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In this paper, we describe a method used to determine the optical properties, namely, the effective scattering and
absorption coefficients, employing an optimized three-dimensional-printed single integrating sphere. The paper
consists of two parts, and in Part 1, the theoretical investigation of an optimized measurement and the evaluation
routine are presented. Using an analytical and a numerical model for the optical characterization of the integrating
sphere, errors caused by the application of a non-ideal sphere (the one with ports or baffles) were investigated.
Considering this research, a procedure for the precise determination of the optical properties, based on Monte
Carlo simulations of the light distribution within the sample, was developed. In Part 2, we present the experimental
validation of this procedure. © 2020 Optical Society of America
https://doi.org/10.1364/AO.386011

1. INTRODUCTION
The aim of this work is to develop a method to precisely determine the scattering and absorption properties of turbid media
using an integrating sphere. In the literature, there are many
works examining the optics of an integrating sphere in general,
beginning with the work of Sumpner [1] and Ulbricht [2] more
than 100 years ago. In contrast, although the number of papers
dealing with determining of the optical properties, especially
the effective scattering and absorption coefficients, using an
integrating sphere is not excessive, still, quite a few papers can
be found. In principle, the described methods determining the
optical properties can be categorized into two groups. First is the
use of a single integrating sphere with the need for changing the
sample, the calibration standard, or the illumination geometry,
to measure the total hemispherical reflectance and transmittance from a sample (see e.g., [3–6]). Second is the double
integrating sphere setup with the need for corrections concerning the crosstalk between the two spheres (see e.g., [7–9]). The
determination of the optical properties from integrating sphere
measurements using Monte Carlo simulations in combination
with look-up tables has been described in the literature [10–13].
In this study, a single-integrating-sphere setup was investigated. We note, however, that parts of the obtained results
are also applicable to a double-integrating-sphere setup. We
developed and implemented an analytical and a numerical
1559-128X/20/103203-13 Journal © 2020 Optical Society of America

model (the latter was accelerated using GPUs) to study the light
throughput of the used integrating sphere in order to minimize
systematic errors. We ended up with a single-integrating-sphere
setup without any baffle, as we showed that the baffle itself
causes significant errors. We therefore, theoretically, have to
consider the port losses, the direct illumination of the detector,
and the disturbed sphere throughput due to the sample and
calibration standards using the analytical model. To do so, a new
two-stage evaluation process was developed. First, the illumination of all parts of the integrating sphere by the emitted light
from the sample within the first strike was calculated by means
of Monte Carlo simulations. In the second step, the effective
detector signal was determined by an analytic model of the
sphere throughput. In addition, the altered sphere throughput
due to different situations at the ports and corrections of some
minor assumptions within the model were considered using
a normalization beam. Similar methods for correction of the
altered sphere throughput have already been used [14]. Further,
it has been shown that at least for the sample port, a knife edge
is crucial. For the used port dimensions (diameter, 25 mm;
height, 0.2 mm), Tang et al. [15] showed that the effects on the
determination of the optical properties were only minor. Within
this theoretical background, an optimized integrating sphere
was designed, manufactured by a three-dimensional-printing
technique and professionally coated. An extensive evaluation

3204

Vol. 59, No. 10 / 1 April 2020 / Applied Optics

was applied to the proposed setup, in which we were able to
show a good performance of the introduced method, even for
small absorption coefficients, with typical errors of the effective
scattering coefficients and of the absorption coefficient being
approximately 1% and 3%, respectively, in a large range of these
values. The printed setup and the validation are described in
Part 2 of this publication [16]. Moreover, the errors regarding
the determined absorption and effective scattering caused by an
inexact assumption of the thickness, the refractive index, and
the scattering phase function of the sample were investigated.
In this paper, first, we introduce the setup. Subsequently, the
numerical and the analytical models used for the calculation of
the sphere throughput are presented and validated next to the
GPU-accelerated Monte Carlo method for the calculation of
the light distribution within the scattering sample. Based on
the theoretical models, errors according the sphere throughput
originating from a non-ideal sphere (e.g., having ports and baffles) are analyzed. Then, an optimized procedure to determine
the optical properties is introduced, based on the theoretical
investigations followed by the error analysis caused by inexact
assumption of the sample properties.
2. SETUP
A main feature of an integrating sphere is the mixing of the
radiant power from an angularly non-uniform radiating source,
enabling an angularly independent measurement. For the determination of the optical properties of scattering samples, the
radiant source is the overall radiant power reflected or transmitted from a turbid sample layer through the sample port into
the sphere. The total hemispherical reflectance of the sample is
thereby compounded by the surface reflectance and the volume
reflectance. The surface reflectance again can be specular or
diffuse, depending on the surface roughness. The main problem using a physical integrating sphere is that the ideal sphere
geometry is disturbed by ports needed for interaction with the
sphere. The problems with these ports are, on the one hand,
that they can directly be illuminated from the radiant source
(e.g., from the sample at another port) within the first strike,
which leads to a loss of energy. On the other hand, they disturb the mixing process of the integrating sphere leading to a
defective sphere throughput compared to the ideal theoretical
one, especially for different materials (having different total
hemispherical reflection coefficients ρ) at the ports during the
measurement procedure. Therefore, small port diameters and,
thus, a small fraction of the port surface compared to the sphere
surface, are often proposed to minimize the errors [17–19].
In addition, the detector or the detector field of view (FOV)
of a non-Lambertian detector can, in principle, be directly
illuminated by the radiant source, which contributes to the
detector signal due to irradiation that has not undergone the
mixing process within the sphere. We note that, if the detector
has no Lambertian characteristics, the direct FOV illumination,
which is the part of the sphere surface seen from the detector,
is crucial. The comparison of radiant sources with different
angular distributions leads to systematic differences when the
mentioned effects are not taken into account. Concerning
the direct irradiation of the detector from the radiant source,
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different methods are conceivable for its consideration. In principle, a baffle can be used in the integrating sphere to avoid this
direct radiation. However, we will show that even a baffle with
minimized size disturbs the mixing process within the sphere
in such a way that significant systematic errors occur. Thus, we
propose to consider the irradiation on the detector by evaluating the optical properties and, additionally, calculating this
contribution for scattering samples using the radiative transfer
theory. For this purpose, a self-written, optimized, GPU-based
Monte Carlo simulation was used. Also, for the used calibration
standard, the angular distribution of the reflected light has to
be determined and regarded in the evaluation of the optical
properties (see second part of the paper [16]). Nevertheless, the
consideration of the angular distribution of the sample and the
calibration standard opposes the integrating sphere principle
of a directional independent measurement. Therefore, without
any baffle, a measurement of radiant sources having unknown
angular distributions without the theoretical background is not
feasible.
Concerning the change of the sphere throughput due to a
change in reflectance coefficients within the ports by exchanging, for example, the sample with the calibration standard,
different methods have been proposed. Within the substitution
method, the sample is exchanged with the calibration standard
at a single port of the sphere, and the altered sphere throughput
is considered theoretically [20]. In the comparison method, two
ports are used to attach the sample and the calibration standard
to the sphere at the same time during sample and calibration
measurement. However, within the comparison method a (further) baffle has to be used to avoid direct irradiation between
the sample and the calibration standard [21]. Based on our
investigations, we propose a modification of the substitution
method using an additional normalization beam pointing onto
the sphere wall to account for the altered sphere throughput due
to different situations at the ports and for assumptions made in
the analytical model used for correction of the sphere throughput, the port losses, and direct illumination of the detector. This
method, additionally, has the advantage that the calibration
measurement is independent of the sample measurement and,
therefore, only has to be done once even for many samples.
With the introduced setup, we aim to determine the absorption coefficient µa and the effective scattering coefficient µ0s
of turbid media within a large range of 1e -3 mm−1 < µa <
10 mm−1 and 0.2 mm−1 < µ0s < 100 mm−1 . Outside this
range, systematic errors due to, for example, internal stray light
in the spectrometer have a larger influence, as the dependence
of the detected signal on the change of the optical properties
reduces.
We do not propose measuring the collimated transmission
simultaneously with the diffuse transmission [22], because
to obtain a good signal for the collimated transmission, the
optical thickness of the sample has to be small. Thus, the measurement of the diffuse transmission will become less precise,
and the evaluation of the integrating sphere data depends more
strongly on the exact form of the scattering phase function. We
rather propose to use, additionally, a separate and optimized
collimated transmittance setup to measure a second, optically
thinner sample of the same material. Thus, the separately
determined extinction coefficient can then be used for a more

Research Article

Vol. 59, No. 10 / 1 April 2020 / Applied Optics

precise determination of the effective scattering and absorption
coefficients.
The whole measurement procedure is divided into two parts:
the calibration and the sample measurements (compare Fig. 1).
R
For the calibration procedure, first, the detector signals C RB
and
T
C TB are recorded. The calibration standards are, hereby, a physical standard for the total hemispherical reflectance measurement
and simply the open port for the total hemispherical transmittance measurement. Here, the lower index labels the kind of the
incident beam (subscript RB, reflection beam; subscript TB,
transmission beam), whereas C R indicates the calibration sample for the total hemispherical reflectance measurements and C T
the calibration standard for the transmittance measurements.
In a second step, for both calibration standard configurations,
the normalization measurement has to be performed resulting
R
T
in the detector signals C NB
and C NB
with the subscript NB.
For the sample measurement procedure, first, the sample S is
successively illuminated by the reflection and the transmission
beam, resulting in the detector signals SRB and STB , respectively.
As the sphere throughput changes with the altered reflectance
coefficient at the sample port, again the normalization measurement has to be performed resulting in the detector signal SNB .
This measurement is the same for reflectance and transmittance
measurements. Note that for real measurements, each signal
has to be corrected by the corresponding dark measurement.
The total hemispherical reflectance R and the transmittance T
signals can then be calculated by
R=

R
SRB C NB
ρcal ;
R
SNB C RB

T=

T
STB C NB
.
T
SNB C TB

(1)

Thereby, ρcal is the reflectance coefficient of the used calibration
standard at the corresponding wavelength. The setup used for
this method, described in detail in the second part of the publication [16], consists, in principle, of an integrating sphere with
a diameter of 150 mm. The sample is attached at a sample port
of 25 mm in diameter having a knife edge to avoid reflections
at the port edge. In addition, three further ports were used, one
for the entry of the reflection beam, one for the entry or the normalization beam, and one for the detector, respectively. Three
different light paths were applied, namely the reflection beam
RB, the transmission beam TB, and the normalization beam
NB. In Fig. 2, a sketch of the used setup is shown. The sample is
illuminated under a 5◦ angle to the surface normal of the sample
to measure the total hemispherical reflectance. We decided
to measure the total hemispherical reflectance, including the
surface reflectance, as with slightly rough surfaces, guiding the
surface reflectance through a further port is error prone. For
the transmittance measurement, also the 5◦ angle was used to
simplify the evaluation as only one simulation is necessary for
calculation of both signals and so that the transmission beam
hits the sphere wall during the calibration measurement. For
detection, an imaging technique was applied, i.e., two small
adjoining parts of the sphere surface (6 mm in diameter) located
near the south pole (compare Fig. 2, right) of the sphere were
imaged to the distal end face of two optical fibers (1 mm in
diameter). One fiber directs the detected light to a spectrometer
for the visible spectral range, and the other fiber to spectrometer
for the near-infrared spectral range, respectively. With this
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technique, in contrast to a bare fiber pointing into the sphere
with an unknown angular distribution, the FOV is defined and
can easily be used in the simulations. Furthermore, if the coating
of the sphere wall is Lambertian, which means that the reflected
radiant power is proportional to the cosine of the angle between
the surface normal and the scattered direction independent of
the incident direction, we also get a Lambertian behavior of the
detector.
3. THEORY
A. Numerical (Ray-tracing) Method for Calculation of
the Integrating Sphere Throughput

A numerical simulation for the calculation of the sphere
throughput was programed similarly as described in the literature [23–25]. Additionally, we accelerated the simulation
by a GPU implementation. Within this simulation, “photons”
can be started from a radiant source at an arbitrary position
within the sphere having an arbitrary angular distribution. The
simulation traces each photon on its way through the sphere
until it is absorbed by the sphere wall or transmitted through
one of the ports. At each interaction with any surface of the
sphere wall, the chance of absorption is regarded by means of the
reflectance factor. To investigate the effects of the different ports
of the sphere used for illumination, detection, or positioning
of the sample, these ports can be included in the simulation
having distinct positions within the sphere wall. The simulation
includes both, ports representing spherical caps as well as flat
ports. The reflection at the sphere wall, as well as that of the
material within the ports can, in principle, have an arbitrary
angular distribution. However, for the further investigations,
only the two extreme cases, namely the pure specular and the
Lambertian cosine distribution, were used. To analyze the effect
of optional baffles, it is also possible to include elliptic surfaces at
arbitrary positions with arbitrary orientations within the sphere.
The baffle itself can exhibit a distinct reflectance coefficient and
arbitrary angular distribution for the reflected light.
For validation of the numerical model, as well as for correction of the measured data, we further implemented an analytical
model.
B. Analytical Model for the Throughput of the
Integrating Sphere

The analytical model for the calculation of the sphere throughput was implemented following the ideas by Jacques et al. and
Goebel and Finkel [20,26,27]. In the model, a Lambertian
reflectance for all surfaces, ports that are part of the sphere wall
(spherical caps), and the absence of any baffle are assumed.
For this case, a simple model for the sphere throughput can be
derived. First, it can be shown that the radiant power from a
Lambertian source located at the sphere wall, which irradiates
an arbitrarily located area at the sphere wall, can be calculated
by multiplying the total emitted radiant power by the fraction
of the irradiated area to the area of the whole inner surface of
the sphere. Second, for the description of a sphere having ports,
the sphere is divided into different areas A n , namely, the inner
sphere surface without the ports A 1 and the area of the Mth
port A 1+M (compare Fig. 3). Further, we define the area of the
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Fig. 1. Proposed configurations at the sphere for measurement of the single signals of the reference and the sample for the determination of the
total hemispherical reflectance and transmittance.

Fig. 2. Schematic of the used integrating sphere setup. Left, the sectional representation in the equatorial plane in the top view. Right, the vertical
sectional representation in the front view.

detector A D . The radiant power reaching the detector 8D is
composed of the direct illumination 8D0 and the irradiance
from all surfaces of the sphere. Thereby, all interactions between
the different surfaces have to be considered. These multiple
interactions can be expressed in terms of a geometric series. In
this context, within the model, the sensitivity of the detector
is considered to be independent of the illumination direction.
The input of the model is the radiant power 8n , irradiating each
surface A n within the sphere and the direct illumination of the
detector 8D0 . For a collimated source, 8n is equal to the radiant
power of the source 8S for the surface n, which is illuminated by
the beam and zero for all other surfaces. For Lambertian sources,
8n can be calculated for each surface by the fraction of the area
of the particular surface and the area of the whole inner sphere
wall. For scattering samples, 8n can be determined by means of

Monte Carlo simulations, considering the actual angular distribution. The total radiant power emitted from the source 8S
is thereby the sum over all 8n , as 8S is apportioned among the
different surfaces. Note that the detector FOV is treated as a part
of the sphere wall, and therefore, 81 of the sphere wall includes
8D0 to incorporate this radiant power for the calculation of the
multiple reflections. Therewith, the detection surface is not part
of A n . If the detector FOV is used, the actual radiant power on
the detector has to be calculated by means of the Lambert law.
Hereafter, the single terms of the infinite sum will be introduced.
First, the radiant source can directly illuminate the detector with
the radiant power 8D0 (see Fig. 3). The radiant power irradiating the detector after the first interaction with the single surfaces
of the sphere can be expressed as
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C. Cross Validation of the Numerical and the
Analytical Theory

Fig. 3. Illustration of the different interactions between the different surfaces within the sphere and the detection surface.

8D1 =

N
A det X
ρn 8n ,
A sph n=1

(2)

whereby each surface A n , which is irradiated from the source
by the initial radiant power 8n from the radiant source, emits
the radiant power ρn 8n according to their total hemispherical
reflectance ρn and contributes to the detector power by the
ratio A det /A sph of the detector surface A det and the surface of
the whole inner sphere surface A sph , assuming a Lambertian
characteristic. The radiant power radiating the detector after the
second interaction can be calculated by
8D2 =

N
N
Al X
A det X
ρl
ρn 8n ,
A sph l =1 A sph n=1

(3)

where first the irradiation of each surface A l originating from
the first interaction with all other surfaces (right sum) and
afterwards the contribution to the detected power (left sum) is
calculated. For each further interaction k, one has to sum over all
contributions to each surface of the preceding interactions and
then calculate the contribution to the irradiance of the detector.
The k-th contribution can be expressed as
N
N
X
Al
A det X
ρn 8n
ρl
8Dk =
A sph n=1
A
sph
l =1

!k−1
(4)

.

Finally, the total radiant power at the detector applying a
geometric series is
8D = 8D0 +

N
X

8Dk

k=1
N
N
X
A det X
Al
= 8D0 +
ρn 8n 1 −
ρl
A sph n=1
A sph
l =1

!−1
.

(5)

By using this formula, the radiant power at the detector FOV
can be calculated for different source scenarios by adapting
the initial radiant powers 8D0 and 8n , the total hemispherical
reflectance of each surface ρn , and the area of the whole surface
A n . If ρn = 0, the surface corresponds to an open port, as no
radiant power is reflected.

For the cross validation, the situation of the integrating sphere
setup described in Section 2 (see Fig. 2) was used. To compare
the analytical model and the ray tracer, all ports were set to be
spherical caps having a Lambertian angular distribution, and
no baffle was included. We used a sphere with a reflectance
coefficient of ρsph = 0.98. The sphere had four ports with the
positions and dimensions as shown in Fig. 2. The detector FOV
was set to be a spherical cap with a diameter of 6 mm close to
the south pole of the sphere. With both models, only the power
irradiating the detector FOV was determined, and the actual
detected signal was not calculated explicitly. However, as the
conversation from the radiant power in the FOV and the radiant
power of the detector is always the same constant factor, these
values can directly be compared. To reenact the determination
of the total hemispherical transmittance of a scattering sample,
four different illumination scenarios were simulated with the
numerical as well as with the analytical model. The reflectance
coefficients of the open ports were set to zero as no light is
reflected. All simulations were normalized to a total incident
radiant power of 8S = 1 W. The surfaces were treated in the
following order: n = 1 was the surface of the sphere without
any ports, n = 2 the sample port, and n = 3 to n = 5 the three
additional ports.
For Scenario 1, the calibration measurement for the transT
mission beam, and therewith the signal C TB
at the detector
FOV, was simulated. As in this measurement the sample port
remains open, the transmission beam was modeled to be a
collimated beam pointing to the sphere wall next to the reflection beam entrance port. For the analytical model, this means
that 8D0 = 0, as no light directly radiates the detector, and
81 = 1 W, as the total power irradiates the sphere wall. The
irradiation of the four ports was set to 82−5 = 0, as they were
not irradiated by the source. The reflectance coefficients of all
ports ρ2−5 was set to 0, as all ports remain open. In Scenario
2, the calibration measurement using the normalization beam
T
with the detector signal C NB
has been modeled. Therefore, the
sphere configuration remains the same as in Scenario 1, and only
the source changes to the normalization beam radiating collimated the sphere wall. As this simulation is in principle the same
as the one in Scenario 1, the same results are expected for the
numerical simulation. The analytical model is identical with the
one in Scenario 1. In Scenario 3, the measured signal of a sample
STB having a total hemispherical transmittance of T = 0.5 and
a cosine angular distribution was modeled. The reflectance
coefficient of the sample port was set to ρ2 = 0.5. As the sample
radiates in a Lambertian manner, the direct illumination of the
detector FOV and the ports have to be considered. Therefore,
the irradiation of the detector is 8D0 = 8S 0.5A det /A sph , and
the irradiation of all other surfaces 81−5 = 8S 0.5A 1−5 /A sph .
Scenario 4 models the normalization beam signal SNB with an
added sample at the port. The source is again pointing collimated to the sphere wall as modeled in Scenario 2, except that
the sample port is covered with the sample (ρ1 = 0.5).
For the numerical solutions, 1e9 photons were launched
three times, the results were averaged, and the relative standard
deviation was calculated. In Table 1, the results for the four
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Table 1. Results of the Sphere Throughput for the
Four Different Scenarios Obtained by the Numerical
Model (num) and the Analytical Model (ana)
Scenario 1
T
(CTB
)
num
ana

Scenario 2
T
(CNB
)

Scenario 3
(STB )

Scenario 4
(SNB )

1.0307e-2 ± 1.0303e-2 ± 0.5786e-2 ± 1.1350e-2 ±
0.95e-5
1.01e-5
5.1e-6
1.1e-5
1.0303e-2
1.0303e-2
0.5789e-2
1.1346e-2

scenarios calculated with both models are shown. Both methods
agree within the statistical error of the numerical simulation,
which was determined to be smaller than 0.1%. The results
of Scenarios 1 and 2 are, as expected, the same, as for a sphere
with Lambertian surface characteristics, the detector signal is
independent of the impinging angle and position of the beam.
The effect of the changing sphere throughput by altering from
the open port to the port covered with the sample can clearly
be observed by comparing Scenarios 2 and 4, where the same
illumination was used. Note that the detected signal changes by
about 10%.
To calculate the total reflected and transmitted power of a
turbid sample, as well as the fraction of the power irradiating
directly the ports and the detector, an efficient Monte Carlo
solution of the radiative transfer theory was implemented.
D. Monte Carlo Solution of the Light Distribution in
the Scattering Sample

For an efficient calculation of the light distribution in a scattering sample, a GPU-accelerated Monte Carlo simulation was
implemented following the principles of Alerstam et al. [28,29].
Besides the functionality introduced by Alerstam, where a stack
of lateral infinite layers was applied, radially and axially stacked
cylindrically shaped simulation volumes were implemented to
account for side losses of the sample and to include cylindrical
cuvette holders. Furthermore, the detector for the integrating sphere measurements was extended. For reduction of the
calculation time, a method was implemented to calculate the
light distribution thought the turbid medium for arbitrary
absorption coefficients µa(scaled) , with a single Monte Carlo
simulation [30,31]. In this method, the scalability relation of the
absorption coefficient applying Beer’s law and the path length l
of each photon through the scattering medium was used. Each
photon leaving the simulation volume is hereby weighted by
w = exp−(µa(scaled) −µa(sim) )l ,

(6)

where µa(sim) is the absorption coefficient of the original simulation. This method significantly reduces the calculation time for
the used look-up tables. Note, if a multi-volume approach for
the scattering medium is used, one has to distinguish between
the different path lengths in the different volumes. This method
was combined with the integrating sphere detector to calculate
the total reflected and transmitted photons, by collecting all
photons independent of the exiting direction within the diameter of the cylindrical port. All photons outside the ports were
neglected.
To account for the irradiation within the first strike of the
additional ports and the direct illumination of the detector

from the sample, the simulation was extended to calculate these
values in combination with the scaled µa method as follows. For
each photon leaving the simulation volume through the sample
port of the sphere either in reflectance or transmittance, the
intersection with the other ports of the sphere and the detector
is checked. If an intersection exists, the corresponding elements
are incremented by the weights according to the scaled µa
method. These values are used together with the total reflected
and transmitted photons within the sample port to calculate the
actual detector signals using the analytic theory.
In general, the introduced code was tested extensively against
different other Monte Carlo codes and analytical solutions of
the radiative transfer equation (RTE). As an example, the total
hemispherical reflectance and the transmittance of an infinitely
extended slab (refractive index of n = 1.4) using an infinitely
large sample port were compared to other methods. Hereby
the values were calculated with the MCGPUILM code, using
the scaled µa technique. The comparison was done using the
CUDAMCML code from Alerstam et al. [28] and the addingdoubling method from Prahl [32]. The latter is, in principle,
an exact solution of the RTE for this geometry. The results are
shown in Fig. 4. For this comparison, the total hemispherical
reflectance and transmittance of two slabs having a thickness of
0.1 mm and 4 mm, respectively, were calculated for different
absorption coefficients. For the scattering parameters, a scattering coefficient of µ0s = 4 mm−1 and an anisotropy factor
of g = 0.75 based on the Henyey–Greenstein phase function
[33] were applied. Using these parameters, the optical thickness
τ = d µ0s of the samples was 0.1 and 4, respectively. An agreement within the statistics of the numerical methods could be
found.
A further important finding of these simulations is the flattening of the signals for low absorption coefficients. Especially
for the thin sample (0.1 mm), the signals show almost no change
for absorption coefficients between µa = 1 e -4 mm−1 and
µa = 1e -2mm−1 . This is reasonable as the average path length
of the photons in this geometry is short compared to 1/µa , and
therewith, the dependence of the total hemispherical reflectance
and transmittance on the absorption is very small for these
low absorption coefficients. This leads to the conclusion that
it is almost impossible to determine absorption coefficients
below 1 e -2mm−1 for such a thin sample with the used effective
scattering coefficient. Even for the medium with an optical
thickness of τ = 4, the result shows that only with an optimized
setup with low systematic errors, the determination of absorption coefficients below 1 e - 3mm−1 is possible. Therefore,
the throughput of the integrating sphere has to be considered
precisely.
4. ANALYSIS OF THE SPHERE ERRORS
In the following part, the resulting errors with and without
the use of a baffle are studied for extreme cases of the sample’s
angular resolved transmittance or reflectance. The two cases
are a collimated beam, such as a specular reflection by a perfect
mirror, and the cosine distribution. Note that for scattering
samples with mismatched boundary conditions, the angular distribution is expected to be between theses extreme cases, as a part
of the radiant power is reflected at the plain surface in a specular
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Fig. 4. Comparison of the total hemispherical reflectance and the transmittance of two lateral infinite slabs of 0.1 mm and 4 mm, respectively,
versus the absorption coefficient. The comparison was made with the Monte Carlo code introduced in this paper using the scaled µa technique
MCGPUILM, the CUDAMCML code, and the adding-doubling method. In the lower plots, the relative error of the latter methods compared to the
MCGPUILM code is shown.

Table 2. Results for the Numerical Model (num) and
the Analytical Model (ana) When Both the Sample and
the Calibration Standard Have a Lambertian Angular
a
Distribution and No Baffle Is Applied

num
ana

T

Error

t

0.4999 ± 0.0003
0.5000

−0.02%
0%

114 s
0.003 s

a

The total hemispherical transmittance T of the sample was set to T = 0.5.

manner, and the part scattered in the volume is reflected with an
angular distribution similar to a Lambertian distribution [34].

A. Investigations Without Baffle

First, the errors obtained for a non-ideal sphere (with ports)
without any baffle were investigated. Here, only an error is
expected if the angularly resolved reflectance or transmittance
from the sample and the calibration standards differs. To substantiate this prediction, first a sample and a calibration standard
having both a Lambertian angular distribution were simulated
(analytical and numerical) using the scenarios mentioned in
the cross validation. The cosine distribution of the calibration
standard is, thereby, just a hypothetical case. However, the
general statement is transferable to the reflection case. For the
numerical solution 1e9 photons were launched, and each simulation was calculated three times to estimate the statistical error.
The resulting total hemispherical transmittance signal T for
the sample was calculated according to Eq. (1), and the results
are summarized in Table 2. As expected, for the same angular
distribution of the transmitted light from the sample and calibration standard, the transmittance of T = 0.5 is recovered
correctly for both the analytical and the numerical models. The
same result was found when both angular distributions were set

to be collimated. Consequently, if the angular distribution of
the sample and the calibration standard is the same, there is no
need for any correction. As this is usually not the case, the error
was examined if a sample having a Lambertian angular transmittance was compared to a collimated calibration standard (as it is
the case for the calibration of the transmittance measurement).
This calculations were repeated for two different reflectance
coefficients of the sphere wall of ρsph = 0.98 and ρsph = 0.95.
The results are shown in Table 3. If the angular distribution
of the sample and the calibration standard differs, significant
errors can be observed. The fact that the errors are in the range
of 1 − ρsph can be explained as follows. In case of the collimated
illumination, the incident light first needs to be reflected at the
sphere wall to reach a Lambertian angular distribution, as it is
the case for the sample. However, during this first reflection, the
radiant power is reduced by 1 − ρsph . As the cosine source for
the collimated case is at the sphere wall opposed to the sample
port, it further has the ability to directly illuminate the sample
surface, which is not the case for the Lambertian source at the
sample. Therefore, the error is slightly larger than 1 − ρsph , as
the light has a higher ability to get absorbed at the sample.
For real samples, normally there is no calibration standard
with identical angular distribution. Therefore, one approach is
to use a baffle to shield the detector. As the baffle itself disturbs
the light mixing within the sphere or, more precisely, interacts in
a different way as the sphere wall with the ports, the errors using
a baffle were investigated through the following simulations.
B. Investigations Using a Baffle

For the investigations including a baffle, only the numerical
model could be used, as no baffle was included in the introduced
analytical model. First, the influence of a baffle positioned
exactly between the sample port and the detection FOV, having
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Table 3. Simulation Results of the Transmittance
Signal of a Sample Having a Lambertian Angular
Distribution Compared to a Calibration Standard
Having a Specular Reflectance for a Sphere Without
a
Baffle

num (ρsph = 0.98)
ana (ρsph = 0.98)
num (ρsph = 0.95)
ana (ρsph = 0.95)

Table 5. Results from the Simulation of a Sample with
Lambertian Angular Distribution, Compared to a
Specular Reflecting Calibration Standard Using Two
a
Different Baffles

T

Error

t

0.5102 ± 0.0001
0.5102
0.5264 ± 0.0001
0.5263

+2.04%
+2.04%
+5.28%
+5.26%

114 s
0.003 s
62 s
0.003 s

a

The total hemispherical transmittance T of the sample was set to T = 0.5.
The reflectance coefficient of the sphere wall was set to ρsph = 0.98, as well as
ρsph = 0.95.

Table 4. Results for the Simulation When Both the
Sample and Calibration Standards Have a Lambertian
Angular Distribution and an Optimized Baffle Was
a
Applied

num

T

Error

t

0.5019 ± 0.0001

+0.37%

114 s

a

The total hemispherical transmittance T of the sample was set to T = 0.5.

an elliptical shape with the dimensions of 22.3 mm × 16.6 mm
and the long axis pointing in the y direction (see Fig. 2), was
investigated. The dimensions of the baffle were reduced so far
that it was still not possible from any point within the sample
port to illuminate the detection area. First, a simulation was
carried out in which both, the sample and the calibration standard, had a Lambertian angular distribution. Note that without a
baffle, no error was observed for this case. In Table 4, the results
of this simulation are shown. In this simulation with identical
angular resolved emission for the sample and the calibration
standard, an error of about 0.37% occurs. This means that the
baffle disturbs the sphere throughput, even for the same angular
distribution of the sample and calibration standard. This results
from the interaction of the reflected light from the baffle with
the sample port that has a different reflectance coefficient for the
sample and the calibration standard. As the baffle is closer to the
sample port than the underlying part of the sphere, the probability of an interaction between the baffle and the port is higher. In
this case, the port was open (ρp = 0) for the calibration case and
covered by the sample (ρp = 0.5) during the sample case. As the
irradiation of the port is higher via the baffle than by the sphere
wall, more light is lost during the calibration measurement, and
therefore, the signal from the sample is overrated.
Further, the error was investigated for a sample having a
Lambertian angular resolved transmission and a calibration
standard having a collimated angular reflectance. This analysis
was done with an elliptical baffle of 22.3 mm × 16.6 mm, as
well as with a larger circular baffle of 40 mm in diameter. The
results are presented in Table 5. When using a baffle, indeed,
the direct radiation of the detector is avoided, but as the baffle
itself disturbs the sphere throughput, noticeable errors are also
obtained. The error clearly depends on the size of the baffle. We
note that we confirmed these errors experimentally (results not
shown). If a baffle is, nevertheless, used, it’s obvious to reduce

small baffle
large baffle

T

Error

t

0.4918 ± 0.0001
0.4868 ± 0.0001

−1.63%
−2.62%

142 s
151 s

a

The total hemispherical transmittance T of the sample was set to T = 0.5.

its size and use the mean distance between FOV and the sample
port.
5. PROCEDURE FOR PRECISE
DETERMINATION OF THE OPTICAL
PROPERTIES
Even with the smallest usable baffle, errors of the sphere
throughput of up to 1.6% occur and, therefore, it is not surprising that it is not possible to determine, for example, small
absorption coefficients correctly with such a setup. Therefore, in
principle, two methods are feasible to overcome this problem:
1. Measurements including a baffle and using a Monte
Carlo simulation to calculate the light distribution in the
scattering sample in combination with the numerical simulation of the integrating sphere including a baffle for the
determination of the optical properties
2. Measurements without any baffle and using a Monte Carlo
simulation to calculate the light distribution of the scattering sample in combination with the analytic model of
the integrating sphere for the determination of the optical properties considering the direct illumination of the
detector
For both cases, the actual angular distribution of the light
from the sample (given by the Monte Carlo simulation) and the
calibration standard (usually to be determined experimentally),
as well as the wavelength-depending reflectance coefficient of
the sphere wall, have to be known. As the calculations needed
for the first method are very time consuming, which is a problem when setting up the look-up table, the second method is
preferred, although some minor assumptions are made in the
application of the analytic model.
First, the angular distribution of the reflected light from the
sphere wall coating, as well as of all materials within the ports,
are assumed to be Lambertian, having only a single total hemispherical reflectance coefficient. Second, the ports are part of the
sphere wall (spherical caps), which is not the case for the sample,
for example. Third, the reflectance coefficient of the sample and
the calibration standard has to be known if they are diffusely
illuminated within the whole sample port from the integrating
sphere. For the sample, this value was again calculated by means
of the Monte Carlo simulation, by illumination of the sample
with a Lambertian source with the diameter of the sample port.
This is necessary as the total hemispherical reflection value
using this illumination differs from the illumination using the
reflection beam. Fourth, the detection port is assumed to be
empty, but in the real setup, there is a lens that might reflect a
small amount of light. Fifth, the reflectance coefficient of the
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sphere wall is assumed to be constant over the whole sphere,
although in our printed sphere, which is made out of two half
spheres, there is an optical imperfection at the connection of the
half spheres. Sixth, all ports are assumed to have a perfect knife
edge shape. For the real ports, this is not the case, and therefore,
reflections at the edges of the ports can occur.
Although for most of these points, the comparison with the
corresponding numerical simulations shows (not shown here)
that the effect on the determination of the optical properties is
small, we decided to use a normalization beam to account for
these errors. By using this normalization beam, the same errors
in the mixing process within the sphere occur in the normalization measurement as in the sample measurement, and therefore,
we can account for them. In addition, as the normalization
beam, as well as the measurement beams, originates from the
same halogen source, we can account for a long-term instability
of the source. As for the calibration and the sample measurements, particular measurements with the normalization beam
are made within a short period of time, long-term instabilities
(between the calibration and the sample measurements) are
canceled out [compare Eq. (1)].
Taking into account the investigations described above, we
end up with the procedure shown in Fig. 5 for the determination
of the optical properties. On the measurement side (Fig. 5, left,
green), first the spectra of the different situations have to be
acquired. This routine is divided into two independent parts:
the calibration and the sample measurement procedure. We
note that all spectra have to be subtracted by the corresponding
dark spectrum. For the calibration of the reflection path, a reflective material has to be used. Commonly, a diffuse reflectance
calibration standard is used for this purpose. These standards
have the disadvantage that the reflectance coefficient has to be
used as given by the manufacturer, if this quantity cannot be
validated by an alternative measurement. These values do not
consider any change of the reflectance coefficient of the calibration standard due to usage or aging. In addition, the angular
distribution is not perfectly Lambertian, and it is not easy to
determine the exact angular distribution accurately enough
using, for example, a goniometric setup. However, the angular
distribution is especially important for the calculation of the
direct illumination of the detector. In addition, comparing the
values given by the manufacturer for different standards of the
same or different nominal reflectance, coefficients with our
experimental setup led to a typical error of more than 1%. With
this background, and additionally, having in mind the potential
of the analytic correction of the sphere throughput for arbitrary
angular distributions, we propose to use a mirror as a calibration standard. Using a mirror results in a well-defined angular
distribution of the reflected light, and it is easy to determine the
total hemispherical reflectance of the standard for collimated
illumination. The method used for this purpose is explained
in Part 2 of this publication [16]. For the calibration measurement in the transmittance case, we simply use the open port.
Additionally, for both calibration configurations, the detector
signal using the normalization beam has to be recorded. For the
sample measurement, the sample simply has to be mounted at
the sample port and is sequentially illuminated by the transmission, the reflection, and the normalization beam, while the
detector signal is recorded for each case. In a second step, the
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detector signal for the total hemispherical transmittance T and
reflectance R from the sample have to be calculated [see Eq. (1)].
For the evaluation (Fig. 5, right, red), a look-up table for
different effective scattering coefficients and absorption coefficients was calculated. For this, the GPU-accelerated Monte
Carlo simulation records for different combinations of the
optical coefficients the amount of total reflected and transmitted
photons of the sample within the sample port, the irradiation on
the additional ports, and the direct irradiation of the detector
FOV. Subsequently, the reflectance coefficient of each combination of optical properties is calculated with the Monte Carlo
simulation for a Lambertian irradiation within the diameter of
the sample port, needed in the analytic model for the indirect
illumination of the sample from the sphere within the mixing
process.
For calculation of the LUT, the expected range of the optical
parameters has to be defined and subdivided by an appropriate
step size. Further, the refractive index of the sample n medium ,
the refractive index of an optional cuvette n glass , the thickness
of the sample d , and eventually the asymmetry factor of the
scattering phase function g have to be regarded for each distinct
sample at each wavelength. To do so, different LUTs for these
parameters have to be calculated and interpolated for the actual
values. To find the optimal step size for each of the values, different LUTs have been calculated, and the interpolation was
checked with additional calculations using values in between.
For interpolation errors below 1%, we end up with the following
discretization (see Table 6). For a single-layer sample therewith,
using the scaling relation of the absorption coefficient 150,280
simulations, and for the sample covered by the cuvette, 450,840
simulations were calculated. Both cases were simulated using
1e7 photons. For storage, one set of µa and µ0s values build one
LUT. Each of these LUTs were stored in a LUT tree built by the
other parameters. As total hemispherical transmittance signals
T < 0.1% can only be measured with large relative errors, the
simulation results of total hemispherical transmittance signals
below these values were discarded. In the evaluation procedure,
the user is warned when the total hemispherical transmittance
signal Tis < 0.1%, and it is advised to use a thinner sample.
Based on the calculated amount of reflected and transmitted
photons onto the different surfaces of the sphere, the actual
sphere throughput, and therefore, the expected detector signal
(total hemispherical reflectance and transmittance signal) have
to be calculated using the analytical model. Therefore, the
averaged reflectance coefficient of the sphere wall is needed for
the corresponding wavelength. For the evaluation of a distinct
sample at a distinct wavelength, first, the LUTs of the adjacent
values of n medium , d , g , and (n glass ) were found in the LUT tree.
Then, the µ0s and µa values were calculated from all of these
LUTs considering the actual reflectance coefficient of the sphere
wall. In the last step, the final µ0s and µa values were calculated by
linear interpolation. This was done using a recursive algorithm.
For the determination of the optical properties from the single
LUTs, we followed the ideas of Simpson et al. [3] by using an
inverted LUT. Here, in principle, the LUT (µ0s , µa ) = {R, T},
which for distinct optical properties contains the corrected total
hemispherical reflectance and transmittance signals, is inverted
in a way that with LUT (R, T) = µ0s and LUT (R, T) = µa ,
two independent look-up tables for both optical properties arise.

Fig. 5.
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Flow chart of the proposed procedure for precise determination or the optical properties.

Table 6. Discretization of the Single Values for
Calculation of the Look-Up Table
Parameter
µa
µ0s
n medium
d
g
n glass

Range
−1

Discretization
−1

1e -4 mm − 10 mm 56 logarithmic steps
0.1 mm−1 − 100 mm−1 34 logarithmic steps
1 and 1.3–1.7
step size 0.025
0.1 mm–6.5 mm
step size 0.1 mm
0.5–0.99
0.5, 0.75, 0.9, 0.99
1.49–1.56
step size 0.035

Count
56
34
17
56
4
3

For the two-dimensional interpolation of the scattered data, a
natural neighbor algorithm [35,36] based on the Delaunay
triangulation [37] of the R and T values was used to determine
the effective scattering and the absorption coefficients.
6. ERROR ANALYSIS
For turbid media, the refractive index n and the scattering phase
function, frequently represented by the anisotropy factor g,
are often not exactly known. Furthermore, the determination
of the sample thickness can be prone to errors. These parameters have an impact on the solution of the inverse problem
and, therefore, on the evaluated properties µ0s and µa . Below,
the influence of an inexact assumption of d , n, and g on the
determination of µ0s and µa is reviewed using both an ideal
(liquid) sample surrounded by a cuvette of dglass = 1 mm and
n glass = 1.5, and an ideal (solid) single-layer sample. The ideal
sample is thereby defined as a homogeneous medium with perfect plane parallel surfaces. The optical properties were chosen
to be n medium = 1.33, g = 0.75, µ0s = 1 mm−1 , µa = 0.1 mm−1
(solid line in Figs. 6 and 7), and µa = 0.01 mm−1 (dotted
line in Figs. 6 and 7). For the forward calculations, we used
Monte Carlo simulations with 1e7 photons and modified d ,
n (modification of −5%, −1%, 1%, and 5%), or the g factor
(modification values g of 0.5, 0.9, and 0.99). The resulting
reflectance and transmittance values using the modified optical
parameters were than fitted using a LUT of the ideal samples.

The whole analysis was repeated using different optical thicknesses τ = µ0s d ranging from τ = 0.1 to 10 by changing the
thickness d of the sample. We used three repetitions of each forward calculation to estimate the influence of the statistical errors
of the Monte Carlo simulation. For the LUT of the ideal sample,
we again used simulations using 1e7 photons with an increment
in µ0s of 0.05 mm−1 ranging from 0.7 mm−1 to 1.3 mm−1 , and
with logarithmically scaled µa values ranging from 1e -4 mm−1
to 1 mm−1 in 34 steps.
First, an incorrectly assumed thickness (not shown here) was
investigated, leading to directly proportional changes in µ0s and
µa , which are independent and of τ . This means for an actual
thickness that was 1% higher than the thickness assumed for
the evaluations, both µ0s and µa are enhanced for around 1%
compared to the real values.
Second, we analyzed the errors that occur for a wrong estimated refractive index n. The errors in µ0s for solid phantoms
[see Fig. 6 (left)] and samples within a cuvette [see Fig. 7 (left)]
for τ > 1 are similar. Below this optical thickness, the behavior differs, as for the relative low-scattering reflection at the
interfaces becomes more important. The largest errors can be
found for τ < 1 in case of solid phantoms reaching 15% relative
error for a deviation of 5% of n medium . The obtained relative
errors for the different µa values of 0.1 and 0.01 mm−1 show
similar behavior. However, for µa = 0.1 mm−1 and τ > 8 the
transmitted signal was below 0.1% and, therefore, the obtained
errors are not shown. In the case of solid phantoms, a wrong estimated n medium of +5% will change µ0s about +6% and µa about
+10% for the optimal sample thickness of τ > 2. The errors
for µa are larger than for µ0s and in case of solid phantoms nearly
independent of τ [see Fig. 6 (right)]. For the samples within a
cuvette, it shows that for higher µa , larger relative errors of the
determined µa occur [see Fig. 7 (right)]. For the low µa , the
errors are similar to the ones of the single layer and are around
10% for a change of 5% for n. For the high µa , errors up to 20%
occur for the same situation.
Third, the simulations show that an incorrectly assumed
asymmetry factor has a smaller influence on the determination of the optical properties than a wrong sample thickness or
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Fig. 6. Relative errors in µ0s (a) and µa (b) due to a change in n versus
µ0s d for a single layer phantom with a plane-parallel surface. Solid lines
are used for µa = 0.1 mm−1 and the dotted lines for µa = 0.01 mm−1 .

Fig. 7. Relative errors in µ0s (a) and µa (b) due to a change in
n versus µ0s d for a sample within a cuvette. Solid lines are used for
µa = 0.1 mm−1 and the dotted lines for µa = 0.01 mm−1 .

refractive index for τ > 2 (see Fig. 8). The relative deviation for
τ > 2 and an assumed g = 0.5 or g = 0.9 instead of g = 0.75
is typically below 1% for µ0s and below 2% for µa . If the optical
thickness gets smaller, the fraction of unscattered light, whose
amount is directly linked to the asymmetry factor (for constant
effective scattering) increases, compared to multiple scattered
light. If this is not regarded by the scattering phase function,
it will cause bigger uncertainties for a wrongly assumed g . In
addition, for thin samples, the unscattered light can again be
reflected at the samples backside and therefore change the light
distribution within the sample. Hence, for thin samples, the
influence of g on the light distribution is higher, which leads to
higher errors in the optical properties if a wrong g is assumed.
Fourth, the errors caused by evaluating a sample with an
actual scattering phase function described, e.g., by the Mie
theory by means of the Henyey–Greenstein phase function
were investigated. Therefore, forward calculations based on
the phase function of polystyrene spheres having a diameter of
2.74 µm ± 0.05 µm at 600 nm were used. The scattering phase
function was thereby calculated using the Mie theory [38]. The
calculated reflectance and transmittance values were evaluated
by means of the LUT based on the Henyey–Greenstein scattering phase function. For the LUT, two different asymmetry
factors were used. First, the same asymmetry factor as for the

Mie scattering phase function (g = 0.82) and, second, g = 0.75
as used for a standard evaluation without knowledge of the
scattering phase function were applied. The relative errors due
to these assumptions regarding the scattering phase function for
the effective scattering and the absorption coefficients were less
than 1% for τ > 2, almost independent of the used asymmetry
factor (see Fig. 9). A larger absolute µa results in slightly larger
relative deviations in µa comparing both investigated µa = 0.1
and 0.01 mm−1 . From this analysis, we conclude that an accurate determination of n and d is a key point in determining
precise optical properties. A wrongly estimated asymmetry
factor on the other side does not have a major influence, if a
sufficient optical thickness of the sample, τ > 2, is used.
7. CONCLUSION
In this work, we first provide an overview of the proposed
optimized setup. A detailed description of this setup can be
found in the second part of this two-part publication. Further a
numerical model, based on a ray-tracing algorithm, is described
for studying the sphere throughput of complex sphere geometries, including baffles. For efficient calculation of the sphere
throughput of simpler sphere geometries, a numerical model
was implemented following the ideas by Jacques et al. and
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Fig. 8. Relative deviations in
(a) and µa (b) for a wrongly
assumed asymmetry factor g . The evaluation is based on the
Henyey–Greenstein scattering phase function. Solid lines are used
for µa = 0.1 mm−1 , and the dotted lines for µa = 0.01 mm−1 .

Goebel and Finkel [20,26,27]. The cross validation between the
numerical and the analytical models showed an exact agreement
within the statistical errors of the numerical simulation. Using
these models, the effects of energy loss through the ports of the
sphere and the direct radiation of the FOV of the detector were
shown. Further, the errors caused by a baffle for shielding the
detector FOV from direct radiation were investigated, leading
even for similar dependence of the angular resolved transmittance and reflectance of the sample and calibration standard to
non-acceptable errors due to the disturbance of the light distribution within the sphere by the baffle. Therefore, an integrating
sphere without any baffle was used. To correct for the direct
illumination of the detector FOV and the ports, these values had
to be calculated by the Monte Carlo simulation and considered
during the evaluation of the samples. The optimized procedure
for the precise determination of the optical properties, therefore,
combines the results of the Monte Carlo simulation and the use
of an analytic model of the sphere throughput to determine the
optical properties correctly. We note that, by omitting the baffle,
for precise measurements, the angular distribution of the light
emitted by the sample has to be known, leading to erroneous
measurements for samples with unknown angular distribution.
The potential of the introduced method is shown in the second
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Fig. 9. Relative deviations in µ0s (a) and µa (b), if a Mie scattering phase function of polystyrene spheres is used for the forward
calculation and the optical properties are evaluated by means of a
Henyey–Greenstein scattering phase function using two different
asymmetry factors. Solid lines are used for µa = 0.1 mm−1 , and the
dotted lines for µa = 0.01 mm−1 .

part of this publication, in which we show through experiments
that a broad range of optical properties can be determined
precisely within the given measurement range with typically
errors beyond a few percent. In addition, we showe that the
accuracy of the additional information regarding the thickness
and the refractive index of the sample on the determination of
the optical properties is a crucial point. On the other hand, we
demonstrated that assumptions regarding the scattering phase
function have only minor effects on the determination of the
optical properties if the optical thickness of the sample is large
enough (τ > 2).
In further work, the measurement range could be extended by
reduction of the systematic errors caused by the minor assumptions listed in Section 5. For example, the non-Lambertian
behavior of the sphere wall, which has no single hemispherical
reflectance factor independent of the incident angle, and the
non-empty ports having no ideal knife edges could be regarded
in the evaluation process. Further, the setup could be extended
for absolute measurements of the quantum efficiency of fluorescent media or the absolute determination of the Raman
scattering cross section. Therefore, both effects have to be
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included in the Monte Carlo simulation, and the LUT has to be
adjusted accordingly. In addition, by measuring the reflectance
and transmittance of different layers of the same material, which
have different thicknesses, more information on the optical
properties can be obtained. For example, the refractive index
or parameters characterizing the scattering function can be
determined. The information might be also obtained by using
different illumination angles incident on the same sample.
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