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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- d
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- fiber core
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 incide,nt light
coupling dependence on optical properties is verified by comparing R
experimental data to a simple diffusion model and to a Monte Carlo STJ/

fiber clad

HCDIB

(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- |tissue
tems for biomedical applications.

fiber cone of
acceptance

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

. INTRODUCTION

PTICAL fibers are an important tool for remote optical

measurements and have been extensively used as Iightlﬁ@f— 1. Diagramh th the porfsiblt?1 rﬁtgm fpaths ?]f light i? a twlf-fibﬁr
: : : : : nfiguration. Light that reaches the fiber face with an angle smaller than
I|very_and c_oIIectlon_tools _for optlcal dlagnO_SIS'_ They hav_e be_éﬁe half angle of the acceptance cone will be guided through the fiber to the
used in various configurations for the quantitative determinati@gtector g....). Light that reaches the fiber face with an angle greater than

of chromophore concentration [1]—[3], tissue optical properti¢ge half angle of the acceptance cone will escape through the fiber cladding

; ; ; ; ; R1aa). Rair is the light that leaves the tissue outside the fiber apdis the
[4], [5], particle sizes [6], and to monitor pharmacokinetics [7Lresnel reflection due to the fiber/tissue index of refraction mismatch. Light

Two major factors affect the measurement of collected light: &3n aiso be absorbed by the tissue.

light transport from the source to the fiber and 2) light coupling

into the optical fiber (which depends on the angular distribution i i

of photons at the fiber face). Studies of how optical propertiéd€ light transport problem from the fiber-coupling problem are:
affect the intensity of light traveling through a medium hav&) IMmplementation of simpler models for light transport and
resulted in improved light transport models [8]-[12] but |itt|62) b_etter understanding of the mflue_nces of the fiber on the Qe—
work has been done on light coupling into an optical fiber. Sonjgction scheme. The latter may guide the development of im-
investigators consider the light coupling to an optical fiber to b%roved optical flbler—based systems. . )
part of the light transport model (e.g., including the optical fiber W& have previously demonstrated how the light coupling
boundaries in Monte Carlo (MC) simulations [1], [4]) and g&hanges for different optical properties when a single optical

not separate these two factors. Two advantages of separaﬂh?r is used as source and detector [13] by determining the
opiical fiber collection efficiencyr.) as a function of optical

properties. The optical fiber collection efficiency was defined
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whereR..... represents the light that enters the optical fiber core Filter 2ot K

with an angle smaller than the fiber’s half angle of acceptanc v J

[defined by the numerical aperture (NA)] ait,.q represents White light [l 0

the light that enters the optical fiber core with an angle greatd Lens

than the fiber’s half angle of acceptance or enters the fiber cla

with any angle; hence, this portion of the light definedRy.q — d=25mm
escapes through the fiber cladding and is not guided to the d 5;";’;,;;3‘30%@ 8om ?ampﬁ—

tector. The sumR.... + Rcaqa @ccounts for all the light that resolution: 4 nm/bin

enters the fiber face. The same definition of the collection effi- e < 3am 7

ciency can be used to multiple fiber configurations.
The parameteR ... can be determined by integrating thd-ig. 2. Diagram of the experimental setup. A single ¢08-optical fiber
is connected to a tungsten-halogen white lamp and the other is connected to

radiance [In W/(cr?\sr)] within the solid angle of acceptancea spectrophotometer. The space between the fibers is 2.5 mm. Fiber tips are

(24) and the fiber-core are&{,,.) aligned at the same depth 1.5 cm inside the sample. OD filters are used to avoid

. . detector saturation.
Reore = / / L (7,5)dQdS 2)
S, Qo

core

wherer is the position in the medium ards the direction unit
vector.

The total light that enters the fiber face is determined by inx, Optical Phantoms Preparation and Calibration
tegrating the radiance at the fiber face within a solid angle of . . .
Optical phantoms were prepared using latex microspheres

27 steradians. The collection efficiency will depend on the og- 00B. 1.034m di Duke Scientific. Palo Alto. CA
tical properties and on the probe geometry since the radia é& >, L-0opM lameter, ke clentific, ao to, .) as
iji:atterlng elements and India ink (no. 4415, Higgs, Lewisburg,

Il. MATERIAL AND METHODS

probed by the optical fiber depends on the medium optical pro \ -
erties, the fiber position and the viewing direction. The avera ) as tc:\e abs_orlzjer._'lr']he SSS\(;{EUOH Coefﬂr‘:'ent of the Stgc:(
depth from which a photon takes its final unscattered step a was determined with a UV- spectrophotometer (mode

escapes a highly scattering medium will be concentrated clo%}e52A’ Hewlet.t-Packard, Palo Alto, CA)._The optical properties
to the fiber face when the mean free péithfp = 1/(z, + f1.)) of the stock microspheres were.determlned by added-absorber
is small in comparison to the fiber diameter. When the photoFBa“a"y reSOIVEd s_teady—statg diffuse reflectance measurements
have been scattered many times, the angular distribution of ﬂlé] as discussed in App_endlx 1. Samples were prepared with
photons escaping the medium within the area of collection of tﬁgcr(islpheres concentra’gons of 8, 4, anc_j 4% ¢f 17, 8, and

fiber will be nearly uniform events. In this case, the influence (flf ¢ at 630 nm), for_mlng thrge sets with Seven samples for
the medium absorption coefficient and the geometry imp0588Ch 'con.cer}tranon. Dn‘fgrent allqu.ots of India ink were added
by the source-detector fiber separation on the collection eﬁgsultlng in final absorption coeflicients at 6.330 nm of O'l’. 0.3,
ciency are minimal. However, in a low—scattering medium, th%7’ 1.0, 2.0, and 5.0 cm for eac_h scattermg_ set. The final
average depth from which a photon takes its final unscatter%%mple volume was 40 mL held in a 3-cm diameter by 3-cm

step and escapes the medium is much deeper in the mediur#?.eAght container.
greater number of escaping photons within the area of the col- _
lection fiber will escape with preferred angles (depending on tffe Reflectance Measurements and Analysis

probe configuration), making the angular distribution of the eS'SampIes were measured by inserting two independent

caping photons nonuniform. The fraction of escaping photog@o_um optical fibers (FT600ET, Thorlabs, Newton, NJ),
entering the fiber within the cone of collection will be strongl)held by a fixed support with a separation distance of 2.5 mm
influenced by the number of scattering events and by the profig, een them, 1.5 cm below the surface inside the media.
configuration. , _ Fiber tips were carefully aligned to the same height. One fiber
Experimental measurements of the light transport for a flx%s connected to a tungsten-halogen white lamp (LS-1, Ocean
source-detector fiber separation are compared to models baé?)ﬂcs Inc., Dunedin, FL) and the other to a spectrometer
on the diffusion approximation of the steady-state radiati\(%zooc’) Ocean Optic,s Inc., Dunedin, FL) controlled by a
transport with and without correction for the collection effiyy éomputer. The e,xperil,”nental set’up is shown in Fig. 2.
ciency determined from MC simulations. These models Wil oo jisition time was 200 ms. Neutral density filters with
be designed MC-diffusion and diffusion, respectively. W8he- or two-OD (03FNG057 and 03FNGO065, Melles Griot,
demonstrate that, by accounting for the collection efficiency, ina CA) were used to avoid detector saturation. For each
the mean square error between model and experimentyis., ,qphere concentration, the experimental measurements
reduced from 7.9% to 1.4% as the absorption coefficient varigs, . normalized by the measurement of the sample with the
from 0.1 to 5 cnT’, and the reduced scattering coefficienf,yest absorption coefficient (0.1 crh). Normalized data

. 1 )
varies from 4 to 17 cm'. The influence of parameters suchyqre compared to the normalized upward flux at the face of the
as the probe configuration, the collection fiber diameter, the .. jetermined by [15]

numerical aperture, anisotropy of scattering and launching
configuration on the collection efficiency were also tested by o(r)  F(r)-z
MC simulations. Pee=—p—— ®3)
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where¢(r) is the radial fluence rate anfl(r) is the net flux by the NA of the fiber, the escaping photon weight incremented
determine by the variableR..q4. In the MC code, the size of optical fiber

exp (_f) cladding was neglected for simplification. Escaping angles
o(r) :4—Dé (4) were corrected according to Snell's Law to account for the
T L1 - refractive index mismatched at the boundary. The photon was

F(r) = — DV¢(r) = Zo <_ + _> w (5) returned to the tissue with the remaining weighti{’) and
dr \6 ] continued propagating until being terminated according to the

wherez, = 1/(pq + 1), D = 2,/3, 8 = D/u,, and roulette method [19]-[21] to conserve energy. Valuesnof

r? = 22472, The reference depth = 0) was assumed to be thewere determined by combining the values of the bins.. and
fiber face on this analysis. The diffusion upward flux was notR.1.q according to (1).

malized by the upward flux obtained for the optical properties In the first experimeny,. was determined for a large range of
of the lowest absorption samples for each set of microsphemgical properties with the same parameters of the experimental
concentration. The normalized experimental flux was also cosetup (two-fibers configuration in an infinite medium, fiber sep-
pared with an MC-corrected diffusion equation (MC-diffusiorration of 2.5 mm, fiber diameter 6@n and NA of 0.39). Inthe
model). For the MC-diffusion model, the collection efficiencysecond test, the two-fiber configuration in an infinite medium
(n.) of the optical fiber obtained from MC simulations was used@as compared to the two-fiber configuration in contact with a
as a multiplicative correction factor on the diffusion model. Theemi-infinite medium and with a multiple-fiber configuration in
MC-diffusion model was normalized in the same way for consontact with a semi-infinite medium. The multiple-fiber config-

parison with the data. uration was implemented by a central source fiber surrounded
_ _ by a ring of collection fibers. The other parameters were kept
C. MC Simulations the same. The influence of the fiber separation was determined

MC simulations were performed for a set of optica| propern a third experiment with the multiple-fiber configuration in
ties to establish).. The MC model was described elsewhergontact with a semi-infinite medium. The distance between the
[13]. Briefly, photons> 1 000 000 were randomly launched uniSource and collection fibgrs was varied fro_m 0 tq 5 mm. The
formly within the radius of the fiber, forming a collimated beangondition for the separation equal to zero is equivalent to the
into a homogenous medium. Proper boundary conditions WQ@CQI case of a single fiber used as source and detector. The
assigned depending on the medium being infinite or semi-infiber diameter was 60@m and the NA was 0.39. A fourth ex-
nite and the probe configuration being a single fiber, two fiberBeriment was done to evaluate the influence of the collection
or multiple fibers. Each photon was assigned a welghtr,,,, fiber diameter on).. For this test, the diameter of the source
whererg, is the specular reflectance at the fiber tip, prior tfoer was kept constant at 69im and the diameter of the col-
|aunching, and was propagated in the medium by Steps Witﬂ'ﬁgtlon fiber was varied from 10@m to 2 mm. These tests were
random stepsizé = — ln(RN D)/ (j1+11, ), where RNDwas a_performed for the multiple-fiber configuration in contact with a
pseudorandom number uniformly distributed between zero a#@imi-infinite medium and separation between the central fiber
one. After every propagation step, the weight of the photon wagd the center of the ring of 2.5 mm. The NA was kept constant
multiplied by (I — a), wherea = ji./(fta + p1). A new direc- at 0.39. A fifth experiment was done to evaluate the influence
tion was chosen according to the Henyey—Greenstein scatte@ghe numerical aperture op. This experiment was performed
function [16], [17] in (6) for the multiple-fiber configuration in contact with a semi-infi-

) 9 nite medium, with separation between the central fiber and the
cos(f) = S 14 ¢>— ( 1-9 ) . (e) centerofthering of 2.5 mm and with source and collection fiber
29 1-g+29RND diameters of 60Q:m. Simulations were also made to evaluate

The average cosine of the angle of photon deflection bytlg[e influence of the anisotropy and the launching configuration
single scattering event (or anisotropywas set to 0.83 for most in the source fiber. For all simulations the index of refraction of
runs. Different anisotropies were tested to evaluate the moldf sampler,) and fiber () were fixed at 1.335 and 1.458,
dependence on this parameter. respectively.

If a photon crossed an air/sample boundary (in the semi-in-
finite case) with any escaping angle, then the varidhlg was Ill. RESULTS
incremented by a valué (1 —r;), wherer; is the internal spec- . .
ular reflection which varies with angle of escape according to Fig. 3 shows the results for the normalized upward flux as
Fresnel equations [(7), for unpolarized light] [18] a#d was @ function of the absorption coefficient. Each cluster of three

the photon weight at the moment of escape different symbols represents the normalized upward flux de-
1 Tsin2 (B:—0,)  tan? (6: — 61) termined by experimenis{, diffusion approximation), and
R(9) == |—; LRV y URATN I (7) by the MC-diffusion model(I). Measurements on three sam-
2 [sin® (0; +06;)  tan® (6; + ) ples of the 3x 6 matrix are shown with three wavelengths (532,

If the photon crossed a samplef/fiber boundary with @83, and 810 nm) for each sample. The reduced scattering co-
escaping angle smaller than the half angle defined by the NAefficients at 633 nm were 4, 8, and 17 th(top to bottom).
the fiber (e.g., NA= 0.39), the escaping photon weight incre-Error bars are shown for the experiment and for the MC-diffu-
mented the variabl®..... If the photon crossed a sample/fibession model as vertical lines. Mean square errors of 7.9 and 1.4%
boundary with an escaping angle greater than the angle defifeith maximum errors up to 93 and 38%) were determined be-
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Fig. 5. Comparison between the collection efficiency determined by MC

Fig. 3. Upward flux normalized by the fux for the lowest absorption sample &gnulations for two fibers in contact to an infinite medium with no boundaries
a function of the absorption coefficient. The reduced scattering coefficients(@Mpty symbols), two fibers in contact to a semi-infinite medium with an
633 nmwere 4, 8, and 17 cm (top to bottom). Vertical lines for the experiment air/medium boundary (filled symbols), and a multiple-fiber probe with a central
and for the MC-diffusion model are the standard deviation of five measuremefggirce fiber surrounded by an annular detection ring placed on the surface
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of a semi-infinite medium with air/medium boundary (doubled symbols).
Data for the infinite medium configuration are plotted artificially skewed of
—0.2 cnT! and data for the multiple-fiber probe are plotted artificially skewed
of +0.2 cnm! 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 6@0n, 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 cnm ! and data for the multiple fiber
probe are plotted artificially skewed &f0.2 cnm! to help vi-
sualization. Error bars are the standard deviation of five MC
runs. The separation between the source and collection fibers

Fig. 4. Collection efficiencyf.) determined by MC simulations plotted as\yg5 2.5 mm. fiber diameters were 60, and the NA was 0.39.
a function of optical properties for the two-fibers configuration inserted to an ’ i

infinite medium. These values were used to modify the diffusion model into the Collection eﬁiCienCy asa func_tion (_'.)f optical ﬁbe_r separation
MC-diffusion model shown in Fig. 3. Error bars are the standard deviation are shown in Fig. 6 for the multiple-fiber probe with a central

five MC runs with different random number seeds. The separation between 81§, rce fiber surrounded by an annular detection ring placed

source and collection fibers was 2.5 mm, fiber diameters werg:&90and the

NA was 0.39.

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.

tween diffusion and experiment and between MC-diffusion and The influence of the diameter of the collection optical fiber
experiment, respectively.
Collection efficiencies for two fibers in an infinite mediumas shown in Fig. 7. The source fiber was kept with a diameter
with no boundary were determined by MC simulations and aoé 600 :m, separation between the source and collection fibers
shown in Fig. 4 for different optical properties. These valuegsas 2.5 mm, and the NA was 0.39. Coincidentally, the values of
were used to modify the diffusion model into the MC-diffusion;. for ., of 2.5 cnT! andy,, of 1 cm~! (empty circles) overlap
model shown in Fig. 3. Error bars are the standard deviationwith the values obtained fqr’ of 10 cnt! andyu, of 5 cnm!
five MC runs with different random number seeds and 1 000 0@filled diamonds).
photons launched per run. The separation between the sourdéig. 8 shows the influence of the numerical aperture;an
and collection fibers was 2.5 mm, fiber diameters were&®) The chosen NA for these experiments were those of commer-
and the NA was 0.39.

onn. was determined for the multiple-fiber probe configuration

cial optical fibers (0.22, 0.39, and 0.48) [22]. The numerical
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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
Fig. 6. Collection efficiency determined by MC simulations as a function diumerical apertures were corrected by the refractive index of the medium
optical fiber separation for the multiple-fiber probe with a central source fibéf=ampie = 1.335) to account for the effective cone of collection of the optical
surrounded by an annular detection ring placed on the surface of a semi-infifiggr- Dashed lines are the values obtained from (8) (in Section IV) for the
medium with air/medium boundary. (A) is the special case of a single fiber usg@rected NAs. Fiber diameter was 60t and fiber separation was 2.5 mm.
as source and detector. Drawings on top of the figures represent a front view of
the face of the probes.

IV. DISCUSSION
The normalized upward flux in Fig. 3 showed that the

oal ' ' o ='1 o] ' ] MC-diffusion model predicted experimental values better
' a than the diffusion model. The mean square error for the
0.09¢ O p,=5lcm] . experimental versus diffusion model comparison was 7.9%
008 eq © ©® ® * . and for the experimental versus MC, diffusion was 1.4%. For
007, ¢4 ¢ ® ® ® ] higher absorption coefficients, the square error can _incrgase
0.06L | to as much as 93 and 38% for the diffusion and MC-diffusion
= comparison, respectively. Larger errors were observed for the
s E-Zi: 06 ¢ o o o measurements on the higher absorption samples for all sets of
: reduced scattering samples.
0.03} ) . 4 - The parametet,. (1) can be interpreted as the total fraction of
0ol Filed symbols =>p =100 [°m1] ] light that couples into the optical fiber at an angle smaller than
0.01l Empty symbols =>p "= 2.5 [cm ] | the acceptance angle defined by the fiber MA)( divided by
' the total light that enters the fiber face at all angles (8). We have
% 05 1 15 > 25  demonstrated that. follows the formsin? (6, ) for single fibers
Fiber Diameter [mm] used simultaneously as source and detector [13].
_ Reore fo% de foea cos(f) sin(6)do
Fig. 7. Influence of the diameter of the collection optical fiber xan as © Reon fO% d¢ foﬂ/z cos(#) sin(6)dd
determined for the multiple fiber probe configuration. The source fiber was 0,

kept with a diameter of 60pm, separation between the source and collection

fibers was 2.5 mm, and the NA was 0.39. Valuesjoffor n/ of 2.5 cnr? - Sin2(9)
(empty symbols) and fqe’, of 10 cm* (filled symbols are shown). Error bars 0 . 9
are the standard deviation of five MC runs and, in most cases, are smaller than =T 52 sin®(0,) (8)
the symbols. . 9
—msin”(6)
0

For numerical apertures of 0.39 and a medium with index of
apertures were corrected by the refractive index of the mediuefraction of 1.334, equals 17. Applying this angle in (8) gives
(nsample = 1.335) to account for the effective cone of collectior. equal to 0.086. The values gf calculated from (8) are a
of the optical fiber. Dashed lines are the values obtained fragood first approximation for most optical properties (especially
(8) (in Section 1V) for the corrected NAs. Values @f for 1/,  high-reduced scattering coefficients). But they do not agree for
of 2.5 cn ! andp, of 1 cm~! (empty circles) coincidentally small values ofu’. In fact, 5. may vary as much as twofold
overlap with the values obtained fpf, of 10 cn! andy, of when comparing data for low-reduced scattering with data for
5 cm! (filled diamonds). high reduced-scattering coefficients as observed in Fig. 4.
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The cone of collection of an optical fiber (defined by thée used to understand differences between experimentally
fiber NA) is dependent only on the indices of refraction of theneasured data and predicted values determined by models
fiber core/clad and the medium where the fiber is in contatttat do not account for the effects of the optical fiber coupling
[23]. Changes in the optical fiber collection efficiency for turbichs shown in Fig. 3. Prediction of the collection efficiency for
media arises from differences in the angular distribution of thew-reduced scattering coefficients with the analytical formula
photons that reach the fiber for different optical propertie§7) produced poor results highlighting the need for numerical
These changes are not caused by an intrinsic parameter ofrtiadels (e.g., MC simulations). The collection efficiency is
optical fiber, but arise from its use in a turbid media, such as intrinsic problem for the usage of optical fibers in turbid
biological tissues. As a rule of thumb, the fraction of lightnedia deriving from the fact that the angular distribution of the
collected by an optical fiber in a highly scattering mediurphotons that return to the optical fiber is different for different
can be approximated by theén?(d,) rule determined for a optical properties. For highly scattering samples and a single
single fiber used as source and detector. For multiple-fibeptical fiber this distribution behaves ass(f,)sin(f,) and
probes thesin®(f,) rule is not as accurate as for the singléhe amount of collected light behavessas® (6, ). For multiple
fiber case. This occurs because of the introduction of the exfitaer configurations, the collection efficiency slightly deviates
geometrical parameter of the source detector fiber separatisom this sin?(6,,) rule and is particularly influenced by the
The discrepancies become greater for increased absorptaimsorption coefficient of the sample. Nevertheless, this rule of
For small-diameter single fibers the changes in absorptithumb provides a good estimate of the collection efficiency
are less noticeable especially for high-reduced scatteriofjthe optical fiber when highly scattering samples are being
coefficients due to the probing volume being very small smeasured. The collection efficiency behaves similarly for
that the pathlength for absorption to exert its effect is shodifferent multiple-fiber probe configurations. For a single fiber
There exist a transition in behavior gf as a function of the used as source and detector, the behavioy.of drastically
separation between source and detector as shown in Figcléanged. Negligible changesip were observed for changes
For large source detector separations the collection efficienaythe diameter or the numerical aperture of the collection
decreases for small-reduced scattering coefficients (by as méibler. The anisotropy of single scattering and the launching
as twofold) and approach the valuesof? (6,,) for high-reduced configuration had minimal effects on the collection efficiency.
scattering coefficients [Fig. 6(c) and (d)]. For the very commonhe parameter. can be used as a practical guide for choosing
probe with six fibers around one, is less dependent on theoptical fiber-based systems for biomedical applications.
reduced scattering coefficient [Fig. 6(b)]. For a single fiber
used as source and detectgrpehaves 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 im. can be obtained. The optical properties of the samples were determined
No significant change in. was obtained when different mul-py added-absorber spatially resolved steady-state diffuse
tifiber probe geometries were tested as shown in Fig. 5. The fflectance measurements [12]. Samples with high microsphere
fluence of the diameter of the collection fibergrnwas also neg- concentration (8%), no added absorber and low added-absorber
ligible (Fig. 7). Fig. 8 shows that, independently of the opticalere used in this experiment (0.1, 0.3, and 0.7 &n Two
fiber numerical aperture;. approaches the value ein*(6,)  4004m-diameter optical fibers (FT400ET, Thorlabs, Newton,
for high-reduced scattering coefficients. NJ) polished flat at both ends were inserted vertically side by
The effects of the anisotropy on the collection efficiency dfide within the liquid samples to a depth of approximately
the optical fiber are negligible as long as the reduced scatterigf of its height (1.5 cm deep). The fiber faces were carefully
coefficient remains the same and the anisotropy is close to ogggned to the same depth and the fibers were pointing to the
We have tested the influence of the launching angle on the @@ttom of the container. One fiber was held fixed in the sample
tical fiber collection efficiencys.) and have verified negligible and was connected to a tungsten-halogen white lamp (LS-1,
effects. Keijzeret al. [24] showed that the fluence rate distri-Ocean Optics, Inc., Dunedin, FL). The other fiber was held by
bution is independent of the launching scheme. Our results fpkranslation stage and connected to a diode array spectropho-
a single optical fiber confirm those obtained independently hiymeter (S2000, Ocean Optics, Inc., Dunedin, FL). The initial
Moffitt and Prahl [4]. 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
The parameterm,. is probably best implemented by ancoefficients was determined by Mie scattering theory [25]
MC-generated lookup table to account for the coupling @b vary from approximately 20 down to 10 crh across the
light to the optical fiber since measurement of the light lostisible spectrum of light (empty circles in Fig. 9). The samples
in the cladding is difficult. Knowledge of the optical prop-were assumed to be homogeneous and infinite. Each set of 20
erty dependency of). can guide the choice of optical fiberspectra [five fiber separations four samples (no ink and three
systems to yield &, that is less sensitive to changes in thencrements in ink)] was fitted with a minimum square fitting
optical properties (e.g., changing the optical fiber diametesutine to the solution of the steady-state diffusion equation
or the optical fiber NA). Also, the collection efficiency can[15] for an infinite medium. The sample with no added absorber
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10? T T T T T [6] M. Canpolat and J. R. Mourant, “Particle size analysis of turbid media
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oo S detect white light,"Appl. Opt, vol. 40, pp. 3792-3799, 2001.
10" | Hg E [7] D.R. Braichotte, G. A. Wagnieres, R. Bays, P. Monnier, and H. E. van
den Bergh, “Clinical pharmacokinetic studies of photofrin by fluores-
cence spectroscopy in the oral cavity, the esophagus and the bronchi,”
Cancer vol. 75, pp. 2768-2778, 1995.
A [8] S.L.Jacques, “Modeling light transportin tissue,Biomedical Optical
’ Instrumentation and Laser-Assisted BiotechnoJogyM. V. Scheggi,
Ed. Dordrecht, The Netherlands: Kluwer, 1996, pp. 21-32.
[9] M. Sinaasapel and H. J. C. M. Sternborg, “Quantification of the
J hematoporphyrin derivative by fluorescence measurement using
dual-wavelength excitation and dual-wavelength detectidpgl. Opt,
p vol. 32, pp. 541-548, 1993.
10 / water 4 [10] J. Wu, M. S. Feld, and R. P. Rava, “Analytical model for extracting in-
) e trinsic fluorescence in turbid mediaippl.Opt, vol. 32, pp. 3585-3595,
’ 1993.
10200 500 500 700 800 900 7000 [11] C. M. Gardner, S.. L. Jacques, and A. J. Welch, “Fluorescence spec-
troscopy of tissue: Recovery of intrinsic fluorescence from measured
Wavelength [nm] fluorescence, Appl. Opt, vol. 35, pp. 1780-1792, 1996.
[12] W. B. Pogue and T. Hasan, “Fluorophore quantitation in tissue-simu-
Fig. 9. Optical property spectra determined for the 1/08 diameter lating media with confocal detectionlEEE J. Quantum Eletronvol.
microspheres solution at a concentration of 8%. Absorption coefficients of 2, pp. 959-964, Dec. 1996.
water (dashed line) and the lowest ink aliquot are shown for comparison[13] P. R. Bargo, S. S. Prahl, and S. L. Jacques, “Collection efficiency of a
Empty circIe; represent the reduced scattering coefficients determined by Mie single optical fiber in turbid mediaAppl. Opt, vol. 42, pp. 1-11, 2003.
theory for this sphere diameter. [14] B. C. Wilson, “Measurement of tissue optical properties: Methods and
theories,” inOptical-Thermal Response of Laser Irradiated Tisste
J. Welch and M. J. C. van Gemert, Eds. New York: Plenum, 1995, pp.
233-274.
W. M. Star, “Diffusion theory of light transport,” i@ptical-Thermal Re-
sponse of Laser Irradiated Tissu&. J. Welch and M. J. C. van Gemert,

had an absorption coefficient composed of just the baseling®!

microspheres and water absorption coefficienfy(The added Eds. New York: Plenum, 1995, pp. 131-206.
absorber samples were assumed to have absorption coefficieit§] L. G. Henyey and J. L. Greenstein, “Diffuse radiation in the galaxy,”
composed of the? plus the added titrated ink absorption. All Astrophys. J.vol. 93, pp. 70-83, 1941.

f | dtoh th d d tt l%17& A. N. Witt, “Multiple Scattering in Reflection Nebulae. I. A Monte Carlo
our samples were assumed to have the same reduced scatterin Approach,"Astrophys. J.vol. 35, pp. 1-6, 1977.

coefficient (). The two fitting parameters were the reduced[ig] E. Hecht, Optics 4th ed. New York: Addison-Wesley, 2002, pp.
scattering coefficient and the baseline absorption coefficient =~ 113-122.

for the original solution without ink. Values of 0.01 cthand ~ [19] L. Wang, S. L. Jacques, and L. Zheng, "MICML—Monte Carlo modeling
of light transport in multi-layered tissuesZomp. Meth. Prog. Biomed.

20 cm ! at 630_ nm were determined f_or the absorption and g 47, pp. 131-146, 1995.
reduced scattering coefficients, respectively. Results are showep] S. A. Prahland S. L. Jacques. Monte Carlo Simulations. [Online]. Avail-
in Fig. 9 along with the absorption coefficient of water (dashed _ able: hitp://omic.ogi.edu/software/mc/

. . - . 21] S. A. Prahl, “Light transport in tissue,” Ph.D. dissertation, Univ. of
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