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Lambertian illumination of dielectric scattering media with monochromatic light
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We study the Lambertian illumination of dielectric media with monochromatic light by numerically solving
Maxwell’s equations in three dimensions. We compute the average energy density inside spherical and cubic
objects with a uniform refractive index. The Lambertian illumination of objects with uniform refractive index
reproduces the known enhancement of the average energy density equal to the third power of the refractive
index if the surface is sufficiently textured. Furthermore, inhomogeneous refractive index distributions with
scattering areas much smaller than the wavelength, of the order of the wavelength, and larger than the wavelength
are studied. The average energy density inside these media is compared to effective medium theories. Our
investigation shows that the average energy density enhancement inside scattering media with scatterers much
smaller than the wavelength can be modeled accurately with effective medium approximations.
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I. INTRODUCTION

Understanding light propagation inside complex media is
of great interest in many different areas of research and
engineering science. Examples are imaging under complex
conditions such as for noninvasive biological imaging [1] or
improving photovoltaics for energy harvesting in engineering
science [2]. In general, to understand light propagation in
a specific situation theoretically, it is necessary to consider
the detailed material properties and the illumination scenario.
If the illumination is isotropic and uniform, which is often
termed Lambertian illumination, some general conclusions
for the light field can be made. For example, Lambertian
illumination of a planar semi-infinite surface results in a
Lambertian distribution of the reflected light [3]. The light
distribution inside objects, such as textured sheets, with re-
fractive index n was studied by Yablonovitch in the context
of light trapping in solar cells [4]. He showed that for er-
godic systems, the intensity enhancement inside the medium
is equal to n?, and if absorbing regions inside the medium
are present, the absorption enhancement cannot exceed ~4n?.
This limit was derived by statistical geometrical optics. Later
it was shown that this limit can be surpassed in the context
of nanophotonic light trapping in solar cells [5]. Closely re-
lated to this subject is the phenomenon of mean path-length
invariance of random walks [6], which is a generalization of
the mean chord-length theorem [7]. This invariance property
states that the mean path length across a finite nonabsorbing
system is only dependent on the volume and surface of the
system and not on the characteristics of the scattering process.
A similar invariance property for wave scattering through
turbid media could also be found in resonant structures as well
as in the ballistic, chaotic, and localized scattering regime [8].
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Recently, the mean path-length invariance has been observed
for light in the visible range for different scattering media
[9]. Theoretical investigations based on the radiative transfer
equation for simple dielectric scattering objects, such as a slab
or a sphere filled with scatterers, under Lambertian illumina-
tion showed that this mean path-length invariance scaled by a
factor n2, which is related to the intensity enhancement due to
Yablonovitch, still holds [10,11].

The theoretical investigations in the mentioned publica-
tions concerning Lambertian illumination are often based on
either ray optics, radiative transfer theory, numerical solutions
of the Helmholtz equation inside a two-dimensional (2D)
waveguide geometry, or statistical temporal coupled-mode
theory for periodic structures. In our study we make use of
rigorous numerical solutions to Maxwell’s equations in three
dimensions to obtain the electromagnetic field distribution
inside dielectric objects which are subject to Lambertian illu-
mination. We investigate the energy density distribution inside
the objects. We have to emphasize that we do not investigate
the intensity of the light, which is often either defined as
proportional to the electric field squared or the absolute value
of the Poynting vector. These definitions of the intensity can
yield different results, especially for Lambertian illumination.
The use of the absolute value of the Poynting vector as a
measure of intensity would result in a vanishing average in-
tensity in regions under Lambertian illumination. We believe
that the average energy density of the electromagnetic field is
in this context more appropriate as it can be directly linked
to quantities of the radiative transfer theory without a scaling
factor [12,13].

In Sec. II we first describe the term Lambertian illumi-
nation and the consequences for the light distribution inside
dielectric scattering objects. Furthermore, the simulation ap-
proach to obtain the electromagnetic fields and the energy
density distribution is described. Subsequently, the results are
presented and discussed in Sec. III, where first finite media
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with a uniform refractive index are investigated (Sec. III A),
and second, volume scattering media composed of scatterers
with different sizes, refractive indices, and volume fractions
(Sec. III B). Finally, a summary and a conclusion can be found
in Sec. IV.

II. THEORY AND SIMULATION APPROACH
A. Lambertian illumination

Lambertian illumination is the isotropic and homogeneous
illumination of a medium. Lambertian illumination of an
ergodic system guarantees that all modes are occupied in
equilibrium. If the medium is a dielectric and has a uniform
refractive index n, the energy density w(w) in a small fre-
quency band wdw inside the object is equal to that of the
blackbody radiation in a vacuum multiplied by a factor of n?
[14,15]. In the small frequency band it is assumed that the
refractive index is constant. This result can also be derived
based on fluctuating fields [14]. It has to be mentioned that in
order to obtain the intensity enhancement of »? the intensity
is defined as I = wvg, with the group velocity v, of light
inside the medium [4]. In our case, the illumination comprises
only one frequency w and is therefore monochromatic. The
enhancement of the energy density for a single frequency is
still valid if the illuminated object is also nonabsorbing [15].

For Lambertian illumination with only one frequency, the
light field in a vacuum is a three-dimensional speckle pattern.
It is similar to the interference of many plane waves travel-
ing in all directions. To obtain a meaningful average energy
density (w) of a Lambertian monochromatic light field it is
necessary to average over a sufficiently large area containing
many speckles of size ~A. The average energy density inside
a vacuum is denoted by wy. Consequently, the average energy
density enhancement inside homogeneous dielectric media is

— =n (1)

In the case of a dielectric medium with a nonuniform
refractive index n(r) Eq. (1) is still valid locally if the re-
fractive index slowly varies over areas much larger than the
wavelength [15]. Therefore, we can obtain the average energy
density (w) inside a scattering medium by averaging the local
energy density w(r) over its volume V. The average energy
density enhancement is calculated as

(w) _ Jywmdv _ [yn@)av
wo - Vwo - \% ’

2)

If the medium is composed of N discrete scatterers or subvol-
umes with a uniform refractive index, the integral in Eq. (2)
can be replaced by a sum over all subvolumes

w _ XN:rﬁf ‘ 3)
wo i iJV,i»

where fv; denotes the volume fraction and n; the refractive
index of the ith subvolume inside the medium. For a discrete
medium composed of only two discrete refractive indices 7,
and n,, where one type has a volume concentration of fy,

Eq. (3) reduces to

% = fyn} + (1 — fy)n3. 4)

If the local change in the refractive index varies much
faster than the wavelength, the above equations are not valid
anymore. However, we can approximate the inhomogeneous
medium with fast variations in the refractive index as a homo-
geneous medium with an effective refractive index denoted
by 7i. The most common theories from which an effective
refractive index can be obtained are the Maxwell-Garnett
(MG) and the Bruggeman (BG) effective medium approxi-
mations [16,17]. From these theories, one can calculate an
effective permittivity dependent on the permittivity and vol-
ume fraction of its components. Effective medium theories
can improve the modeling of light scattering of colloidal
aggregates [18] but also may have their limitations [19]. We
rewrite the equations in terms of the refractive index, which
is related in the case of nonmagnetic media to the permittivity
€ by n = /€ /€y, where € is the vacuum permittivity. For a
two-component system with refractive indices n; and n, and
volume fraction of component 1, fy (component 2 has the vol-
ume fraction of 1 — fy), the Maxwell-Garnett approximation
gives an effective refractive index of

2_ 2 1/2
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n, is often called the refractive index of the host medium.
From the effective medium approximation of Bruggeman, one
can obtain an effective refractive index with the following
equation:

1
figg = E\/(b+\/8n1n2 +b2), (6)

with b =n?(3fy — 1) +n3(2 — fv). Both theories assume
that the inclusions are spherical and the field inside the in-
clusion is homogeneous. This is equivalent to the statement
that the inclusions are much smaller than the wavelength.
We can also obtain an “effective” refractive index by aver-
aging over the permittivity or the refractive index inside the
inhomogeneous dielectric medium. These approximations are
heuristic approaches and the formulas are not derived from
first principles. Volumetric averaging over the permittivity of
a two-component medium gives

ﬁs,avg = \/fvn% + (1 - fV)n%’ N
while averaging over the refractive index gives
ﬁavg = fvm + (1 = fv)ns. ®)

We suggest to use Eq. (1) with an effective refractive index to
obtain the average energy density enhancement in inhomoge-
neous dielectric media with scattering volumes much smaller
than the wavelength.

B. Classical electromagnetism and numerical simulation

In classical electromagnetism, light can be described by
the complex electric vector field E(r,¢t) and the complex
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magnetic vector field H(r, t). Both fields are dependent on
position r and time ¢. For a specific complex refractive index
distribution n(r) and incident field, E(r, t) and H(r, t) have to
fulfill Maxwell’s equations [20]. Energy conservation for the
electromagnetic field is commonly described by Poynting’s
theorem. We further restrict ourselves to linear, nonmagnetic,
and static media, which have a scalar and real permittivity
€(r). Because we are only interested in time-harmonic fields,
the time-averaged energy density (w(r)); is calculated by

(w(r)) = He@IE®)* + pnolHr)I*1. )

The vacuum permeability is denoted by wg, and the permit-
tivity is related to the refractive index distribution by n(r)> =
e(r)/eo.

Maxwell’s equations can only be solved analytically in a
few special cases, for example, if a plane wave is scattered by
a sphere or cylinder [21]. For complex scenarios, the electro-
magnetic fields are usually obtained from numerical solutions
of Maxwell’s equations. In this study, we use an iterative
approach based on a modified Born series [22] to compute the
electromagnetic fields in three dimensions for time-harmonic
fields with vacuum wavelength X. This approach is grid based.
Therefore, the refractive index distribution in the simulation is
discretized by cubic voxels. In all simulations presented in this
study, the voxels have a side length of A/12.5. To simulate a
Lambertian illumination, as described in the previous section,
we use 3000 plane waves of a single wavelength A randomly
incident from all directions in the 4w angular space. This
approach has been recently used to simulate isotropic illu-
mination to study spatial coherence of light inside scattering
media [23]. With the obtained electromagnetic fields, the en-
ergy density in the simulation region is calculated with Eq. (9).
Averaging over a volume which contains many speckles yields
the volume-averaged energy density (w);.

III. RESULTS AND DISCUSSION

A. Dielectric objects with uniform refractive index

According to Yablonovitch, the enhancement of the energy
density in sufficiently textured sheets or objects is described
by Eq. (1). To verify this dependency with full vectorial elec-
tromagnetic simulations, we first consider a cube with a side
length of 20A and a sphere with a diameter of 20A, which
are shown in Figs. 1(a) and 1(b). To texture the surface of
the cube, we distributed pyramids with side lengths for the
base area equal to A on one face of the cube. The height
of each pyramid was chosen randomly between zero and A,
and consecutive pyramids are nonoverlapping. This textured
face was applied to the remaining faces to obtain the textured
cube shown in Fig. 1(c). To texture the sphere, we picked
500 points on the surface of the sphere with approximately
equal area by applying a Fibonacci grid technique [24]. At
each surface point, we positioned a cone with a base diameter
of 21 and a random height between 0.51 and 2.5A. As can
be seen from Fig. 1, the cones can overlap. All four objects
have a uniform refractive index distribution inside their vol-
ume and are located in a vacuum. We performed simulations
for the different bodies under Lambertian illumination and
varied the refractive index inside each object. The refractive
indices inside have values between n = 1.0 and n = 2.5. The

(b)
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FIG. 1. Objects with smooth surfaces: (a) cube with a side length
of 20X and (b) sphere with diameter of 20A. Objects with textured
surfaces: (c) cube with a side length of 201 and textured surface
modeled by equidistantly spaced pyramids with random height and
(d) sphere with diameter of 20A and textured surface with cones of
random height.

electromagnetic fields were used to calculate the energy den-
sity distribution (w(r)),;/wo with Eq. (9). The energy density
distributions for a refractive index of n = 2.5 over an xy slice
through the middle of the objects are shown in Fig. 2(a).
Besides the fast fluctuating nature of the interference patterns,
the energy density distribution over the xy slices inside the
flat cube and the textured cube is uniform. In contrast, the
distribution of the energy density inside a smooth sphere is
position dependent. This behavior can be explained even by
the radiative transfer theory [11]. The energy density or flu-
ence rate inside a concentric sphere of radius R, = (1/n)Ry is
homogeneous. The radius of this sphere is shown in Fig. 2(a)
for the sphere with a smooth surface with a dashed green
line. If the smooth sphere is sufficiently textured, the energy
density becomes independent of the location inside the sphere,
as can be seen in Fig. 2(a). The average internal energy den-
sity was calculated by integrating the energy density inside
each object and dividing it by its volume. The volume over
which the average was performed is shown by the dashed red
lines in Fig. 2(a). The normalized average energy densities
and the theoretical model described by Eq. (1) are shown in
Fig. 2(b). If the surfaces of the cube and the sphere are suf-
ficiently textured the energy density enhancement follows the
n? law. The energy density distribution becomes independent
of the surface shape. The difference in the energy density
enhancement for the textured and smooth objects increases
with increasing refractive index. The reason for this is that the
objects under study have high symmetry and are nonergodic.
Therefore, not all modes can be excited from the outside of
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FIG. 2. Lambertian illumination of objects with uniform refractive index distribution. (a) Energy density distributions over xy slices through
the middle of the different objects with n = 2.5. The left column shows the cubic media and the right column the spherical media (top, smooth
surface; bottom, textured surface). The dashed red lines denote the averaging area, and the scale bar is 5A. The dashed green line denotes the
area calculated from the radiative transfer theory in which the energy density is homogeneous. (b) Volume-averaged energy density over the
refractive index for the smooth and textured objects. The red line denotes the theoretical enhancement of the energy density.

the objects. In summary, the energy density enhancement for
smooth objects depends strongly on the shape of the objects.
For small refractive index differences between the object and
the surrounding, the deviation to the theoretical model in
Eq. (1) becomes smaller for objects with smooth surfaces.

B. Volume scattering dielectrics

In this section, we study the energy density inside volumes
filled with dielectric scatterers. In the following, we investi-
gate different scatterer sizes, volume fractions, and refractive
indices.

1. Size of the scatterers < A

To simulate small scatterers, we chose the smallest possible
scatterer volume in our simulations, which is a cubic voxel
of our simulation grid. Therefore, the scatterer has sides of
length 0.08X. Since the scattering objects are much smaller
than the wavelength, we assume that the shape does not
play an important role and that the scattering voxels behave
approximately like radiating dipoles but still have a finite
amount of volume. This choice makes it possible to investigate
volume fractions fy between zero and 1. In Fig. 3(a), a part
of the volume of a typical scattering medium with fy = 0.5,
a textured-cubic bounding volume, and refractive indices of
n; =2 and np; = 1.5 is shown. In Fig. 3(b) the normalized
energy density over an xz slice is shown, where the energy
density distribution looks similar to the distribution inside a
homogeneous medium [see Fig. 2(a)].

As a first study, we randomly distributed scatterers with
refractive index n; = 2 with different volume fractions inside
the four bounding volumes from the previous section. The
refractive index of the background medium inside and outside
the bounding volume is n, = 1.0. The average energy density
enhancement obtained from the simulations inside the bound-
ing volumes is shown in Fig. 4. For the different bounding
volumes (w),/wy gives similar results for volume fractions
fv < 0.8. Hence, for these volume fractions, the bounding
volume is not important because for low concentrations and

the same background refractive index inside and outside the
volume, there is no flat surface and for larger concentrations,
the volume scattering guarantees equipartition of all modes
inside the bounding volume. For fy > 0.8 the results show
larger deviations between the smooth and textured bounding
volumes. Textured bounding volumes under Lambertian illu-
mination, no matter if it is a sphere or a cube, give similar
results as the surface structure guarantees the equipartition
of all modes. In the case of smooth bounding volumes, the
equipartition of all modes might not be fulfilled, which ex-
plains the difference between the enhancement for media
with cubic and spherical bounding volumes. If the volume
fraction reaches fv = 1, i.e., the scattering diminishes, the
results from the previous section are obtained. The results for
scattering media composed of small scatterers can be com-
pared to the theoretical model in Eq. (1), where the refractive
index n is replaced by the effective refractive index 71, which
is dependent on the volume fraction. We compare theoretical
models with the effective refractive index from the Brugge-
man and Maxwell-Garnett effective medium approximations
(figg, imc) and due to volume averaging over the permittivity

FIG. 3. (a) The clipped volume of the scattering medium with
voxel scatterers with side length 0.08A, n; = 2 (gray areas), and fy =
0.5. Inside the textured cubic bounding volume, the background
medium has a refractive index of n, = 1.5 (blue areas). (b) The
normalized energy density over an xz slice. The dashed red lines
denote the averaging area, and the scale bar equals SA.
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FIG. 4. Volume scattering medium with scatterers smaller than the wavelength and n; = 2. (a) The average energy density enhancement
over the volume fraction fy for different bounding volumes. The black lines show the different theoretical models. (b) The relative differences
for the different bounding volumes to the different theoretical models. The line style denotes the theoretical model and the color denotes the

bounding volume type.

distribution 7ic .y, and the refractive index distribution fi,y,.
The relative differences between the theoretical models and
the simulations is shown in Fig. 4(b). We find that for low
concentrations (volume fraction < 0.2) the Bruggeman and
Maxwell-Garnett approximations give the best predictions of
the energy density enhancement. For larger concentrations,
the model of the refractive index averaged effective medium
approximation shows the smallest relative differences to the
simulation data. In the case of a uniform refractive index,
all theoretical models approach the same value. Additionally,
we simulated random scatterer distributions with different re-
fractive indices of the scatterers and the background medium
inside the bounding volume. To avoid a strong influence of
the bounding volume for large scatterer concentrations, as
resulted for the cube and sphere with smooth surfaces, we fur-
ther use the textured cube as a bounding volume. In Fig. 5 the
results for three different combinations of scatterer refractive
index n; and background medium in the bounding volume n;
are shown. The results for n; = 2.0 from the previous figure
are shown again. The refractive index outside the bounding
volume is 1.0. For all three scenarios, the average energy
density enhancement can be well approximated with the third
power of the refractive index and an effective medium theory.
As before, the average over the refractive index matches the
simulations best over the full range of concentrations. For
small refractive index contrasts, the difference between the
effective medium approximations becomes smaller as can
be seen for the cases of n; = 2.0, n, = 1.0 and n; = 2.0,
ny = 1.5.

2. Size of the scatterers > A

Further, we increased the size of the single scatterers. In
the following, the scatterers have a spherical shape and a
diameter of d = A, and d = 5A. To generate the scattering
medium, we calculated the positions of a face-centered-cubic
packing and removed randomly a certain number of points.
Indeed, the positions of the remaining points are still heavily
correlated, but this type of approach makes it easy to distribute

spheres up to a volume fraction of fy ~ 0.74. The spheres
with n; were positioned at the remaining grid points and
afterwards cropped by the bounding volume of the textured
cube. Illustrations of two scattering media with fy =~ 0.5 are
shown in Figs. 6(a) and 6(c) for spheres with d = A and
d = 5), respectively. The true volume fraction occupied by
the scatterers was calculated by averaging over the volume,
which was also used for calculating the average energy den-
sity enhancement. In Figs. 6(b) and 6(d) the energy density
over an xz slice is given, where the dashed red lines show
the margin of the averaging area. From the energy density

- ﬁ%G ----- ﬁl%/IG - ﬁg,avg
____ﬁ3 o ny = 1.5, ni :2.0,
ave ng = 1.0 ng = 1.0
ny = 2.0,
Nng = 1.5

FIG. 5. Scattering media composed of small scatterers with dif-
ferent refractive indices of the scatterer n; and the background
medium n,. The refractive index outside the bounding volume is
1.0. The line colors of the theoretical models are assigned as fol-
lows: black, n; = 1.5, n, = 1.0; red, n; = 2.0, n, = 1.0; and blue,
n = 20, ny; = 1.5.
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FIG. 6. Clipped volumes of two scattering media with n; = 2.0, n, = 1.5 are shown in (a) and (c). Both have fy ~ 0.5 volume
concentration of the scatterers. The diameter of a single scatterer is (a) A and (b) 5A. The normalized energy densities over an xz slice are
shown in (b) for d = A and in (d) for d = 5X. The dashed red lines denote the averaging area, and the scale bars equal SA.

distributions in the figure one can still anticipate the locations
of the spherical scatterers. Inside the scatterers the energy
density is enhanced due to the larger refractive index. This
can be seen especially for the large scatterers in Fig. 6(d).
The volume-average energy density enhancement inside the
whole scattering media for different volume fractions, refrac-
tive indices, and diameters is shown in Fig. 7. As we only
simulated one scattering medium for each parameter set, the
average energy density can strongly depend on the configura-
tion of the scatterer positions. In particular, this is the case for
large scatterers and low volume fractions, as there are only a
few scatterers distributed inside the medium. To estimate the
variation of the averaged energy density over the total volume,
we additionally calculated the averaged energy density over
eight nonoverlapping subvolumes. Each of these subvolumes
can have different volume fractions. The data points for the
subvolumes are shown in the top panels in Fig. 7 as red
and blue semitransparent circles. In addition to the theoret-
ical models based on effective medium approximations, the
theoretical estimate due to the work of Yablonovitch for an
inhomogeneous dielectric medium is also shown [Eq. (4)],

which is denoted by wyy,. The relative differences between
the normalized energy density averaged over the total medium
and the theoretical models is shown in the bottom panels of
Fig. 7. The results for scatterers of size d = A show the
overall best agreement for the theoretical model with 7i¢ 4y,
only for concentration fy > 0.6 the averaged energy density
is better described by the 7i,,; model in the case of n; = 2.0,
n, = 1.0 and by the model wy, in the case of n; = 2.0,
ny = 1.5. This deviation might be due to resonances in the
overall configuration of the spheres for a discrete volume
fraction. In general the energy densities in the subvolumes do
not fluctuate strongly, as can be seen by the semitransparent
red circles in Fig. 7. For spherical scatterers with diameter
d = 5\ the average energy density enhancement for the three
different refractive index combinations cannot be described
well by one theoretical model. Due to the large scatterers,
the averaged energy densities inside the subvolumes fluctu-
ate. Especially for small volume concentrations only a small
number of scatterers are inside the medium; therefore, certain
subvolumes can have fy &~ 0. Nevertheless, the majority of
data points lie within the wy,, model as an upper bound and

B i O i 7 g g —A= Wi

Iy= T T T ]

ni =2.0,n2 = 1.0|
; %
4+ |
2 |
1 1 1 1 1 ] 1
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= 2 i ‘: A 2 (e A: :‘ ¢A : 4 — 0.025 a2  4a 2 v —
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FIG. 7. Average energy density inside various media with different volume fractions fy consisting of spherical scatterers with diameter

d = X (red color) and d = 5 (blue color). The top panels show the normalized average energy density (w), /wy for three different combinations
of n; and n,. Solid circles with black edges show the mean over the total volume and the semitransparent circles show averages of subvolumes.
The bottom panels show the relative differences over fy of (w),/wy averaged over the total volumes to the different theoretical models.
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figg as a lower bound. For large scatterers, we expect that the
average energy density can be modeled by wyin,. As the results
for d = 5\ do not show this behavior for all simulated media
we conclude that the scattering areas are still too small and
that resonances of the spherical scatterers might have a large
effect on the average energy density.

IV. CONCLUSION

In this study, we investigated the monochromatic Lam-
bertian illumination of dielectric media of size scales of
tens of wavelengths. For uniform refractive indices, we val-
idated the known average energy density enhancement of n*
for sufficiently textured objects with full vectorial numeri-
cal solutions of Maxwell’s equations in three dimensions.
We found that the energy density is homogeneously dis-
tributed inside the textured objects, if the fast fluctuating
nature of the interference patterns is not considered. In non-
ergodic systems, such as a sphere, this might not be the
case. These results are also obtained from radiative transfer
theory [11].

We further simulated scattering media composed of scat-
terers much smaller than the wavelength and showed that the
average energy density enhancement can be estimated with an
effective refractive index 7i depending on the volume fraction
by calculating 7. We performed simulations for different
refractive indices of the scatterers and the refractive index of
the background medium inside the bounding volume. Simu-
lations for volume fractions from zero to unity showed that
for fy < 0.8 the results are independent of the bounding vol-
ume but for larger concentrations the averaged energy density
of the smooth bounding volumes shows deviations from the
7> model. Further simulations with concentrations between
fv = 0.9 and unity need to be performed to show that there
is also a discontinuity for the electromagnetic theory between
the low-scattering (fy < 1) and the nonscattering (fyv = 1)
case. This discontinuity is present in the radiative transfer
theory [11,25]. Furthermore, we found that for our simula-

tions the best predictions of the average energy density inside
the medium for all volume fractions can be made with an
effective refractive index calculated by volumetric averaging
over the refractive index flaye. For small scatterers < A, our
study shows the possibility to obtain the effective refractive
index from the electromagnetic near fields inside a scatter-
ing medium under Lambertian illumination by calculating
({(w); /wp)"/3. This could be tested in future studies compar-
ing different methods to obtain the effective refractive index
from electromagnetic near-field simulations inside scattering
media [26].

For spherical scatterers with diameter A, the average en-
ergy density enhancement can be well described with the
effective medium approach ﬁzavg. This confirms the choice
of the effective medium approach in our recent publications
[12,13], where similar scatterers and low concentrations were
used. Only for large concentrations this model deviates from
the simulation results. The results for scattering media com-
posed of scatterers with diameter >\ cannot be consistently
described by one model but for n; = 2.0, n, = 1.5 the average
energy density shows a tendency to be described with wjjy.
Nevertheless, the size of a single scatterer might still be too
small for Eq. (4) to be valid. Future simulations should be
performed to extend and confirm the outcomes of this work.
For example, the simulation volume used for averaging should
be enlarged or the averaging should be performed over many
configurations. Due to the increasing speed and memory ca-
pacity of computer systems this should be feasible in the near
future.
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