF and
TDF data need to be carefully analyzed and fitted to perform

ntegration. Additional measurements with closely spaced
ata intervals were performed. As an example, Fig. 3 shows
he average of the measured BTDF �circles� and the fitted
solid line� BTDF of sample 1 at normal incidence. Eight
easurements were conducted at different locations on the

ample. The location on the sample was changed by rotating it
y 45 deg after each measurement. Because the laser beam
as not aligned to the center of rotation of the sample, the

ocation of the laser spot changed when the sample was ro-
ated. Error bars stand for the random uncertainty at the 95%
onfidence level. The measured results beyond 78 deg are not
eliable because of the alignment difficulty. Since the mea-
urement exhibits some fluctuations due to the measurement
ncertainty and sample inhomogeneity, a polynomial equation
as used to fit the BTDF data. For BTDF of sample 1, a
uadratic function is sufficient. The standard error of estimate
f the fitted equation is 0.0015 sr−1, which is much smaller
han the standard deviation of the data points. Notice that an
xtrapolation of the fitted equation for �o from 78 to 90 deg
s performed before the integration; however, the relative er-
or caused by this extrapolation is estimated to be less than
.5%. In addition, the bidirectional properties are assumed to
e symmetric with respect to �o=0 deg.

The polynomial fitting functions are integrated to obtain R
rom the BRDF and T from the BTDF of each sample. When

I is taken as 1, the summation of R and T is always greater
han unity by approximately 6%. While the measurements of
AAS agree well with specular samples �within 2% for a

0.00

0.05

0.10

0.15

0.20

0 15 30 45 60 75 90

Sample 1: Normal Incidence

Measurement Average

Quadratic Fit

B
TD
F
(s
r�
1 )

Observation angle �
o
(deg)

ig. 3 Average of eight BTDF measurements for sample 1 and the
tted polynomial curve. The error bars show the measurement uncer-
ainty with 95% confidence interval.
ournal of Biomedical Optics 054064-
smooth Si�, it is about 5% higher for a rough silicon surface
and about 5% higher for the 10-mm-thick PTFE than those
obtained from a standard reference instrument at NIST.23,28

This may be caused by the detector collection geometry and
the uncertainty of the aperture area. To reduce the bias uncer-
tainty, all TAAS measurement results are reduced by 6%. This
may be considered as a self-calibration procedure. With CI

=0.943, the reflectance of sample 5 obtained by integration of
BRDF is 0.988, which agrees well with the reported values.8

The summation of R and T for each of the thinner samples is
about unity, as shown in Table 1. When the sample location is
fixed, the variation of repeated BRDF and BTDF measure-
ments is within 2%. The combined uncertainty of TAAS is
within 5% with a confidence level of 95%. For BTDF of
sample 1, however, the data variation at different locations on
the sample is greater than the instrument uncertainty due to
sample inhomogeneity.

The effects of incidence angle on the BRDF are shown in
Fig. 4 for all samples. The measurements were performed at
incidence angle �i=0, 30, 50, and 70 deg with a linear polar-
izer. The results are plotted in terms of BRDF* cos��o� to
make the comparison easier. Even at oblique incidence, the
diffuse scattering feature is preserved in a large observation
angle range except a peak in the forward scattering direction.
The peak is much higher for s-polarization than for
p-polarization, suggesting that surface scattering becomes im-
portant at large angles of incidence. This can be understood
by two facts: 1. the surface looks smoother at glazing angles;
and 2. the reflectance at the interface between air and PTFE is
higher for s-polarization than for p-polarization. The Brewster
angle �B=tan−1�n� is about 54 deg for refractive index n
=1.36. At the Brewster angle, the surface reflectance for
p-polarization approaches zero. When the data are examined
more carefully, the BRDF for �i=50 deg is higher than that
for �i=30 deg at large observation angles. Hence, volume
scattering must also play a role in the enhanced forward scat-
tering. It can also be seen that for samples 4 and 5, the peaks
at �i=70 deg and 60 deg��o�80 deg are much lower than
for samples 1 to 3. Visual observation reveals that sample 1,
2, and 3 may contain some surface crystallization that has
improved the smoothness and specularity of these samples.
This may be the reason for the specular peaks in samples 1 to
3 for the s-polarization at �i=30 and 50 deg. At �i=70 deg,
samples 4 and 5 also exhibit specular peaks for s-polarization
but with a smaller peak than that of the thinner samples.

The increased BRDF at oblique incidence results in a re-
duction in the BTDF as depicted in Fig. 5, where the ordinate
is in terms of BTDF* cos��o�. It should be noted that the
scale of the ordinates is different for each sample. The data
points at �o=−5 and −10 deg were missing for �i=70 deg
due to blocking of the beam by the rotary stage. As discussed
earlier, the BRDF decreases with increasing thickness, and
also the polarization has little effect on the BRDF at normal
incidence. It can be clearly seen that more reduction of BTDF
existed for s-polarization than for p-polarization. On the other
hand, because the transmitted light experiences multiple scat-
tering events, they are redirected into random directions.
Hence, the BTDF shape appears symmetric about �o=0 deg,
regardless of the incidence angle.
September/October 2008 � Vol. 13�5�5
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.2 Estimation of ��� and the Ranges of a�, ��, and g
f the absorption coefficient a� is negligible, the directional-
emispherical properties of a volume scattering medium de-
end only on the film thickness d and the reduced scattering
oefficient ���=���1−g�.20 In the present study, ��� is esti-
ated by comparison of the calculated R-to-T ratio for the

iven thickness with those obtained by integrating the mea-
ured BRDF and BTDF over the corresponding hemisphere.
n fact, the ratio R /T is independent of the bias uncertainty in
he scatterometer measurement. Note that the refractive index

����

����

����

��� ��� ��� � �� �� �

0o

30o
50o

70o

Observation angle �
o
(deg)

B
R
D
F*
co
s(
� o
)(
sr

�1
) Sample 1

p-polarization(a)

�
i
=

����

����

����

��� ��� ��� � �� �� �

0o

30o
50o

70o

Observation angle �
o
(deg)

Sample 2
p-polarization(c)

�
i
=

B
R
D
F*
co
s(
� o
)(
sr

�1
)

����

����

����

��� ��� ��� � �� �� �

0o

30o
50o

70o

Observation angle �
o
(deg)

Sample 3
p-polarization(e)

�
i
=

B
R
D
F*
co
s(
� o
)(
sr

�1
)

����

����

����

��� ��� ��� � �� �� �

0o

30o
50o

70o

Observation angle �
o
(deg)

Sample 4
p-polarization(g)

�
i
=

B
R
D
F*
co
s(
� o
)(
sr

�1
)

����

����

����

��� ��� ��� � �� �� ��

0o

30o
50o

70o

Observation angle �
o
(deg)

Sample 5
p-polarization(i)

�
i
=

B
R
D
F*
co
s(
� o
)(
sr

�1
)

Fig. 4 BRDF of all five samples at various
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of PTFE is around 1.36, and the reflectance at the interface
between air and PTFE is approximately 2.3% near normal
incidence. The reflected light will be distributed hemispheri-
cally due to surface roughness and may exhibit a broadened
specular peak. In the present study, the adding-doubling
method is employed to solve the RTE for the PTFE films,
without considering surface scattering due to refractive index
mismatch and surface roughness.

To determine ���, the ratio R /T is calculated as a function
of �� for the thickness d equal to the thicknesses of the four
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hinner samples. By assuming that all samples have the same

��, the standard error of estimate between the calculated and
easured R /T for all four samples is a function of ��� only.
he standard error of estimate between the measured and the
alculated R /T values reaches a minimum at ���=167 cm−1.
onsidering the measurement uncertainty and sample-to-

ample variation, the reduced scattering coefficient is esti-
ated to be ���= �167�20� cm−1. Here, the obtained ���

alue is approximately one order of magnitude higher than the
eported value in Ref. 22.

Figure 6 shows the measured R /T ratio and the calculated
alues using the adding-doubling method with ��
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Fig. 5 BTDF of the four thin-film samples a
�
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=167 cm−1. The inset shows the results for smaller d values
to compare the measurement with the calculation clearly.
While in general the reflectance and transmittance are com-
plicated functions of the film thickness, the ratio R /T exhibits
a linear dependence on the film thickness for d from
0.1 to 10 mm. A linear regression of the adding-doubling cal-
culations yields that R /T=0.59���d. Using different values of
���, it was found that a constant of 0.59 remains the same,
regardless of the value of ���.

For strongly scattering and nonabsorbing media, the linear
dependence of R /T on ���d can be derived from other ap-
proximation models such as the Kubelka–Munk model �or
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wo-flux model�29 and the three-flux model.30 Star, Marijnis-
en, and van Gemert31 reported the transformation between
he scattering coefficient used in the Kubelka–Munk model
nd the scattering coefficient �� of RTE. By solving the gov-
rning equations of these models, it can be shown that the
atio of R /T is in linear relationship with ���d, similar to that
alculated from the adding-doubling method. The linear de-
endence of R /T on film thickness for strongly scattering and
onabsorbing mediums can be obtained from all these mod-
ls, including the adding-doubling method, Monte Carlo
imulation, Kubelka–Munk model, and the three-flux model.
lthough there are some variations in the final analytical ex-
ressions, depending on different model approximations, the
inear relationship provides a very simple approach for the
etermination of the reduced scattering coefficient of PTFE
lms by measuring R and T of a sample with known

hickness.
Table 2 lists the calculated R and T of the 10-mm-thick

TFE slab using the adding-doubling method. The parameters
re set to be ���=167 cm−1 and g=0.9 �i.e., ��=1670 cm−1�.
s mentioned in the previous section, the reduced scattering

oefficient is the dominant factor in determining the hemi-
pherical properties. Hence, the calculation shown in Table 2
s also applicable for different g values as long as ��� is fixed.
he absorption coefficient must be less than 0.01 cm−1 for R
f the 10-mm-thick sample to be greater than 0.977. It should
e noted that the measured values are usually greater than
.98.8

As can be seen from Table 2, the adding-doubling calcula-
ion suggests that the 10-mm-thick slab can have a nonzero
ransmittance as large as 0.01 when the absorption is ne-
lected. To assess the transmittance value, the integrating
phere is used with the 635-nm laser diode as the light source.
he sample is placed at the entrance port. The transmittance
f sample 5 �10.1 mm thick� is estimated to be
.007�0.002, which indicates that the absorption coefficient
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ig. 6 The ratio of R /T obtained from the integration of measured
RDF and BTDF �dots� and that calculated using adding-doubling
ethod �triangles�, where the inset shows the results for a small d

ange. The parameters used for the calculation are ��=167 cm−1 and
=0.9.
ournal of Biomedical Optics 054064-
should indeed be less than 0.01 cm−1 �referring to Table 2�.
The uncertainty in the integrating sphere measurement for the
10-mm-thick sample is large due to the low signal-to-noise
ratio. The uncertainty associated with the integrating sphere
measurements for most samples is greater than that in the
scatterometer measurement. Therefore, the integration of
BRDF and BTDF allows a more accurate determination of R
and T at the laser wavelength. Because the obtained a� is at
least four orders of magnitude smaller than the scattering co-
efficient, the absorption in PTFE films is neglected hereafter.
It should be mentioned that the absorption coefficient of
PTFE is much smaller than typical biological tissues.

If the collimated light transmittance Td is significant, the
scattering coefficient can easily be determined by using
Beer’s law Td=exp�−��d�. For highly scattering samples,
however, the optical signal received by the detector when �o
=�i contains both the collimated light transmitted through the
sample without scattering and the scattered light. The correct
way to determine Td is to subtract the power received by the
detector at �o=0 deg for normal incidence to that at �o=	,
where 	 is a small angle from 1 to 3 deg that allows the de-
tector to stay away from direct light exposure. Unfortunately,
even for the thinnest sample in this study, no peaks in the
BTDF can be observed around �o=0 deg. The BTDF of
sample 1 �109 �m thick� for eight different measurements at
normal incidence are plotted in Fig. 7 for �o=0 to 6 deg with
a 1-deg interval. The fitted curve and the error bounds with
95% confidence interval are also shown. The resulting BTDF
is rather flat in this region and no peak can be seen at �o
=0 deg, suggesting that the transmitted collimated light is
overwhelmed by the scattered light in the direction parallel to
the incidence. In other words, the contribution of the colli-
mated light transmission to the BTDF must be less than the
uncertainty, which is about �f =0.012 sr−1 at the 95%
confidence level. Therefore, the maximum direct transmit-
tance �transmitted power divided by the incident laser
power� should be �f	�o=2.2�10−6. Setting Td
=exp�−��d�=2.2�10−6 yields ���1200 cm−1, which may
be regarded as the lower limit of the scattering coefficient. If
the scattering coefficient were less than ���1200 cm−1, a
distinguishable peak, exceeding the upper bound of the uncer-

Table 2 The influence of the absorption coefficient on the
directional-hemispherical reflectance and transmittance of the
10-mm-thick PTFE slab when ��=1670 cm−1 and g=0.9.

a� �cm−1� �� R T

0.0000 1.00000000 0.9899 0.0101

0.0001 0.99999994 0.9898 0.0100

0.0010 0.99999940 0.9883 0.0093

0.0050 0.99999701 0.9827 0.0068

0.0070 0.99999581 0.9803 0.0059

0.0100 0.99999401 0.9770 0.0048

0.1000 0.99994012 0.9307 0.0001
September/October 2008 � Vol. 13�5�8
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ainty, would have appeared in the BTDF at �o=0 deg.
Under the condition that the wave-like interactions and the

ependent scattering are negligible, the mean free path should
e greater than several wavelengths. Suppose that the mini-
um mean free path is 2.5 �m, which is approximately four

imes the laser wavelength �i.e., 635 nm�, then the upper limit
f the scattering coefficient is estimated to be 4000 cm−1.
ased on ���1−g�=���=167 cm−1 and 1200 cm−1���

4000 cm−1, the asymmetric parameter g should be between
.86 and 0.96, suggesting that PTFE is a strongly forward
cattering material. Compared with the parameters of biologi-
al tissues, the scattering coefficient of PTFE is approxi-
ately ten times larger.17 Much thinner samples, e.g., d
30 �m, would be necessary to precisely determine the scat-

ering coefficient of PTFE.

.3 Monte Carlo Simulation
he purpose of using Monte Carlo simulation is to see how
olume scattering affects the BRDF and BTDF, without con-
idering surface scattering and polarization effects. In the cal-
ulation, the parameters are set to be ���=167 cm−1 and g
0.9, i.e., ��=1670 cm−1. The simulation results of BRDF

nd BTDF at normal incidence are shown in Fig. 8. Compared
ith the measurements shown in Fig. 2, the Monte Carlo

imulation can predict the general trend of the BRDF but with
rapid drop at large observation angles. The Monte Carlo

esults do not show the hump near �o=0 deg, because the
ump is associated with the surface scattering effect. Note
hat the humps are more prominent for samples 1 to 3 than for
amples 4 and 5. It should be noted that the Monte Carlo
odel predicted the same R and T as the adding-doubling
ethod did. For the BTDF, the Monte Carlo simulation also

aptures the essential features qualitatively; but the resulting
TDF exhibits a much larger angular variation compared with

he experimental results. There are two reasons for this dis-
repancy. First, if surface scattering were included, there will
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ig. 7 BTDF of sample 1 at normal incidence for eight measurements
n the observation angle range from 0 to 6 deg. The solid line repre-
ents the quadratic fit of the average BTDF, discussed previously in
ig. 3, whereas the dashed lines denote the uncertainty bounds with
5% confidence interval.
ournal of Biomedical Optics 054064-
be a total internal reflection for light emerged from PTFE to
air at polar angles �inside PTFE� greater than the critical angle
�c=sin−1�1 /n��47 deg. This critical angle may largely af-
fect the energy distribution at large observation angles. Sec-
ond, the Henyey–Greenstein scattering phase function is an
oversimplified one, and its applicability for predicting the bi-
directional scattering properties may be questionable.

Figure 9 shows the cosine �o modified BRDF and BTDF
for sample 2 at oblique incidence. Even without considering
polarization dependence and surface scattering, the BRDFs
exhibit asymmetric characteristics due to the enhanced for-
ward scattering and reduced backward scattering at increase
incidence angles, although the enhancement and reduction are
overpredicted in the Monte Carlo simulation. Furthermore,
the Monte Carlo simulation cannot capture the specular peaks
for s-polarization as observed experimentally. For BTDF, the
Monte Carlo simulation predicts the symmetric feature with
respect to �o=0 deg, but overpredicts the reduction of BTDF
at large incidence angles. Future research is needed to develop
a more sophisticated Monte Carlo model to include surface
reflection and refraction by considering the surface roughness
and polarization dependence.
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Fig. 8 Monte Carlo simulation of �a� BRDF and �b� BTDF at normal
incidence.
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.4 Spectral Reflectance and Transmittance
Measurements

he directional-hemispherical reflectance and transmittance
f the PTFE films were measured using the system of mono-
hromator and integrating sphere as discussed previously.
are must be taken for the transmittance measurement. The

eference signal is obtained by sending the light directly to the
ack of the sphere. On the other hand, when the sample cov-
rs the front entrance port, the transmitted light is diffuse. For
he reflectance measurement, sample 5 is used as the reference
nd it is placed on the back port of the sphere facing the laser.
he other samples are interchanged to obtain the ratio of the

eflected signal. It is assumed that the reflectance of the
0-mm-thick PTFE sample is 0.988, as determined by inte-
ration of the BRDF. The results of R and T obtained by
ntegrating BRDF and BTDF are shown as square marks. The

easured R and T using the diode laser at 635 nm with the
phere are shown with the diamond marks. All the measured
esults agree very well. The relative uncertainty of the reflec-
ance and transmittance measurements was estimated to be
0% with a confidence level of 95%.

0.01

0.1

1

-90 -60 -30 0 30 60 90

0
o

30
o

50
o

70
o

B
R
D
F
*c
o
s
(�
o
)
(s
r�
1
)

Observation angle �
o
(deg)

(a)

Sample 2
Monte Carlo Simulation

0.00

0.05

0.10

0.15

-90 -60 -30 0 30 60 90

0
o

30
o

50
o

70
o

B
T
D
F
*c
o
s
(�
o
)
(s
r�
1
)

Observation angle �
o
(deg)

(b)

ig. 9 Monte Carlo simulation of the �a� BRDF and �b� BTDF of
ample 2 at different incidence angles.
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Figures 10�a� and 10�b� show the measured spectral reflec-
tance and transmittance in the wavelength region from
350 to 1050 nm of samples 1 to 4. As the thickness de-
creases, the transmittance increases but the reflectance de-
creases. As the wavelength increases, the reflectance de-
creases but the transmittance increases. This suggests that the
scattering is stronger toward short wavelengths, as expected
for small particle scattering. The reduced scattering coeffi-
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Fig. 10 Spectral, directional-hemispherical �a� reflectance and �b�
transmittance of the thin-film samples measured with an integrating
sphere at normal incidence. The square marks represent data inte-
grated from the scatterometer measurements; diamond marks repre-
sent data obtained with the diode laser at 635-nm wavelength and the
integrating sphere. �c� Reduced scattering coefficient calculated from
R /T, as compared with that obtained previously from the scatterom-
eter measurements.
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ient can be calculated using the formula R /T=0.59���d for
ach sample at each measurement wavelength. The average

�� for the four samples and its standard deviation are plotted
n Fig. 10�c�. It can be clearly seen that the reduced scattering
oefficient increases as the wavelength is reduced. Further-
ore, the value obtained previously with the scatterometer
easurement of ���=167 cm−1 at �=635 nm is slightly lower

han that obtained with the integrating sphere; but the agree-
ent is within the expanded uncertainty.

Conclusions
comprehensive experimental study is performed for a set of

intered PTFE films that are semitransparent and scatter light
olumetrically. The BRDF and BTDF are obtained at the
avelength of 635 nm with a laser scatterometer at various

ngles of incidence for both polarizations. Integrating the
RDF and BTDF in the hemisphere results in directional-
emispherical reflectance and transmittance, respectively.
nalyzing the reflectance-to-transmittance ratio allows the de-

ermination of a reduced scattering coefficient ���=167 cm−1.
he scattering coefficient �� cannot be easily determined be-
ause the collimated light transmission is negligible, even for
he thinnest sample studied here. An effort is made to estimate
he range of �� to be between 1200 and 4000 cm−1. The
bsorption coefficient is estimated to be less than 0.01 cm−1.
urthermore, the effect of wavelength is investigated measur-

ng R and T in the region from 350 to 1050 nm.
Contrary to previously reported scattering coefficient and

bsorption coefficients of PTFE being similar to those of bio-
ogical tissues, this study reveals that the scattering coefficient
f PTFE is nearly ten times greater than that of typical tissues,
hile the absorption coefficient of PTFE is much less. The
resent study calls for careful distinction between directly
ransmitted light and scattered light toward the direction par-
llel to the incidence. This is important for future research of
ight scattering in biological media for disease diagnostics and
aser therapy.

A Monte Carlo simulation is performed without consider-
ng surface scattering and polarization effects. Some of the
eatures in the BRDF and BTDF cannot be described by the
imple Monte Carlo model, suggesting the need to develop
ore comprehensive theoretical models that can include scat-

ering by rough surfaces as well as volume scattering. The
olarization-dependent BRDF and BTDF data presented in
his work will be useful for model validation. The microstruc-
ure of PTFE depends on crystallization, particle cluster size,
orosity, density, etc. Further study is also needed to investi-
ate the effect of microstructures on the interaction of light
ith PTFE and other scattering materials.
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