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Optical Properties Effects Upon the Collection
Efficiency of Optical Fibers in Different

Probe Configurations
Paulo R. Bargo, Scott A. Prahl, and Steven L. Jacques

Abstract—When optical fibers are used for delivery and collec-
tion of light, two major factors affect the measurement of collected
light: 1) light transport in the medium from the source to the de-
tection fiber and 2) light coupling to the optical fiber (which de-
pends on the angular distribution of photons entering the fiber).
This paper studies the latter factor, describing how the efficiency
of the coupling depends on the optical properties of the sample. The
coupling dependence on optical properties is verified by comparing
experimental data to a simple diffusion model and to a Monte Carlo
(MC)-corrected diffusion model. Mean square errors were 7.9%
and 1.4% between experiments and the diffusion, and experiments
and the MC-corrected models, respectively. The efficiency of cou-
pling was shown to be highly dependent on the numerical aperture
(NA) of the optical fiber. However, for lower scattering, such as in
soft tissues, the efficiency of coupling could vary two- and three-
fold from that predicted by fiber NA. The collection efficiency can
be used as a practical guide for choosing optical fiber-based sys-
tems for biomedical applications.

Index Terms—Collection efficiency, diffusion, light transport,
Monte Carlo, optical fibers.

I. INTRODUCTION

OPTICAL fibers are an important tool for remote optical
measurements and have been extensively used as light de-

livery and collection tools for optical diagnosis. They have been
used in various configurations for the quantitative determination
of chromophore concentration [1]–[3], tissue optical properties
[4], [5], particle sizes [6], and to monitor pharmacokinetics [7].
Two major factors affect the measurement of collected light: 1)
light transport from the source to the fiber and 2) light coupling
into the optical fiber (which depends on the angular distribution
of photons at the fiber face). Studies of how optical properties
affect the intensity of light traveling through a medium have
resulted in improved light transport models [8]–[12] but little
work has been done on light coupling into an optical fiber. Some
investigators consider the light coupling to an optical fiber to be
part of the light transport model (e.g., including the optical fiber
boundaries in Monte Carlo (MC) simulations [1], [4]) and do
not separate these two factors. Two advantages of separating
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Fig. 1. Diagram of the possible return paths of light in a two-fiber
configuration. Light that reaches the fiber face with an angle smaller than
the half angle of the acceptance cone will be guided through the fiber to the
detector (R ). Light that reaches the fiber face with an angle greater than
the half angle of the acceptance cone will escape through the fiber cladding
(R ). R is the light that leaves the tissue outside the fiber andr is the
Fresnel reflection due to the fiber/tissue index of refraction mismatch. Light
can also be absorbed by the tissue.

the light transport problem from the fiber-coupling problem are:
1) implementation of simpler models for light transport and
2) better understanding of the influences of the fiber on the de-
tection scheme. The latter may guide the development of im-
proved optical fiber-based systems.

We have previously demonstrated how the light coupling
changes for different optical properties when a single optical
fiber is used as source and detector [13] by determining the
optical fiber collection efficiency( ) as a function of optical
properties. The optical fiber collection efficiency was defined
for a single optical fiber [13] as the fraction of light that couples
to the optical fiber within the fiber’s acceptance solid angle
( ) divided by all the light that enters the fiber’s face
( ) as illustrated in Fig. 1 and stated in (1)

(1)
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where represents the light that enters the optical fiber core
with an angle smaller than the fiber’s half angle of acceptance
[defined by the numerical aperture (NA)] and represents
the light that enters the optical fiber core with an angle greater
than the fiber’s half angle of acceptance or enters the fiber clad
with any angle; hence, this portion of the light defined by
escapes through the fiber cladding and is not guided to the de-
tector. The sum accounts for all the light that
enters the fiber face. The same definition of the collection effi-
ciency can be used to multiple fiber configurations.

The parameter can be determined by integrating the
radiance [in W/(cmsr)] within the solid angle of acceptance
( ) and the fiber-core area ( )

(2)

where is the position in the medium andis the direction unit
vector.

The total light that enters the fiber face is determined by in-
tegrating the radiance at the fiber face within a solid angle of
2 steradians. The collection efficiency will depend on the op-
tical properties and on the probe geometry since the radiance
probed by the optical fiber depends on the medium optical prop-
erties, the fiber position and the viewing direction. The average
depth from which a photon takes its final unscattered step and
escapes a highly scattering medium will be concentrated close
to the fiber face when the mean free pathmfp
is small in comparison to the fiber diameter. When the photons
have been scattered many times, the angular distribution of the
photons escaping the medium within the area of collection of the
fiber will be nearly uniform events. In this case, the influence of
the medium absorption coefficient and the geometry imposed
by the source-detector fiber separation on the collection effi-
ciency are minimal. However, in a low–scattering medium, the
average depth from which a photon takes its final unscattered
step and escapes the medium is much deeper in the medium. A
greater number of escaping photons within the area of the col-
lection fiber will escape with preferred angles (depending on the
probe configuration), making the angular distribution of the es-
caping photons nonuniform. The fraction of escaping photons
entering the fiber within the cone of collection will be strongly
influenced by the number of scattering events and by the probe
configuration.

Experimental measurements of the light transport for a fixed
source-detector fiber separation are compared to models based
on the diffusion approximation of the steady-state radiative
transport with and without correction for the collection effi-
ciency determined from MC simulations. These models will
be designed MC-diffusion and diffusion, respectively. We
demonstrate that, by accounting for the collection efficiency,
the mean square error between model and experiment is
reduced from 7.9% to 1.4% as the absorption coefficient varies
from 0.1 to 5 cm , and the reduced scattering coefficient
varies from 4 to 17 cm . The influence of parameters such
as the probe configuration, the collection fiber diameter, the
numerical aperture, anisotropy of scattering and launching
configuration on the collection efficiency were also tested by
MC simulations.

Fig. 2. Diagram of the experimental setup. A single 600-�m optical fiber
is connected to a tungsten-halogen white lamp and the other is connected to
a spectrophotometer. The space between the fibers is 2.5 mm. Fiber tips are
aligned at the same depth 1.5 cm inside the sample. OD filters are used to avoid
detector saturation.

II. M ATERIAL AND METHODS

A. Optical Phantoms Preparation and Calibration

Optical phantoms were prepared using latex microspheres
(5100B, 1.03- m diameter, Duke Scientific, Palo Alto, CA) as
scattering elements and India ink (no. 4415, Higgs, Lewisburg,
TN) as the absorber. The absorption coefficient of the stock
ink was determined with a UV-VIS spectrophotometer (model
8452A, Hewlett-Packard, Palo Alto, CA). The optical properties
of the stock microspheres were determined by added-absorber
spatially resolved steady-state diffuse reflectance measurements
[14] as discussed in Appendix 1. Samples were prepared with
microspheres concentrations of 8, 4, and 2% (of 17, 8, and
4 cm at 630 nm), forming three sets with seven samples for
each concentration. Different aliquots of India ink were added
resulting in final absorption coefficients at 630 nm of 0.1, 0.3,
0.7, 1.0, 2.0, and 5.0 cm for each scattering set. The final
sample volume was 40 mL held in a 3-cm diameter by 3-cm
height container.

B. Reflectance Measurements and Analysis

Samples were measured by inserting two independent
600- m optical fibers (FT600ET, Thorlabs, Newton, NJ),
held by a fixed support with a separation distance of 2.5 mm
between them, 1.5 cm below the surface inside the media.
Fiber tips were carefully aligned to the same height. One fiber
was connected to a tungsten-halogen white lamp (LS-1, Ocean
Optics, Inc., Dunedin, FL) and the other to a spectrometer
(S2000, Ocean Optics, Inc., Dunedin, FL) controlled by a
laptop computer. The experimental setup is shown in Fig. 2.
Acquisition time was 200 ms. Neutral density filters with
one- or two-OD (03FNG057 and 03FNG065, Melles Griot,
Irvine, CA) were used to avoid detector saturation. For each
microsphere concentration, the experimental measurements
were normalized by the measurement of the sample with the
lowest absorption coefficient (0.1 cm). Normalized data
were compared to the normalized upward flux at the face of the
fiber determined by [15]

(3)
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where is the radial fluence rate and is the net flux
determine by

(4)

(5)

where , , , and
. The reference depth ( ) was assumed to be the

fiber face on this analysis. The diffusion upward flux was nor-
malized by the upward flux obtained for the optical properties
of the lowest absorption samples for each set of microspheres
concentration. The normalized experimental flux was also com-
pared with an MC-corrected diffusion equation (MC-diffusion
model). For the MC-diffusion model, the collection efficiency
( ) of the optical fiber obtained from MC simulations was used
as a multiplicative correction factor on the diffusion model. The
MC-diffusion model was normalized in the same way for com-
parison with the data.

C. MC Simulations

MC simulations were performed for a set of optical proper-
ties to establish . The MC model was described elsewhere
[13]. Briefly, photons 1 000 000 were randomly launched uni-
formly within the radius of the fiber, forming a collimated beam
into a homogenous medium. Proper boundary conditions were
assigned depending on the medium being infinite or semi-infi-
nite and the probe configuration being a single fiber, two fibers,
or multiple fibers. Each photon was assigned a weight ,
where is the specular reflectance at the fiber tip, prior to
launching, and was propagated in the medium by steps with a
random stepsize , where RND was a
pseudorandom number uniformly distributed between zero and
one. After every propagation step, the weight of the photon was
multiplied by ( ), where . A new direc-
tion was chosen according to the Henyey–Greenstein scattering
function [16], [17] in (6)

(6)

The average cosine of the angle of photon deflection by a
single scattering event (or anisotropy,) was set to 0.83 for most
runs. Different anisotropies were tested to evaluate the model
dependence on this parameter.

If a photon crossed an air/sample boundary (in the semi-in-
finite case) with any escaping angle, then the variable was
incremented by a value , where is the internal spec-
ular reflection which varies with angle of escape according to
Fresnel equations [(7), for unpolarized light] [18] and was
the photon weight at the moment of escape

(7)

If the photon crossed a sample/fiber boundary with an
escaping angle smaller than the half angle defined by the NA of
the fiber (e.g., NA ), the escaping photon weight incre-
mented the variable . If the photon crossed a sample/fiber
boundary with an escaping angle greater than the angle defined

by the NA of the fiber, the escaping photon weight incremented
the variable . In the MC code, the size of optical fiber
cladding was neglected for simplification. Escaping angles
were corrected according to Snell’s Law to account for the
refractive index mismatched at the boundary. The photon was
returned to the tissue with the remaining weight ( ) and
continued propagating until being terminated according to the
roulette method [19]–[21] to conserve energy. Values of
were determined by combining the values of the bins and

according to (1).
In the first experiment was determined for a large range of

optical properties with the same parameters of the experimental
setup (two-fibers configuration in an infinite medium, fiber sep-
aration of 2.5 mm, fiber diameter 600m and NA of 0.39). In the
second test, the two-fiber configuration in an infinite medium
was compared to the two-fiber configuration in contact with a
semi-infinite medium and with a multiple-fiber configuration in
contact with a semi-infinite medium. The multiple-fiber config-
uration was implemented by a central source fiber surrounded
by a ring of collection fibers. The other parameters were kept
the same. The influence of the fiber separation was determined
in a third experiment with the multiple-fiber configuration in
contact with a semi-infinite medium. The distance between the
source and collection fibers was varied from 0 to 5 mm. The
condition for the separation equal to zero is equivalent to the
special case of a single fiber used as source and detector. The
fiber diameter was 600m and the NA was 0.39. A fourth ex-
periment was done to evaluate the influence of the collection
fiber diameter on . For this test, the diameter of the source
fiber was kept constant at 600m and the diameter of the col-
lection fiber was varied from 100m to 2 mm. These tests were
performed for the multiple-fiber configuration in contact with a
semi-infinite medium and separation between the central fiber
and the center of the ring of 2.5 mm. The NA was kept constant
at 0.39. A fifth experiment was done to evaluate the influence
of the numerical aperture on. This experiment was performed
for the multiple-fiber configuration in contact with a semi-infi-
nite medium, with separation between the central fiber and the
center of the ring of 2.5 mm and with source and collection fiber
diameters of 600 m. Simulations were also made to evaluate
the influence of the anisotropy and the launching configuration
in the source fiber. For all simulations the index of refraction of
the sample ( ) and fiber ( ) were fixed at 1.335 and 1.458,
respectively.

III. RESULTS

Fig. 3 shows the results for the normalized upward flux as
a function of the absorption coefficient. Each cluster of three
different symbols represents the normalized upward flux de-
termined by experiment (), diffusion approximation (), and
by the MC-diffusion model ( ). Measurements on three sam-
ples of the 3 6 matrix are shown with three wavelengths (532,
633, and 810 nm) for each sample. The reduced scattering co-
efficients at 633 nm were 4, 8, and 17 cm(top to bottom).
Error bars are shown for the experiment and for the MC-diffu-
sion model as vertical lines. Mean square errors of 7.9 and 1.4%
(with maximum errors up to 93 and 38%) were determined be-



BARGO et al.: OPTICAL PROPERTIES EFFECTS UPON THE COLLECTION EFFICIENCY OF OPTICAL FIBERS 317

Fig. 3. Upward flux normalized by the fux for the lowest absorption sample as
a function of the absorption coefficient. The reduced scattering coefficients at
633 nm were 4, 8, and 17 cm (top to bottom). Vertical lines for the experiment
and for the MC-diffusion model are the standard deviation of five measurements
(N = 10 ).

Fig. 4. Collection efficiency (� ) determined by MC simulations plotted as
a function of optical properties for the two-fibers configuration inserted to an
infinite medium. These values were used to modify the diffusion model into the
MC-diffusion model shown in Fig. 3. Error bars are the standard deviation of
five MC runs with different random number seeds. The separation between the
source and collection fibers was 2.5 mm, fiber diameters were 600�m, and the
NA was 0.39.

tween diffusion and experiment and between MC-diffusion and
experiment, respectively.

Collection efficiencies for two fibers in an infinite medium
with no boundary were determined by MC simulations and are
shown in Fig. 4 for different optical properties. These values
were used to modify the diffusion model into the MC-diffusion
model shown in Fig. 3. Error bars are the standard deviation of
five MC runs with different random number seeds and 1 000 000
photons launched per run. The separation between the source
and collection fibers was 2.5 mm, fiber diameters were 600m,
and the NA was 0.39.

Fig. 5. Comparison between the collection efficiency determined by MC
simulations for two fibers in contact to an infinite medium with no boundaries
(empty symbols), two fibers in contact to a semi-infinite medium with an
air/medium boundary (filled symbols), and a multiple-fiber probe with a central
source fiber surrounded by an annular detection ring placed on the surface
of a semi-infinite medium with air/medium boundary (doubled symbols).
Data for the infinite medium configuration are plotted artificially skewed of
�0.2 cm and data for the multiple-fiber probe are plotted artificially skewed
of +0.2 cm to help visualization. Error bars are the standard deviation of
five MC runs. The separation between the source and collection fibers was
2.5 mm, fiber diameters were 600�m, and the NA was 0.39.

Similar data was obtained for two fibers placed on the surface
of a semi-infinite medium with an air/medium boundary (filled
symbols) and for a multiple-fiber probe with a central source
fiber surrounded by an annular detection ring placed on the
surface of a semi-infinite medium with air/medium boundary
(doubled symbols). These configurations are compared to the
two-fibers configuration in a infinite medium (empty symbols)
in Fig. 5. Data for the infinite medium configuration are plotted
artificially skewed of 0.2 cm and data for the multiple fiber
probe are plotted artificially skewed of0.2 cm to help vi-
sualization. Error bars are the standard deviation of five MC
runs. The separation between the source and collection fibers
was 2.5 mm, fiber diameters were 600m, and the NA was 0.39.

Collection efficiency as a function of optical fiber separation
are shown in Fig. 6 for the multiple-fiber probe with a central
source fiber surrounded by an annular detection ring placed
on the surface of a semi-infinite medium with air/medium
boundary. Fig. 6(a) is the special case of a single fiber used as
source and detector. Drawings on top of the figures represent a
front view of the face of the probes.

The influence of the diameter of the collection optical fiber
on was determined for the multiple-fiber probe configuration
as shown in Fig. 7. The source fiber was kept with a diameter
of 600 m, separation between the source and collection fibers
was 2.5 mm, and the NA was 0.39. Coincidentally, the values of

for of 2.5 cm and of 1 cm (empty circles) overlap
with the values obtained for of 10 cm and of 5 cm
(filled diamonds).

Fig. 8 shows the influence of the numerical aperture on.
The chosen NA for these experiments were those of commer-
cial optical fibers (0.22, 0.39, and 0.48) [22]. The numerical
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Fig. 6. Collection efficiency determined by MC simulations as a function of
optical fiber separation for the multiple-fiber probe with a central source fiber
surrounded by an annular detection ring placed on the surface of a semi-infinite
medium with air/medium boundary. (A) is the special case of a single fiber used
as source and detector. Drawings on top of the figures represent a front view of
the face of the probes.

Fig. 7. Influence of the diameter of the collection optical fiber on� as
determined for the multiple fiber probe configuration. The source fiber was
kept with a diameter of 600�m, separation between the source and collection
fibers was 2.5 mm, and the NA was 0.39. Values of� for � of 2.5 cm
(empty symbols) and for� of 10 cm (filled symbols are shown). Error bars
are the standard deviation of five MC runs and, in most cases, are smaller than
the symbols.

apertures were corrected by the refractive index of the medium
( ) to account for the effective cone of collection
of the optical fiber. Dashed lines are the values obtained from
(8) (in Section IV) for the corrected NAs. Values of for
of 2.5 cm and of 1 cm (empty circles) coincidentally
overlap with the values obtained for of 10 cm and of
5 cm (filled diamonds).

Fig. 8. Collection efficiency plotted as a function of numerical aperture
of commercially available optical fibers (NA= 0:22, 0.39, and 0.48). The
numerical apertures were corrected by the refractive index of the medium
(n = 1:335) to account for the effective cone of collection of the optical
fiber. Dashed lines are the values obtained from (8) (in Section IV) for the
corrected NAs. Fiber diameter was 600�m and fiber separation was 2.5 mm.

IV. DISCUSSION

The normalized upward flux in Fig. 3 showed that the
MC-diffusion model predicted experimental values better
than the diffusion model. The mean square error for the
experimental versus diffusion model comparison was 7.9%
and for the experimental versus MC, diffusion was 1.4%. For
higher absorption coefficients, the square error can increase
to as much as 93 and 38% for the diffusion and MC-diffusion
comparison, respectively. Larger errors were observed for the
measurements on the higher absorption samples for all sets of
reduced scattering samples.

The parameter (1) can be interpreted as the total fraction of
light that couples into the optical fiber at an angle smaller than
the acceptance angle defined by the fiber NA (), divided by
the total light that enters the fiber face at all angles (8). We have
demonstrated that follows the form for single fibers
used simultaneously as source and detector [13].

(8)

For numerical apertures of 0.39 and a medium with index of
refraction of 1.33, equals 17. Applying this angle in (8) gives

equal to 0.086. The values of calculated from (8) are a
good first approximation for most optical properties (especially
high-reduced scattering coefficients). But they do not agree for
small values of . In fact, may vary as much as twofold
when comparing data for low-reduced scattering with data for
high reduced-scattering coefficients as observed in Fig. 4.
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The cone of collection of an optical fiber (defined by the
fiber NA) is dependent only on the indices of refraction of the
fiber core/clad and the medium where the fiber is in contact
[23]. Changes in the optical fiber collection efficiency for turbid
media arises from differences in the angular distribution of the
photons that reach the fiber for different optical properties.
These changes are not caused by an intrinsic parameter of the
optical fiber, but arise from its use in a turbid media, such as
biological tissues. As a rule of thumb, the fraction of light
collected by an optical fiber in a highly scattering medium
can be approximated by the rule determined for a
single fiber used as source and detector. For multiple-fiber
probes the rule is not as accurate as for the single
fiber case. This occurs because of the introduction of the extra
geometrical parameter of the source detector fiber separation.
The discrepancies become greater for increased absorption.
For small-diameter single fibers the changes in absorption
are less noticeable especially for high-reduced scattering
coefficients due to the probing volume being very small so
that the pathlength for absorption to exert its effect is short.
There exist a transition in behavior of as a function of the
separation between source and detector as shown in Fig. 6.
For large source detector separations the collection efficiency
decreases for small-reduced scattering coefficients (by as much
as twofold) and approach the value of for high-reduced
scattering coefficients [Fig. 6(c) and (d)]. For the very common
probe with six fibers around one, is less dependent on the
reduced scattering coefficient [Fig. 6(b)]. For a single fiber
used as source and detector,behaves differently than for the
case of two or more fibers with separation. In fact the opposite
trend is obtained for low-reduced scattering coefficients and a
twofold increase in can be obtained.

No significant change in was obtained when different mul-
tifiber probe geometries were tested as shown in Fig. 5. The in-
fluence of the diameter of the collection fiber onwas also neg-
ligible (Fig. 7). Fig. 8 shows that, independently of the optical
fiber numerical aperture, approaches the value of
for high-reduced scattering coefficients.

The effects of the anisotropy on the collection efficiency of
the optical fiber are negligible as long as the reduced scattering
coefficient remains the same and the anisotropy is close to one.
We have tested the influence of the launching angle on the op-
tical fiber collection efficiency ( ) and have verified negligible
effects. Keijzeret al. [24] showed that the fluence rate distri-
bution is independent of the launching scheme. Our results for
a single optical fiber confirm those obtained independently by
Moffitt and Prahl [4].

V. CONCLUSION

The parameter is probably best implemented by an
MC-generated lookup table to account for the coupling of
light to the optical fiber since measurement of the light lost
in the cladding is difficult. Knowledge of the optical prop-
erty dependency of can guide the choice of optical fiber
systems to yield a that is less sensitive to changes in the
optical properties (e.g., changing the optical fiber diameter
or the optical fiber NA). Also, the collection efficiency can

be used to understand differences between experimentally
measured data and predicted values determined by models
that do not account for the effects of the optical fiber coupling
as shown in Fig. 3. Prediction of the collection efficiency for
low-reduced scattering coefficients with the analytical formula
(7) produced poor results highlighting the need for numerical
models (e.g., MC simulations). The collection efficiency is
an intrinsic problem for the usage of optical fibers in turbid
media deriving from the fact that the angular distribution of the
photons that return to the optical fiber is different for different
optical properties. For highly scattering samples and a single
optical fiber this distribution behaves as and
the amount of collected light behaves as . For multiple
fiber configurations, the collection efficiency slightly deviates
from this rule and is particularly influenced by the
absorption coefficient of the sample. Nevertheless, this rule of
thumb provides a good estimate of the collection efficiency
of the optical fiber when highly scattering samples are being
measured. The collection efficiency behaves similarly for
different multiple-fiber probe configurations. For a single fiber
used as source and detector, the behavior ofis drastically
changed. Negligible changes in were observed for changes
in the diameter or the numerical aperture of the collection
fiber. The anisotropy of single scattering and the launching
configuration had minimal effects on the collection efficiency.
The parameter can be used as a practical guide for choosing
optical fiber-based systems for biomedical applications.

APPENDIX

CALIBRATION OF SAMPLES

The optical properties of the samples were determined
by added-absorber spatially resolved steady-state diffuse
reflectance measurements [12]. Samples with high microsphere
concentration (8%), no added absorber and low added-absorber
were used in this experiment (0.1, 0.3, and 0.7 cm). Two
400- m-diameter optical fibers (FT400ET, Thorlabs, Newton,
NJ) polished flat at both ends were inserted vertically side by
side within the liquid samples to a depth of approximately
half of its height (1.5 cm deep). The fiber faces were carefully
aligned to the same depth and the fibers were pointing to the
bottom of the container. One fiber was held fixed in the sample
and was connected to a tungsten-halogen white lamp (LS-1,
Ocean Optics, Inc., Dunedin, FL). The other fiber was held by
a translation stage and connected to a diode array spectropho-
tometer (S2000, Ocean Optics, Inc., Dunedin, FL). The initial
fiber separation was measured with a caliper (2.0 mm). The
diffuse reflectance was measured at the initial fiber separation
and for increasing fiber separations in four radial steps incre-
ments of 1.0 mm. The expected range of reduced scattering
coefficients was determined by Mie scattering theory [25]
to vary from approximately 20 down to 10 cm across the
visible spectrum of light (empty circles in Fig. 9). The samples
were assumed to be homogeneous and infinite. Each set of 20
spectra [five fiber separations four samples (no ink and three
increments in ink)] was fitted with a minimum square fitting
routine to the solution of the steady-state diffusion equation
[15] for an infinite medium. The sample with no added absorber
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Fig. 9. Optical property spectra determined for the 1.03�m diameter
microspheres solution at a concentration of 8%. Absorption coefficients of
water (dashed line) and the lowest ink aliquot are shown for comparison.
Empty circles represent the reduced scattering coefficients determined by Mie
theory for this sphere diameter.

had an absorption coefficient composed of just the baseline
microspheres and water absorption coefficients (). The added
absorber samples were assumed to have absorption coefficients
composed of the plus the added titrated ink absorption. All
four samples were assumed to have the same reduced scattering
coefficient ( ). The two fitting parameters were the reduced
scattering coefficient and the baseline absorption coefficient
for the original solution without ink. Values of 0.01 cmand
20 cm at 630 nm were determined for the absorption and
reduced scattering coefficients, respectively. Results are shown
in Fig. 9 along with the absorption coefficient of water (dashed
line) and the absorption coefficient of the smallest aliquot of
ink for comparison.
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