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Modeling of radiation characteristics of semitransparent media containing particles or bubbles in the indepen-
dent scattering limit is examined. The existing radiative properties models of a single particle in an absorbing
medium using the approaches based on (1) the classical Mie theory neglecting absorption by the matrix, (2) the
far field approximation, and (3) the near field approximation are reviewed. Comparison between models and
experimental measurements are carried out not only for the radiation characteristics but also for hemispheri-
cal transmittance and reflectance of porous fused quartz. Large differences are found among the three models
predicting the bubble radiative properties when the matrix is strongly absorbing and/or the bubbles are opti-
cally large. However, these disagreements are masked by the matrix absorption during calculation of radiation
characteristics of the participating medium. It is shown that all three approaches can be used for radiative
transfer calculations in an absorbing matrix containing bubbles. © 2006 Optical Society of America
OCIS codes: 290.4020, 290.5850, 260.3060, 160.2750, 030.5620.

1. INTRODUCTION
Visible and infrared radiation transfer in semitranspar-
ent solids or liquids can be strongly affected by the pres-
ence of entrapped bubbles or particles. This is of interest
in many practical engineering applications ranging from
remote sensing of the ocean surface™ to materials
processing.?”4

Radiation transfer in particulate media has long been a
subject of study, as reviewed by Viskanta and Mengii(;5
and Baillis and Sacadura.® Radiation characteristics of
dispersed particles in a nonabsorbing medium have been
extensively studied. The general way to obtain these ra-
diation characteristics, based on the absorption and/or ex-
tinction and scattering efficiency factors and the scatter-
ing phase function, placed in a nonabsorbing
environment, is by using the classical Mie theory (CMT).”
However, few analyses have been carried out on the ra-
diation characteristics of polydispersed bubbles in absorb-
ing media. Fedorov and Viskanta® have proposed a model
for the effective radiation characteristics of glass foams.
Their analysis was performed for bubbles large compared
with the wavelength of radiation in the limiting case of
anomalous diffraction. Pilon and Viskanta® have studied
the influence of the bubble size distributions and porosity
by using the Fedorov and Viskanta model. Dombrovsky'®
questioned the validity of the previous models and sug-
gested the use of the extended Mie theory11 applied to the
case of large gas bubbles in semitransparent liquid.

For estimating spurious scattering in optical elements,
assessing the attenuation of light in fiber optics, and char-
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acterizing light transport through turbid water, a more
rigorous prediction of light scattering and attenuation by
spherical particles in absorbing media was developed.™
Substituting into the CMT solutions the complex refrac-
tion index of the matrix instead of the real one is an in-
appropriate approximation. In fact, this neglects the at-
tenuation of scattered waves by the absorbing matrix
between the particle surface and the far field zone at
which the CMT solutions were derived. In addition, the
incident intensity needed to define the particle efficiency
factors becomes questionable. The solutions should be de-
rived from the solution of Maxwell’s equa‘cions7 over the
particle surface. Two approaches are usually proposed:
the far field approximation (FFA)'13 and the near field
approximation (NFA).1*1 The FFA was initially devel-
oped by Mundy et al. 1 and Chylek12 by extending the
CMT, i.e., from a particle in a nonabsorbing environment
to a particle in an absorbing environment. The FFA solu-
tions such as the particle extinction™ or absorptionlz and
scattering efficiency factors were defined by using the
true incident intensity on the particle instead of the con-
ventional incident intensity at the particle center.” Sudi-
arta and Chylek14’15 and Lebedev et al.®" have proposed
the NFA, in which the Poynting vectors (i.e., the solutions
of Maxwell’s equations7) are integrated over the particle
surface.

Fu and Sun®® used the NFA to model scattering and ab-
sorption efficiency factors of a coated particle placed in an
absorbing medium. The scattering phase function derived
from the FFA was used. Yang et al. 13 have extended the
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FFA to study the scattering process and the polarization
state during the interaction of an electromagnetic plane
wave with a coated particle embedded in an absorbing en-
vironment. They analyzed the deviation between the ex-
tinction efficiency factor and the ratio of the scattering ef-
ficiency factor to the extinction efficiency factor from the
NFA and FFA and discussed the application fields of these
two approaches. They suggested that the FFA solutions,
defined by using the conventional incident intensity at
the particle center instead of the true incident intensity,
should be used in order to preserve the usual meaning of
radiation characteristics in the radiative transfer calcula-
tions. Recently, Sun et al. 9 compared the model of Fu and
Sun'® with a three-dimensional solution of Maxwell’s
equations,” using the numerical method known as finite-
difference time domain,?° for the radiative properties of a
coated sphere placed in an absorbing matrix. Sharma and
Jones?! have studied the absorption and scattering of
electromagnetic radiation by a large absorbing sphere
containing highly absorbing inclusions. Their system
(large sphere+particle inclusions) was approximated as a
large sphere containing a homogeneous absorbing and
scattering medium characterized by the radiation charac-
teristics of the particle inclusions that use the NFA effi-
ciency factors and the FFA scattering phase function. The
ray tracing method, combined with the Monte Carlo tech-
nique, was used to determine the absorption and scatter-
ing of the incident radiation on the large homogeneous
sphere.

Note that, to date, no model for the radiative properties
of a particle (coated or uncoated) embedded in an absorb-
ing medium is widely accepted. Therefore the aim of this
study is (1) to clarify the issue concerning the appropriate
definition of incident intensity to be applied for computing
the efficiency factors of a single particle in an absorbing
medium, (2) to determine the limits of application of the
FFA, NFA, and CMT in the modeling of the radiation
characteristics of an absorbing heterogeneous medium (in
the CMT, the absorption of the matrix is taken into ac-
count in the effective absorption coefficient calculation
but is neglected during the calculations of single particle
radiative properties), and (3) to compare the radiation
characteristics models based on the FFA, NFA, and CMT
against the experimental data for porous fused quartz.22

In Section 2, models proposed to determine the radia-
tion characteristics of an absorbing medium containing
polydispersed bubbles from the single bubble radiative
properties are first presented. Then, the existing models
for predicting the radiative properties of a single particle
or bubble in an absorbing medium are reviewed. The re-
sults obtained from the models are compared and dis-
cussed for different values of the complex index of refrac-
tion of the surrounding medium. Section 3 is concerned
with porous fused quartz and a comparison of the experi-
mental data with theoretical predictions.

2. THEORETICAL MODELS

A. Radiation Characteristics of a Semitransparent
Medium Containing Polydispersed Bubbles

Let us consider spherical bubbles randomly distributed in
a semitransparent matrix. We assume that there are no
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bubble clusters for a small concentration of bubbles, en-
abling one to treat the bubbles as independent
scatterers.?>?*

Thus the radiation characteristics such as the absorp-
tion coefficient o, and the scattering coefficients o of an
absorbing continuous phase containing polydispersed
spherical bubbles of radius a and size distribution n(a)
(Ref. 21) (or number of bubbles per unit volume having
radius between ¢ and a +da) such that x=2ma/N>1 (Ref.
25) can be calculated as follows”:

N fo -
a, = ag— ﬂf Q,a’n(a)da = ay - 0.75—Q,,, (1)
0 a3z

oy = wf Q.a*n(a)da = 0.75f—UQS, (2)
0 aszg

where ag=4mky/\ is the absorption coefficient of the con-
tinuous phase, f, is the bubble volume fraction or porosity,

Q, is the mean scattering efficiency factor for polydis-
persed bubbles, and @,, is the mean absorption efficiency
factor for polydispersed bubbles if they are filled with the
matrix substance. The average radius asy is defined

ag10:25
o)
f a’n(a)da
0

ag= . 3)
J a’n(a)da
0

The mean efficiency factors @, and @,, are expressed as?®®
f Qjazn (a)da
_ 0

Qj=—0—
J a’n(a)da
0

where @, is the scattering efficiency factor of a bubble of
radius a embedded in the host medium and @,, is the ab-
sorption efficiency factor of a particle of radius a if it is
filled with the matrix substance.'"'%7 @, describes the
ratio between the energy that would be absorbed by the
matrix having size and shape equal to that of a bubble
and the incident intensity on the bubble (which will be
discussed in Subsection 2.B.4) multiplied by the bubble
cross section 7a?. It has the same meaning as the absorp-
tion efficiency factor defined in the theory of light absorp-
tion and scattering by a particle.”?>"*” The introduction of

with j=s orm, (4)

Q,, by means of @,, in Eq. (1) indicates that the absorp-
tion coefficient of the porous medium is solely due to the
matrix volume separating the bubbles.

Note that, in the case of monodispersed bubbles of ra-

dius @, asy reduces to @ and @, and @,, are equal to @, and
Q,,, respectively. In this case, summing Eqgs. (1) and (2)
yields the wusual extinction coefficient of particles
embel(%idle;d in an absorbing matrix as defined by Lebedev
et al.™



Randrianalisoa et al.

Moreover, the scattering phase function ®, of the ab-
sorbing continuous phase containing polydispersed
bubbles is given by the usual formulation for a nonabsorb-
ing matrix> 102

,(0) = 01 Q. (®)a’n(a)da

)

f Q. (0©)a’n(a)da
3fv 0

g f a’n(a)da
0

; (5)

where ¢, is the scattering phase function of a single
bubble of radius a and O is the angle between the incident
and scattered radiations.

The asymmetry factor denoted by g, describing the
relative ratio of the forward to backward scattering, is de-
fined by23_25

1 m
=5 f ®(O)cos O sin OdO. (6)
0

Note that, in practice, it is more useful to use (1) an ap-
proximated phase function such as the Henyey—
Greenstein ~ model®®*  or (2) the transport
approximations, which depend essentially on the
asymmetry factor.

B. Radiative Properties of a Single Particle in an
Absorbing Medium

1. Classical Mie Theory

The Mie theory is the general way of determining the ra-
diative properties such as the scattering (Qi” ), absorption
(Qflw), and extinction (Qﬂl) efficiency factors and the scat-
tering phase function (4Y) of a single particle in a nonab-
sorbing environment.”?’ This theory was shown to be ap-
plicable for bubbles in semitransparent liquid:lO and will
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be used in this study for bubbles embedded in an absorb-
ing matrix by ignoring the effect of the matrix absorption
on @Y, @Y, @Y, and #M.

Considering a bubble or particle with radius a illumi-
nated by a monochromatic plane wave of wavelength A in
vacuum propagating in an attenuating and refracting me-
dium with complex refraction index m, the independent
parameters of the CMT solutions are the relative particle
size parameter ngx, where n is the real part of the com-
plex index m, and the relative complex refraction index
of particle m/ny, in which m=n+j« is the complex refrac-
tion index of the bubble or particle. The efficiency factors
are given by7’27

V(@)= (nm% 2p + (g, * + [b,/*), (7

QY(a)= o R‘*Zl (2p + 1)(a, +b,), (8)

Q=@ -Q, €)

() = — 1S1(@) +[S5(®)[? ’ 10)
> 2p+ D((ayl* +[b,)

p=1

where a, and b, are the Mie coefficients expressed in
terms of the Riccati-Bessel functions.”?” S, and S, are
the usual amplitude functions,7 and Re() corresponds to
the real part of the complex number.

For an absorbing matrix, Q% is required in Eq. (1).
There is no established expression for @ in the conven-
tional theory of scattering and absorption of radiation by
a particle. However, Q],,Vl[ can be derived from the expres-
sion for Qflw , since both have the same meaning. Indeed,
anl can be computed from Eq. (9) by substituting the com-
plex refraction index of the matrix for that of the bubble.

The asymmetry factor gV related to the phase function

&M is given by ®

4> {Re[(p? - 1)(a,_1a, + b, 1b,)/p]+(2p - 1)/(1 - 1/p)Re(a, 1b,_1)}

m_ Pt

g:

Here, the superscript * indicates the complex number
conjugate.

For optically large bubbles (i.e., x>1) in an absorbing
matrix, it can be shown that the CMT solutions for Q%,

2’1 , and g™ converge to the following asymptotic values:

8kox  4ay
M= =, (12)
3 3
Q) =2, (13)

(nox)?QY

(11)

gM=1-045(ny-1), (14)

where ay=apa is called the optical radius of a matrix par-
ticle.

Several studies!' ™! have highlighted the effects of the
matrix absorption on the particle efficiency factors and
the scattering phase function that were not accounted for
in the CMT through Eqgs. (7)-(14). The basic idea is to
solve Maxwell’s equations7 by considering the complex
refraction index of the matrix, m(, and that of the par-
ticle, m. Two approaches are usually proposed to solve
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Maxwell’s equations: (1) the far field approximation
(FFA)'* 13 and (2) the near field approximation
(NFA).'19 These two approaches are detailed in Subsec-
tions 2.B.2 and 2.B.3.

2. Far Field Af)proxzmatwn

Mundy et al.* and Chylek'? have suggested that the re-
lations developed in the CMT based on the FFA, i.e., Eqgs.
(7)—(10), can be extended to analyze the radiative proper-
ties of a particle in an absorbing medium. For an arbi-
trary value of the complex refraction index of the sur-
rounding medium, m, the classical Mie relations can be
generalized by applying the FFA to the formulations of
the scattered and extinction energy expressed in terms of
the Poynting vector integral.”?’ This extension consists in
replacing, in the CMT solutions [Egs. (7), (8), and (10)],
(1) the relative particle size parameters ngx by the com-
plex value mgx and (2) the complex particle refraction in-
dex m/ng by the corresponding relative value m/m. Thus
the efficiency factors of a particle in an absorbing me-
dium, such as Qf and Qf , can be obtained by multiplying
the CMT solutions [i.e., Egs. (7) and (8)] by a factor » such
that

I
7=— exp(- qr), (15)
I;
Qi(r)= ‘ ‘22(2p+1>(|ap|2 + 16,7, (16)
mo
Qf(r) = e ‘2 ReE (2p +1)(a, +b,), (17
my

where r is the radius of the integrating sphere in the far
field zone (r>a) over which the integral of Poynting vec-
tors is evaluated. The coefficients a, and b,, are formally
identical to those for a nonparticipating host medium ex-
cept that the parameter nyx is replaced by mgx and m/n,
by m/mg. The incident intensity I at the bubble center is
evaluated in the absence of the bubble, while ; is the in-
cident intensity on the bubble. The latter will be dis-
cussed in Subsection 2.B.4.

The scattering phase function ¢ and the correspond-
ing asymmetry factor g¥ are similar to the CMT formulas
given by Egs. (10) and (11) but ngx is replaced by myx and
m/ny by m/mg in calculating the Mie coefficients a,, and
b, and the amplitude functions S; and S,.

The efficiency factors QF (r) and QF (r) in Egs. (16) and
(17) are the scattering and extinction efficiency factors de-
fined at distances far from the particle, i.e., in the far field
zone, and depend not only on the matrix properties but
also on the size r of the integrating sphere. In practice,
the particle radiative properties should be independent of
the integrating sphere. Usually, Qf (r) and Qf (r) are res-
caled from the far field zone of radius r to the particle sur-
face by applying a simple exponential factor exp[ag(r
-a)] to Egs. (16) and (17).'"!® This makes the FFA effi-
ciency factors Qf (a) and Qf (a) independent of the far field
distance r, and they can be expressed as!!
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!

Qf(a)= . ‘22 (2p + D(la,* +[b,%), (18)
mo
Qf(a) = e ReE (2p +1)(a, +b,), (19)
mg p=1
with
I
7 = A exp(-ay). (20)

i

Note that the extinction efficiency factor @7 (a) in Eq.
(19) satisfies the relatlonshlp QF (@)=Q,(a)- QF (a)
+QF(a)."™'819 This implies that @"(a) does not have the
same meaning as that of the conventional extinction effi-
ciency factor for which @,=Q,+Q;. In addition, for a non-
absorbing bubble placed in an absorbing environment
(QF 0), the absorption efficiency factor Q can be de-
duced from QF QF QF 1

3. Near Field Approximation

An alternative formulation known as the near field ap-
proximation (NFA) has been proposed by Sudiarta and
Chylek,'*'® Lebedev et al.,'®'” Fu and Sun,'® and Sun et
al.'® The energies absorbed and scattered by the particle
are obtained by computing the integrals of the absorption
and scattering Poynting vectors 2’ over the scatterer sur-
face as opposed to over the surface of a large imaginary
sphere of radius r in the far field zone. This permits one to
obtain the NFA efficiency factors such as Qﬁ,v s Q and QN
independently of the surrounding medium size asl4 1518"

©

I, »

N v * o 92 et *
Q@ = R, R P 2 2+ D=l G004,

Qa (a) - Re{P}‘p|2L e\ p p=1( p + )L[_ lﬂp(P)l/fp(P)

= (0¥, () + by, ()&, (p) + b, 8, ()&, ()
= a, (P& (p) — a, i (p)&,(p) + la, 2, (p)E,(p)

= 16,%&,(0) & ()] {5 (22)

©

> @p+ DIm[y,(0)y, (p)],  (23)

where (p), ¢'(p), &p), and & (p) are the Ricatti—Bessel
functions and their derivatives® with respect to the com-
plex argument p=mx while Im() refers to the imaginary
part of the complex number. Note that here the extinction
efficiency factor can be written as Q]ev =Q]Sv + Qflv 14,18

In the literature, there is no established expression for
the scattering phase function based on the NFA. Existing
calculations'®1%2! of absorption and scattering of electro-
magnetic radiation by particles using the NFA solutions
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[Egs. (21)—(23)] consider the same scattering phase func-
tion as that in the FFA. Similarly, in this work all calcu-
lations related to the NFA consider the FFA phase func-
tion.

Moreover, comparison between Q%(a) and Qi(a) tends
to confirm that the absorption efficiency factors of a par-
ticle filled by the matrix substance from the FFA and NFA
are identical, i.e., @\ (a)=Q" (a). Indeed, the relative dif-
ference was found to be less than 0.5% for bubble size pa-
rameter x in the range from 1 to 10** in an absorbing ma-
trix of optical index ny=1 to 2 and «,=0 to 0.1. This is
expected, since the absorption by the particle is indepen-
dent of the observation zone at which the Poynting vec-
tors are integrated.

4. Choice in the Definition of the Incident Intensity I;

It is now necessary to discuss which expressions for the
incident intensity I; should be used in Egs. (15)—(23) to
define the efficiency factors of a bubble in an absorbing
environment. Two definitions are commonly used: (1) I; is
equal to the intensity at the particle center, i.e.,
I,=1,,"*1%17 and (2) I, is equal to the average incident in-
tensity on the particle, called the “truly incident inten-
sity” and expressed as I;= yI,. 11214151819 The parameter
v is defined as the ratio of the incident energy over the
particle illuminated area evaluated from the integral of
the incident wave Poynting vector, to the incident energy

%

3

>

—
(=

3
3

<

™

<

True incident intensity factor, y
=

—_
o_.

>

=

0.1 i 10
optical radius of a matrix particle, a
Fig. 1. Ratio between the intensities I; and I, as a function of
the optical radius of a matrix particle, a,.

Absorption, o , Scattering coefficients, o

0000 0003 0006 0009 0012 0015

Absorption index of the continuous phase, x;

Fig. 2. Variation of the absorption (@) and scattering (o) coeffi-
cients of a porous medium with A=7 um, x=200, and f,=5% as a
function of «y: solid curve, ay; open symbols, results from the
definition I;=yl; solid symbols, results from the definition I;=1,.
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over the particle of cross section ma2 in the absence of the
particle (i.e., the incident energy evaluated at the ab-
scissa at the particle center). It is given byu’13’14

1+ (ag— Dexp(ay)

ye (24)

i

Figure 1 illustrates the variation of the parameter y as
a function of the parameter ay. One can see that if a
<0.2, then y=1 and the two definitions of intensity give
identical results. Otherwise, one should be cautious in
choosing the expression for the incident intensity I;.

Let us analyze the variations in the effective absorption
coefficient « [Eq. (1)] and scattering coefficient o [Eq. (2)]
of an absorbing medium containing monodispersed
bubbles. The radiation wavelength at A= um is consid-
ered. The bubble radius is taken equal to =100 um, lead-
ing to a size parameter x=200 satisfying the criterion x
>1. The bubble volume fraction f, is taken equal to 5%,
satisfying the independent scattering conditions for large
particles.?®*° The matrix refraction index ny can be cho-
sen arbitrarily, since @,, and @, become independent of n
for a large transparent bubble (x>1 and m=1), as shown
computationally in Subsection 2.B.5. The two definitions
of intensities I and I, are used to determine @,, and @,
for both the NFA and FFA models. Figure 2 shows the
variation of @ and o as functions of the matrix absorption
ko- One can note that if the matrix absorption index « is
increased and the incident intensity definition I;=1vI is
used, the absorption coefficient of the porous medium, «,
is (1) greater than the scattering coefficient o for both the
FFA and NFA and (2) of the same order of magnitude as
that of the matrix absorption coefficient («y) due to the
small void fraction. On the other hand, if the intensity
definition I;=1 is used, as suggested by Yang et al.,'® then
the scattering coefficient o increases as kg increases while
the absorption coefficient « first increases with «y. Then,
o decreases slightly from k;>0.005 to finally decrease
sharply to negative values from «;>0.015. On the con-
trary, this is not observed when the definition I;=1vI is
used. Thus the definition I;=I, seems to be inappropriate
for computing the efficiency factors @,, @,,, and @, of a
bubble in an absorbing environment. Consequently, the
definition of the incident intensity I;=7l is used in the
remainder of this study.

5. Comparison of Predictions of the Classical Mie
Theory, Far Field Approximation, and Near
Field Approximation
Comparison among CMT, FFA, and NFA calculations can
be performed for the scattering efficiency factor and the
scattering phase function or the asymmetry factor. Let us
consider a bubble with m =1 embedded in matrices having
different complex refraction indices my=ng+jkg, such as
no=1.4 and 1.7 and «,=0.0, 1072, 10~3, 102, and 0.1.
The scattering efficiency factors versus the particle size
parameter are plotted in Fig. 3 for ng=1.4 and in Fig. 4
for ny=1.7. One can see that when x;=0, the absorption
efficiency factor vanishes and the three approaches con-
verge to the same solution. In the limiting case when x
> 1, they converge to 2, which is the usual geometric optic
limit for a nonabsorbing particle (bubble in this case).?>%7
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Fig. 3. Bubble scattering efficiency factor @, for ny=1.4 as a
function of the bubble size parameter x.

Scattering efficiency factor, Q
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Fig. 4. Bubble scattering efficiency factor @, for ny=1.7 as a
function of the bubble size parameter x.
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Fig. 5. Comparison among the FFA, NFA, and CMT scattering
efficiency factors @, for ny=1.4 versus optical radius of a matrix
particle, a,. Deviations for x,=10"% and x,=10"? are overlapping.

On the other hand, for an arbitrary value of xy>0, the
FFA and NFA scattering efficiency factors converge as-
ymptotically to 0.5 and 1, respectively. The FFA and NFA
calculations give predictions similar to those of the CMT
up to ap=0.06 and 0.08, respectively, with relative devia-
tion less than 5%, as illustrated in Figs. 5 and 6 as a func-
tion of the optical radius a. Figure 7 reports the relative
deviation between the NFA and the FFA. Here, the rela-
tive deviation between the FFA and NFA predictions is
less than 5% for a7<0.16 and increases with ag to reach
90% for ay=20.

The scattering phase functions from the FFA and NFA
being equal, both approaches give the same asymmetry
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factor. Figures 8 and 9 compare the asymmetry factors g
predicted by the FFA and the CMT for ny=1.4 and 1.7, re-
spectively. The figures show that the FFA and CMT re-
main in close agreement for a;<0.08. Beyond this limit,
the FFA is strongly influenced by the absorption by the
surrounding medium, which is not taken into account in
the CMT model.

Note that similar conclusions are reached when com-
paring the FFA, NFA, and CMT for the different matrix
refraction indices (n). This tends to show that these con-

& (=} 00
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'
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]
‘
=
Il
o
-
<
>

factor, (QsMie_QsF,N) /Qs.vne (%)

93
(=

Relative deviation of Scattering efficiency

0.01 0.1 1 10
optical radius of a matrix particle, a,

Fig. 6. Comparison among the FFA, NFA, and CMT scattering
efficiency factors @, for nq=1.7 versus optical radius of a matrix
particle, a,. Deviations for x,=10~% and k,=10"° are overlapping.
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Fig. 7. Comparison among the FFA, NFA, and CMT scattering
efficiency factors @, versus optical radius of a matrix particle, a,.
Deviations for x,=10"3 and x,=10"° are overlapping.
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Fig. 8. Bubble asymmetry factor g for ny=1.4. The predictions
of g by the FFA and NFA are identical for the values of «, con-
sidered. For k,=0, predictions by the FFA and NFA and the CMT
are overlapping.
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clusions can be valid for radiative properties of a bubble
embedded in any arbitrary absorbing medium.

To complete this comparative study, the differences
among the radiative transfer calculations using the FFA,
NFA, and CMT should be assessed. Recall that in radia-
tive transfer calculations the most important parameters
are the transport extinction 8% and single scattering al-
bedo o', defined as'®?

Br=a+o(l-g), (25)
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L. o1-8)
=T.

Thus the comparison of the transport coefficients G
and o permits one to compare the three approaches. Let
us consider monodispersed bubbles randomly distributed
in an absorbing and refracting matrix with ny=1.4 and
arbitrary values of kg, satisfying the independent scatter-
ing limit, e.g., /,=5%. The scattering phase function for
the NFA is identical to that of the FFA, as assumed in the
literature.'®?! Figures 10 and 11 compare 8 and ' pre-
dicted by the three approaches as functions of the optical
radius ag. It is worth noting that even though important
differences among these three approaches exist for the
scattering efficiency factor and the asymmetry factor
(Figs. 5-9), no significant difference is evident in the
transport properties 8 and " shown in Figs. 10 and 11.
The differences in B expected for large values of a, are
masked by the absorption of the continuous phase (i.e.,
ap= a), since the bubble volume fraction is small in the
independent scattering regime. Moreover, as a increases,
the albedo ' becomes small and tends to 0 [o(1-g)
< B%]. As a result, the three approaches should yield iden-
tical results for transmittance and reflectance calcula-
tions in the independent scattering regime. This conclu-
sion will be confirmed in Subsection 3.E by comparing the
theoretical results based on the above models and experi-
mental data for hemispherical transmittance and reflec-
tance.

(26)

w

3. APPLICATION TO POROUS FUSED
QUARTZ

A. Experimental Data of Volume Fraction and Bubble
Size Distribution of Porous Fused Quartz
The above analysis shows that the bubble size distribu-
tion n(a), the bubble volume fraction f,,, and/or the bubble
average radius asy are important for calculating the ra-
diation characteristics.

The total volume fraction f, can be evaluated by mea-
suring the sample density31:

fo=1-dy/d, (27)

where d, and d, refer to the dense and porous fused
quartz densities, respectively. Several measurements of
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Fig. 12. Bubble normalized size distribution n(a)/N, for N,
=212 measured bubbles.



1652 J. Opt. Soc. Am. A/Vol. 23, No. 7/July 2006

densities of dense and porous fused quartz samples give
the bubble volume fraction equal to f,=4.0% +0.5%.

The size distribution of bubbles for the thin sample
was determined by analyzing high-resolution digital
photographs.31 From image analysis of the total number
of bubbles N,=212, the bubble size distribution was deter-
mined and is depicted in Fig. 12. The corresponding
bubble average radius is about a3y=0.64 mm.

B. Infrared Optical Properties of Fused Quartz

The complex refraction index of fused quartz, my=n,
+j kg, is required in Egs. (1) and (7)—(24). Different rela-
tions for the real part of the complex refraction index of
fused quartz, ng, as a function of wavelength have been
suggested in the literature for different spectral
regions.mf35 The three-term Sellmeier equation proposed
by Malitson>? [Eq. (28) below] is the most commonly ac-
cepted expression in the literature for the spectral range

from 0.21 to 6.7 um at ambient temperature®>31-33:36;
\/ 0.696)\2 0.407)\2 0.897)\2

no(\) = 1+ + + .

oM A2-0.0682 A2-0.1142  \2-9.8912

(28)

The spectral value of «; can be recovered from the nor-
mal spectral transmittance data denoted by T(\), based
on the relationship between T'(\) and «( in which multiple
internal reflections at the sample boundaries are ac-

counted for?231:36.
1
Ko(A\) = — ———
oM 4qe/\

L= e + 4T (NP - [1 - (V) ]2
2T(N)[s(V)]?

X1n

’

(29)

where e is the sample thickness and &(\) is the spectral
Fresnel reflectivity of the air—glass interface for normally
incident radiation, given ]oy23’25

1= o) + [noM) Lo I
1+ noMP + [ngM) Lo

e(N) (30)

In the case of dielectric materials, k3<1 and Eq. (30) sim-
plifies to

[1-noM]?

EPEEE .

e(\)

The normal spectral transmittance of a 6.5 mm fused
quartz sample thickness without bubbles and of identical
composition to that of the porous fused quartz continuous
phase was measured. The absorption index k;, was re-
trieved from Eq. (29). Figure 13 depicts the variation of
the real refraction index n( predicted by Eq. (28), which is
considered in this study, while Fig. 14 compares the val-
ues of k( as a function of wavelength A for the dense fused
quartz with those reported in the literature.3#3>37 The
spectral value of the optical radius of a matrix particle,
ag, is also plotted in Fig. 14; the largest value of a is
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Fig. 13. Refraction index of fused quartz, n,, calculated from
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sponding optical radius a(, with x=2mas,/\ and a3=0.64 mm.

found equal to 0.12 at 2.74 um (with x=2mag9/\=1467)
and 4 um (with x=2ma39/\=1000).

C. Experimental Measurements of Radiation
Characteristics

Experimental radiation characteristics of porous fused
quartz such as the extinction coefficient B)=a, +0,, the
scattering albedo w,=0,/8,, and the scattering phase
function asymmetry factor g are obtained by using an in-
verse method based on the minimization of the quadratic
differences between measured and calculated spectral bi-
directional transmittance and reflectance over discrete
measurement directions. The measured bidirectional
transmittance and reflectance are obtained from an ex-
perimental setup including a Fourier transform infrared
(FTIR) spectrome‘cer22’36’38’39 operating in a spectral
range from 1.67 to 14 um, associated with a liquid-
nitrogen-cooled mercury cadmium telluride detector
mounted on a goniometric system.’®3° The theoretical
spectral bidirectional transmittance and reflectance are
the solution of the radiative transfer equation (RTE) in a
steady state regime, in the azimuthal symmetry case, and
with the emission term disregarded thanks to the radia-
tion modulation and the phase sensitive detection of the
FTIR spectrometer. The radiation characteristics of three
fused quartz samples of different thickness (5, 6, and
9.9 mm) were identified over more than 100 wavelengths
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from 1.67 to 4.04 um as reported by Randrianalisoa et
al.?? More details concerning this inverse method can be
found in Refs. 22 and 36.

The experimental radiation characteristics used in this
study are the averaged characteristics for three samples
and are retrieved by using an inverse method. The experi-
mental uncertainties associated with the radiation char-
acteristics are assumed to be equal to the standard devia-
tion of the radiation characteristics for the three sample
thicknesses.
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=
& 3
i
£ 8
e =
£ 5
S 2
&g
e
W
10°

25 30 35 40 45 50
‘Wavelength, A (um)

15 2.0

Fig. 15. Extinction coefficient S of porous fused quartz.
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Fig. 16. Single scattering albedo  of porous fused quartz.
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Fig. 17. Porous fused quartz asymmetry factor g. The asymme-
try factors predicted by the FFA and NFA are identical.
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D. Comparison between Modeled and Measured
Radiation Characteristics

The radiation characteristics predicted by the three mod-
els based on the FFA, NFA, and CMT are compared with
those measured experimentally. The modeled radiation
characteristics of the absorbing porous medium are ob-
tained by introducing the bubble radiative properties (Q,,
Q,,, and ¢), obtained from either the FFA, NFA, or CMT,
in Egs. (1), (2), and (5). Since bubbles embedded in the
fused quartz are optically large (i.e., x> 1), the asymptotic
solutions of the bubble efficiency factors and asymmetry
factor [Eqs. (12)—(14)] are used for the CMT model. The
extinction coefficient 3, scattering albedo w, and asymme-
try factor g for porous fused quartz with an average po-
rosity f,=4% are presented in Figs. 15-17. Figures 18 and
19 illustrate the effect of the experimental uncertainty of
+0.5% in the measured porosity on the radiation charac-
teristics B and w in the case of the FFA. The same order of
magnitude uncertainties in 8 and o are found for the
FFA, NFA, and CMT. The largest uncertainty is equal to
23% for B and 17% for w.

As is evident, there is good overall agreement among
the three radiation characteristics models and the experi-
mental results, except for the asymmetry factor for wave-
lengths larger than 3.5 um. The deviation noted in the
asymmetry factor can be attributed to (1) the uncertain-
ties in the asymmetry factor g from the inverse method at
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wavelengths larger than 3.5 um, as discussed earlier,?

and (2) the effect of the fused quartz absorption index «q
on g, which is not taken into account in the model based
on the CMT.

E. Comparison between Theoretical and Experimental
Hemispherical Transmittance and Reflectance
Comparison between the calculated and measured hemi-
spherical transmittance and reflectance is also performed.
The FTIR spectrometer is combined with a gold-coated in-
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Fig. 20. Hemispherical transmittance 7% of the 5 mm thick

sample. The results from the FFA and NFA are overlapping.
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Fig. 21. Hemispherical reflectance 7" of the 5 mm thick sample.
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tegrating sphere (CSTM RSA-DI-40D) to measure the
spectral hemispherical transmittance T;'Xp and reflectance
Tep The associated experimental uncertainties are
evaluated by repeating the measurements five times for
each sample. These uncertainties vary with wavelength
from 3% to 8% and 9% to 16% for the transmittance and
the reflectance, respectively. To determine the hemi-

spherical transmittance T, and reflectance Ty, first, the
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radiation characteristics B, w, and ® obtained from mod-
els using an average porosity of f,=4% are introduced in
the RTE (Refs. 22 and 36) to compute the bidirectional
transmittance and reflectance leaving the plane-parallel
slab. Then, the hemispherical transmittance T}, and re-
flectance Ty, are computed by integrating the bidirec-
tional transmittance and reflectance over their respective
hemispheres. Comparison between the calculated and
measured hemispherical transmittance and reflectance
are shown in Figs. 20-23 for the 5 mm and 9.9 mm thick
samples. Very good agreement is observed between the
transmittance and reflectance based on the FFA, NFA,
and CMT radiation characteristics models and those mea-
sured experimentally. Moreover, the FFA and NFA results
are overlapping. The differences observed in the asymme-
try factor g (Fig. 17) between the FFA and the CMT are
not evident in the hemispherical transmittance and re-
flectance results. This can be explained by the good agree-
ment found for the transport parameters S and w'.

The effect of the uncertainty of the porosity measure-
ment on the computed hemispherical transmittance Tt
and reflectance T was found to be of the same order of
magnitude as that of the measured hemispherical trans-
mittance and reflectance uncertainties. They are 3.5% for
the transmittance T}, and 15% for the reflectance T%,. The
same uncertainties are observed for the results based on
the FFA, NFA, and CMT radiation characteristics models.
Figures 24 and 25 illustrate the effects of porosity uncer-
tainties on the transmittance T}, and reflectance Tp,
based on the FFA.

Therefore one can conclude that the three above-
mentioned models for the radiation characteristics are
valid for radiative transfer calculations of the hemispheri-
cal transmittances and reflectances of low porosity and
weakly absorbing material.

4. CONCLUSIONS

Modeling of radiation characteristics of bubbles embed-
ded in an absorbing medium has been presented. The
models based on the classical Mie theory (CMT), the far
field approximation (FFA), and the near field approxima-
tion (NFA) are compared with experimental data for the
radiation characteristics as well as the hemispherical
transmittance and reflectance of porous fused quartz. The
following conclusions can be drawn:

e The bubble efficiency factors predicted by the FFA
and NFA should be defined by using the true incident in-
tensity on the particle instead of that at the particle cen-
ter as in the conventional definition. This is required to
avoid unphysical results when the bubbles are optically
large and the matrix is highly absorbing.

e Large deviations are observed among the FFA, NFA,
and CMT for the efficiency factors [scattering (@,) and ab-
sorption (®,,)] and the asymmetry factor (g) of a bubble
when the matrix is strongly absorbing and/or the bubble
is optically large. However, all three approaches can be
used to perform radiative transfer calculations in an ab-
sorbing matrix containing bubbles even if the matrix is
strongly absorbing and the bubbles are optically large. In-
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deed, the disagreement observed among the three models
is “masked” by the strong absorption of the matrix.

e Good agreement is observed between the experimen-
tal data and the predictions of the models for the radia-
tion characteristics of porous fused quartz containing an
ensemble of optically large polydispersed bubbles and
having a porosity of 4%.

e The validity of the three radiation characteristics
models in the independent scattering limit are confirmed
by comparing the computed and measured hemispherical
transmittances and reflectances of porous fused quartz
samples of different thickness.

Corresponding  author: Jaona  Randrianalisoa,

jaona.randrianalisoa@insa-lyon.fr.
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