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Abstract Integrating sphere technique is widely used to
measure the total reflectance and transmittance of turbid
sample, but the unavoidable light loss induces some
measuring error. It has never been reported whether the
error depends on the shape and size of light beam. In this
paper, a convolution for computing the responses to
rectangular incident light beam based on the Monte Carlo
method was presented. The effects of light beam shape and
size, and optical properties of sample on the measurements
were addressed. The results show that the light loss with
rectangular incident light beam is larger than that with
circular one with the same area. The more the area of light
beam, the more the light loss. And the light loss induced by
the optical properties of sample is much more significant
than that by the shape and size of the incident light beam.
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1 Introduction

Reflectance (R) and transmittance (7) are two very
important parameters to evaluate optical property of
material, such as leaf [1], intralipid [2,3] and tissues [4—
15]. To measure the R and T accurately, the integrating
sphere technique has been used due to all of the light
reflected or transmitted in various directions can be
collected with it. But unavoidably, in the measurements,
some scattering radiation still escapes through the sides of
the sample and the ports of sphere, which can introduce
some error to the measurements [16].

Received February 11, 2015; accepted March 24, 2015

E-mail: dawnzh@mail.hust.edu.cn

To reduce the error in the measurements, previous
researchers have studied the relationship between the light
loss and different parameters, such as, the size of
integrating-sphere port, the optical properties (absorption
property and scattering property) of turbid media and the
ratio of the sample diameter to light beam diameter. Zhu et
al. demonstrated that the light loss could be reduced by
enhancing the sample port diameter of the integrating
sphere, decreasing the thickness of the sample, or
increasing the absorption coefficient of the sample, but
the error caused by the size of light beam has not been
mentioned [16]. Pickering et al. indicated that large ratio of
sample diameter to beam diameter could effectively reduce
the light loss through the side of the sample, such as a 25-
mm aperture for a 1-mm diameter beam [17].

However, for the spectroscopy systems with broadband
light sources, the sample diameter may not exceed
significantly the diameter of the incident beam, so the
effect of the light beam size on the light loss in the R and T
measurement should be further investigated. What’s more,
in the practical applications, the rectangular shape of light
beam is used for the commercial spectrophotometers
Lambda 900/950 (PerkinElmer, USA) and Cary 500/
5000 (Varian, USA), which has been widely used for
measuring R or 7 [15,18-21]. Up till now, there are few
investigations to evaluate the effects of the rectangular
incident beam on the R and 7 measurements, or to
demonstrate the differences between the effects of the
rectangular incident beam and the circular or pencil
incident light beam.

Thus, in this paper, a convolution method based on the
Monte Carlo simulation was presented to obtain the R and
T with rectangular light beam incident on turbid sample.
The losses of light with various incident light beams
(rectangular, circular and pencil light beams) were
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compared. In addition, the effects of optical properties and
the rectangular incident light beam size on the light loss
were also investigated.

2 Method

2.1 Light beam and light entrance ports

In this paper, the shape of the light entrances for the R and
T simulation were all based on a commercially available
spectrophotometer (Lambda 950, PerkinElmer, USA).
Figure 1 shows the system diagram for spetrophotometer,
and the typical geometric dimensions of integrating sphere
entrances for R and 7 measurements were also given. The
R-entrance is a circle (» = 1.270 cm); the 7-entrance is
combined two semi-circle (r 0.811 cm) and one
rectangular (weight x height= 1.622cm x 0.778 cm).
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The gray-filled rectangle was the area of the incident light.
The rectangular incident light area was controlled by
setting the size of the beam slit and the common beam
mask in Lambda 950. And then the (weight, height) of the
incident light at the R and T entrance was measured
manually.

2.2 Principle of convolution for the rectangular incident
light beam

This section presented the principle and numerical
computation of the convolution for rectangular light
beam incident on turbid sample, based on the Monte
Carlo simulation results of pencil incident light beam [22].
According to the implements of the convolution for the
circular incident light beam [23], the responses to
rectangular light beam can be obtained through the
convolution:
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0

Here, in order to implement the convolution easily, the
cylindrical coordinate system was chosen. S(»') denotes the
intensity profile of the rectangular light beam, G()
represents the distribution of R or 7 with pencil light
beam incident on turbid sample, » means the distance
between the center of the rectangular incident light beam
and the distribution point.

Figure 2 shows the diagram for how to convolute the
responses to pencil light beam for obtaining the responses

(\/x2 +12 4+ 12 =24/x% + 2 cost’ )d@' dr’.

(1

pencil incident light beam.

The 0" in Eq. (1) stands for the central angle, which is
subtended by the arc (as indicated by arrow in Fig. 2) with
the fixed »". To simplify the double integral, Eq. (1) can be
separated into two steps:
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Fig. 1

System diagram for spectrophotometer and single integrating sphere. The geometry of the entrances for the R and 7 was also

given. The gray-filled rectangle was the area of the incident light. THL: tungsten-halogen light source; DL: deuterium light source; PMT:

photomultiplier



Xiewei ZHONG et al. Effect of light beam on measurements of reflectance and transmittance of turbid media with integrating

(cm)

(cm)

Fig. 2 Diagram for how to convolute with rectangular incident
light beam. The red rectangular represents the rectangular incident
light beam. The colorful circle indicates the reflectance with pencil
incident light beam. The arrow shows the arc intersected by the
light beam and the responses of the pencil light beam. The black
circle indicates the port of integrating sphere

x> 2. )

2.3 Data analysis

The R and T were obtained with rectangular, circular and
pencil light beam incident on turbid media, respectively.
For modeling the R and 7, some assumptions were listed in
Table 1.

Here, the anisotropy, g, of the samples was assumed as
0.7, due to the g of intralipid, which was widely used in
tissue phantoms, was about 0.7 [2]. In addition, the area of
the circular incident light beam is equal to the rectangular
light beam for suitable comparing.

After modeling the R and T with different geometries of
incident light beam, the light losses with the rectangular,
circular and pencil incident light beam in theory were
calculated by below equations:

RTotal - RGeometry

, ©)

6R Geometry —
_ try R
Total

r Total — T Geometry

4)

5 p—
T_Geometry TTotal

Here, Rrotar and Ty represent the total R and T of
turbid media respectively. Rgeometry ad 7Geometry TEPresent
R and T collected by integrating sphere with various
incident light beams. And the subscript “Geometry”

Table 1 Optical properties and thicknesses for modeling R and 7'
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denotes “Rectangular,” “Circular” and “Pencil,” respec-
tively.

The difference of the light loss between the responses to
the rectangular incident light beam and other beams
(circular and pencil) was calculated:

®)

ARReCL Geometry — 5R,Rectangular - 5R,Geometry:

(6)

Here, the subscript “Geometry” represents “Circular”
and “Pencil,” respectively.

In addition, to evaluate the effect of rectangular light
beam size on the light loss, the difference of the light loss
between the responses to the light beams with various areas
was obtained by below equations:

AT Rect_Geometry — 5T,Rectangular - 5T,Geometry .

™)

ARReet = 5R,Rect(w,h) _5R,Rect(w’,h’)a

®)

Here, 0r_Rect(w,n) @0d O Reci(w,n) Tepresent the light loss
in R and T measurements, respectively. “Rect(w,h)” in the
subscript denotes the rectangular incident light, whose
(width, height) was (w cm, /& cm).

ATReet = 5T,Rect(w,h) - 5T,Rect(w’,h’)-

3 Results

3.1 Distribution of reflectance and transmittance with
various incident light beams

In the R and T distribution simulations, two pairs of optical
properties were set based on two typical tissues, normal
fatty tissue in breast in vitro (i, is 0.08 cm™, yg is 7.67 cm™
at 789 nm) and Caucasian female skin in vitro (u, is 0.97
cm', ugis 27.3 cm ' at 810 nm, here the g was assumed as
0.7) [24]. Both in Figs. 3 and 4, the upper panel has a lower
scattering property, and the incident light beams from left
subfigure to right were rectangular, circular, and pencil,
respectively. The (width, height) of the rectangular beam
was (0.5cm, 1.3¢cm) and (0.7 cm, 1.6cm) for R and T
measurement, respectively; the radius of the circular beam
was 0.45 and 0.60cm for R and 7T measurement,
respectively. In these two figures, the color indicates the
log;o value of the response, R or 7. The dark blue and the
dark red represent the lowest and the highest intensity of
the responses, respectively. The black enclosed curves
denote the light incident ports for R and 7 measurements,

1

1

No. name of layer Ma/om ugem g n thickness/cm
1 glass 0 0 0 1.515 0.1
2 sample 0.0002—100 1-1000 0.7 1.37 0.11
3 glass 0 0 0 1.515 0.1

Notes: u,—absorption coefficient; u —scattering coefficient; g—anisotropy; n—refractive index
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which has mentioned in the subsection 2.1.

Figure 3 shows the distributions of R with various
incident light beams. The most reflected light was
concentrated on the incident area, and the escaped light
caused by rectangular, circular and pencil incident light
beams was respectively 26.54%, 25.19% and 23.74% (see
Figs. 3(a)-3(c)). The distribution of R was much more even
in the upper panel, which denotes a higher light loss. For
example, with a rectangular beam incident, the light loss
with higher p, and ug (Fig. 3(d)) was 4.62%, while that
with lower u, and ug (Fig. 3(a)) was 26.54% (about 6 times
of 4.62%).

Figure 4 shows a similar result in 7 measurement like
Fig. 3. In the sequence of rectangular, circular and pencil
incident light beams, the light loss decreased from 6.39%
to 4.77% in the upper panel, and from 4.20% to 1.74% in
the lower panel. Much light was escaped from detection
area in the upper panel, such as, 6.39% light was lost in
Fig. 4(a) which was larger than 4.20% in Fig. 4(d), and
whereas the absolute difference of the light loss between
the upper and the lower panel was larger in the R
measurement (Fig. 3) than that in the 7’ measurement (Fig.
4).

3.2 Effect of light beam shape on measurements of R and T’

To study the effect of light beams on light losses, three
kinds of incident light beams (rectangular, circular, pencil)

light loss: 26.54%

light loss: 25.19%
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were chosen in the R and 7 modeling. The results of the
light loss and the absolute difference between rectangular
incident light beam and other two incident light beams are
shown in Figs. 5 and 6, respectively.

Figure 5 shows the light loss in the R (the upper panel)
and T (the lower panel) with rectangular, circular and
pencil incident light beam, and with various optical
properties of turbid media. The upper panel shows that
the light loss in the R measurement was decreased in the
sequence of rectangular, circular and pencil incident light
beam, and a similar result appeared in the 7’ measurement
(lower panel). In the R measurement, the light loss was
increased fast to a peak value at s 0f 4.0 cm™ (such as 32%
with rectangular incident beam where 1, is 0.07 cm ') and
then decreased significantly to a low value below 4% with
the increase of u,, where the range of u, is 0.07 to 3.76
cm '; when g, is larger than 7.25 cm™', the light loss was
very low (below 1%). In the 7 measurement, the light loss
was increased fast to a peak value and then decreased
slightly when u, is 0.07 cm™'; at g, of 1.95 cm™', the light
loss was increased slightly without decreased; when p, is
larger than 7.25 cm ', the light loss was below 2%.

Figure 6 shows the absolute differences of the light loss
with the rectangular incident light beam and the other light
beams, circular and pencil. From Fig. 6, it can be found
that the light loss with rectangular incident light beam was
0.2% —1.7% larger than that with circular incident beam,
and about 0.5% —3.3% larger than that with pencil incident

light loss: 23.74%
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Fig. 3 Distribution of reflectance with various incident light beams: rectangular, circular and pencil light beams (from left to right). The
optical properties of upper panel and the lower panel are (u,: 0.08 cm s 7.67 cnfl) and (u,: 0.97 cm s 27.3 cmﬁl), respectively.

The light loss for each is also presented
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Fig. 4 Distribution of transmittance with various incident light beam, rectangular, circular and pencil light beam (from left to right). The

optical properties of upper panel and the lower panel are (u,: 0.08 em us: 7.67 cm 'y and (a2 0.97 em 12273 em b respectively, and
the light loss for each is presented
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Fig. 5 Light losses in the R and 7" measurement with various incident light beam (rectangular, circular and pencil beam) and various
optical properties of turbid media
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Fig. 6 Absolute differences of the light loss with the rectangular incident light beam and the other light beams, circular and pencil. The
upper panel is the value in the R measurement, and the lower panel is in the 7 measurement

light in the R measurement when g, was below 1.95cm™;
when p, was larger than 3.76 cm ', the absolute difference
with various incident light was very low (<0.63%
between rectangular and circular, < 1.2% between rectan-
gular and pencil). In the 7 measurement, the difference of
the light loss between the rectangular and the circular
incident light was 0.14%—2.6%, and that was 0.77% —
4.0% between the rectangular and the pencil incident light
when u, was below 1.95cm™; when u, was larger than
3.76cm!, the absolute error was below 1% between
rectangular and circular incident light beam, and was
below 1.5% between rectangular and pencil incident light
beam. No matter in the R or T measurement, all of the
absolute differences was decreased with the increase of 1.

3.3 Effect of rectangular light beam size on measurement of
Rand T

To control the size of the incident light, the slit in the
Lambda 950 was set as 2 nm, and the common beam mask
was set as 60% at first, which made the (width, height) pair
at R and T entrance as (0.5 cm, 1.3 cm) and (0.7 cm, 1.6
cm), respectively. Then, the slit and the common beam
mask were set as 1 nm and 20% to make the (width, height)
reduce to (0.4 cm, 0.8 cm) and (0.7 cm, 1.4 cm) at R and T
entrance, respectively.

Based on the above various incident light size, the light
loss was simulated, and the difference of the light loss in
the R and 7 measurement with different size of rectangular
incident light beam was given in Fig. 7. The difference of
the light loss was 0.25%—1.40% in the R measurement
when 1, <1.95cm™ and pg=>4 cm™, and when p, >3.76
cm ', the difference was below 0.5%; in the T measure-
ment, the difference was all below 0.6%, because the size
of the incident light in the 7 measurement was not
dramatically changed by Lambda 950.

4 Discussion

The simulated distributions of the R and 7 with various
light beams incident on the two typical samples had been
given to show the light loss in a direct way. Then, the light
losses with various incident light shapes and size, and
various optical properties were compared.

With various incident light beam, the light loss was
decreased in the sequence of rectangular, circular and
pencil light beams. When y, was larger than 7.25 cm™, the
absolute difference between various incident light beams
was not significant, particularly between the rectangular
and circular incident light beam in the R measurement
(below 0.2%). In this condition, the light losses in all
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Fig. 7 Absolute differences of the light loss in R and 7' measurement with various size of the rectangular incident light beam

incident light beams were also very low. Thus, for a media
which has a high absorption property, both the light loss in
the R and 7 measurement, and the difference with various
incident light beam, can be neglected. However, in the
measurement of the biologic media, this condition usually
could not be met, because the absorption properties of most
biologic samples are lower than 7.25 cm™, such as, normal
fatty tissue in breast (u, is 0.08 cm™ at 789 nm), Caucasian
female skin (u, is 0.97 cm™ at 810 nm), liver tissue (u, is
2.3 cm™ at 635 nm) and dermis in skin (u, is 2.7 at 700 nm)
[24]. When u, was 1.95cm™, the highest absolute
differences between rectangular and circular beams were
1.1% in the R measurement and 1.4% in the 7 measure-
ment; the highest differences between rectangular and
pencil were 2.0% and 2.2%, respectively. Although, the
absolute value here was not high, it also should be paid
attention to in calculating optical properties with the
measurement results, because perturbing the R and T
values by 1% would result in errors of 17% for u, [25]. The
decrease of the incident light size also can reduce the light
loss, but this will weaken the intensity of the incident light,
and may influence the accuracy in the measurement.

The effect of the optical properties on the light loss was
also discussed in detail. The light loss was decreased with
the increase of u,, which was in coincidence with the work
in Ref. [16]. While a lot of biologic tissues have a low g,
the light loss should not be neglected directly in the
measurement. The second optical property, i, must be
considered together. With the increase of g, the light loss
was increased to a peak value (us = 4cm™') and then
decreased to a value below 2% (us>100cm); in the T
measurement, the light loss was increased first and then
decreased slightly (u, <0.07 cm™) or increased without
decreased (1.01 < u, < 1.95 cm™), and with a low u,, such
as 0.07 cm™’, the light loss would be 6.3% (s > 100 cm ™,
rectangular beam incident) which was larger than that,
2.6%, in the R measurement. Thus, in the measurement of
the sample which has low optical properties, z, (close to 0

cm ") and g (close to 2 cm™), the light loss would be large.
In measuring the R of the normal fatty tissue in breast (u, is
0.08 cm™ and g is 7.67 cm™' at 789 nm) with rectangular
light beam incident, the light loss would be about 26%, and
4.6% for Caucasian female skin (i, is 0.97 cm ' and g is
27.3 cm™ at 810 nm), < 1.4% for liver tissue (i, is 2.3 cm™
and ug is 313 cm™ at 635 nm) [24]; in the T'measurement of
the normal fatty tissue in breast, the Caucasian female skin
and liver tissue, the losses were about 7.9%, 4.0% and
3.0%, respectively.

In conclusion, to measure the R or 7 much more
accurately, the optical properties of the sample should be
considered before the light shape and size according to
their effect on light loss. If the sample has a high u,
(>7.25cm™), the light loss in the R and T measurement
can be neglected; if u, of sample is below 7.25 cm™ and g
is above 100 cm', the light loss also can be neglected in
the R and 7 measurement. When , and y; are in the other
range, the light loss can be decreased using other method,
such as increasing the size of the integrating sphere port, or
reducing the size of the light beams close to the pencil
beam.

5 Conclusions

This work implemented the convolution for obtaining the
response to the rectangular incident light beam, and then
investigated the effect of light beam shape and size, and
optical properties of sample on R and 7 measurements with
integrating sphere. The results show that the light loss with
various incident light beam is in the following sequence,
rectangular > circular > pencil. The light loss induced by
the optical properties of sample is much more significant
than that by the shape and size of the incident light beam.
This study can be helpful for choosing a suitable incident
light to measure the R and T of a particular turbid sample
and predicting the measuring error.
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