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A B S T R A C T

In this investigation, we have carried out the simulations of light output and the directionality of emission
from scintillators coated with microlens arrays by using the ray-optics method. We systematically analyze
the impact of an individual microlens at different positions on the light output intensity and the directional
control, followed by an entire understanding of microlens arrays. It is found that microlens arrays can be used
to increase the extraction efficiency and control the directionality of emission of scintillation light. The multiple
reflections by the lateral and bottom surfaces play an important role. A comprehensive understanding of the
impact of the ratio of width and thickness of a scintillator and the refractive index of microlens is presented
and discussed in details. The maximum angle-integrated intensity could be obtained when the refractive index
of microlens is slightly larger than that of scintillator. Simulations based on genetic algorithms can be used to
efficiently design the parameters of microlens arrays with a specific target of a combination of emission angle
and total emission intensity.

1. Introduction

Scintillators which can convert the energy of ionizing radiation into
a number of photons in visible or near-visible range play an impor-
tant role in the field of nuclear radiation detection, such as nuclear
physics experiments, national security, nuclear medical imaging and
dark matter detection [1–6].

In the practical applications, the light extraction efficiency of scintil-
lators is limited by total internal reflection due to their high refractive
indices, thus reducing the performance of detectors. In recent years,
some schemes based on the microstructures such as photonic crys-
tals [7–12], plasmonic lattices [13,14] have been proposed, which
exhibit obvious benefits to the light extraction and directional emission
control. However, the microstructures with sub-wavelength and wave-
length scales usually exhibit significant wavelength-dependence due to
the diffractive nature.

Microlens arrays (MLAs) with the individual microlens size of 10 to
100 μm could be used to control the light propagation based on geomet-
rical optics, obtaining extensive applications in light emitting diodes,
illumination, and collimating or focusing in imaging systems [15–18].

MLAs coated on the surface of scintillators can control the scintil-
lation light output and control the directional emission. Such control
process could be complicated since the propagation of light could be
affected by the size and the interface of scintillators. In this paper,
we have carried out the simulations based on the ray-optics method,
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providing a comprehensive understanding of the critical factors of
individual microlenses and their arrays affecting on the light output
of scintillators.

2. Methods of structure design and numerical simulations

Fig. 1(a) is the schematic illustration of a scintillator (refractive
index of n1) coated with a square-packed MLA (refractive index of
n2) on its surface. The individual microlenses are hemispheres with
a diameter of D. As shown in Fig. 1(b), a far-field receiver in the
simulations is used to collect the data of light intensity of each point
P which can be defined by a zenith angle (𝜑z), an azimuth angle (𝜃A)
and a distance between the center of the scintillator and the receiver
(r).

The numerical simulations based on the ray-optics method traverse
all the ray vectors and use vectors to trace light rays. This method has
a higher precision but is more computational load compared with the
traditional Monte Carlo method [19]. An isotropic scintillation light
source is set at the center of the scintillator. The light rays from the
source have their optical paths defined by three-dimensional vectors. At
boundaries or interfaces, the direction and intensity of the transmitted
and the reflected light rays are calculated by a transformational matrix.
The intensity of each light ray emitted per unit time is defined as 𝐼0.
When its intensity becomes to be less than 𝐼T which is set to be 3%
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Fig. 1. (a) Schematic illustration of a scintillator coated with a microlens array on its surface. (b) Diagram of far-field detection.

Fig. 2. (a) Definition of an individual microlens with its light ray paths. (b) Spatial distribution of light intensity for an individual microlens with representative angles of 𝛽1 =
13◦, 𝛽2 = 46◦ and 𝛽3 = 66◦. (c) Schematic illustration of light ray paths for the inward light and the outward light for the range of 𝛽1. (d) Spatial distribution of light intensity
of an individual microlens for 𝛽1 = 13◦, including the inward light, the outward light and their summation. (e) Schematic illustration of light ray paths for the transmitted light
and the refracted light for the range of 𝛽3. (f) Spatial distribution of light intensity of an individual microlens for 𝛽3 = 66◦, including the transmitted light and the refracted light.

of 𝐼0, the calculation would be terminated. Finally, the data at each

point P containing the information of the direction and intensity are

recorded.

Genetic algorithms are used to obtain the optimal parameters [20].
A target parameter V is defined by the formula (1)

𝑉 = 𝐼𝑇 (𝑒
𝐼𝜃𝐴
𝐼𝑇 − 1) (1)
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Fig. 3. (a) Schematic illustration of representative light ray paths for different regions. (b) Spatial distribution profiles of light intensity for the regions of R1, R2 and R3. (c)
Spatial distribution profiles of light intensity for the whole range of 𝛽 including the downward emission.

where, 𝐼𝑇 is the angle-integrated intensity, and 𝐼𝜃A is the intensity at
the azimuth angle of 𝜃A. When the parameter V reaches its maximum
value, it means that not only a strong dependence on this angle is ob-
tained, but also the overall light intensity is as strong as possible under
such conditions. Therefore, V can characterize the angle-dependence
of light output, concurrently taking into account the total intensity of
light output.

3. Results and discussion

As an example, Bi4Ge3O12crystals (𝑛1 = 2.15) are selected as the
studied scintillators with the size of 18×18×3 cm3. MLAs made of
polystyrene (𝑛2 = 1.59) are coated on the surface of the scintillators.
The diameter of an individual microlens is set to be 𝐷 = 10 μm
which is much larger than the emission wavelength of the Bi4Ge3O12
scintillators so that the ray-optics is applicable. A crystal with the
identical size is selected as a reference sample without MLAs.

For an isolated microlens, when light rays reach the boundary
of the microlens, the spatial distribution of light intensity forms an
escape cone which has a symmetry axis shown in Fig. 2(a). While for
a MLA, the spatial distribution of light intensity will be affected by the
surrounding microlenses. According to Appendix A, the magnitude of
𝛾max and 𝛽 will determine the direction of symmetry axis. Therefore, it
is necessary to divide the range of 𝛽 into three regions of 𝛽1, 𝛽2, and 𝛽3,
which can be defined by the formula (2). In the range of 𝛽1, an overlap
appears, while in the range of 𝛽3,the symmetry of distribution will be
broken because of the surrounding microlenses.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛽1 ∶ 0 < 𝛽 < 27.72◦( 1
2
𝛾max)

𝛽2 ∶ 27.72◦ < 𝛽 < 60◦(90◦ − arcsin 1
2
)

𝛽3 ∶ 𝛽 > 60◦

(2)

The simulated spatial distribution of light intensity for an isolated
microlens at three representative angles in each region is shown in

Fig. 2(b), which indicates an obviously different spatial distribution
in different 𝛽 regions. In the range of 𝛽1, the light rays close to the
normal direction are defined as inward light rays, and the light rays
far away from the normal direction are defined as outward light rays,
as shown in Fig. 2(c). The simulated results shown in Fig. 2(d) suggest
that the overlap region containing both of the inward and the outward
light rays leads to the symmetry axis along the normal direction. In
the range of 𝛽2, the spatial distribution of light intensity exhibits a
symmetrical pattern along the symmetry axis. While in the range of
𝛽3, the transmitted light rays would be obscured and reflected into
the crystal by the surrounding microlenses, as shown in Fig. 2(e). The
simulated spatial distribution of light intensity for the transmitted light
and the refracted light is shown in Fig. 2(f).

Due to the significantly different spatial distribution for the regions
of 𝛽1, 𝛽2, and 𝛽3, the top surface should be accordingly divided into
three regions of R1, R2 and R3, as shown in Fig. 3(a). Fig. 3(b) presents
the spatial distribution profiles of light intensity for the regions of R1,
R2 and R3, which is an angle-integral intensity with their corresponding
ranges of 𝛽1, 𝛽2, and 𝛽3. For the sake of simplicity, we only plot the
unilateral angle. Firstly, for the R1 region, the maximum intensity
appears at the angle of 0◦ with a rapid decrease for an increasing angle.
Secondly, for the R2 region, the spatial distribution of light intensity has
a maximum intensity around the angle of 45◦. Finally, the impact of the
surrounding microlenses in the R3 region will restrict severely the light
extraction efficiency, making the R3 region little contribution to the
total light output.

In the above discussion, we only consider the upward emitted
scintillation light for 𝛽 ∈ [0◦, 90◦]. However, the downward emitted
scintillation light rays for 𝛽 ∈ [90◦, 180◦] will be reflected by the lateral
and bottom surfaces and thus have chances to reach the top surface. As
a result, the reflected light rays could be extracted with the assistance
of the lateral and bottom surfaces. It is therefore essential to consider
the multiple reflections by the lateral and bottom surfaces. Fig. 3(c)
displays the spatial distribution of light intensity, including the contri-
butions from the upward light and the downward light. It is interesting
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Fig. 4. (a) Schematic illustration of representative light ray paths while hitting the bottom surface. Here, 𝜃c is the critical angle, w is the width, h is the thickness, and 𝑤1 (𝑤2)
is the width corresponding to the region below (beyond) the critical angle. (b) Spatial distribution of light intensity for different values of 𝑅wh.

to find that the contribution from the downward light is dominant.
This consideration is analogy to an actual situation. Compared with
the reference scintillator without MLAs, a 2.02-fold angle-integrated
enhancement is obtained. Additionally, the directionality of emission
controlled by MLAs exhibits a broad angular range, which is influenced
by the thickness of scintillator due to the average effect.

The above results are obtained for the scintillator with a specific
size. However, we have found that the multiple reflections by the
lateral and bottom surfaces have a marked impact on the ultimate light
output. It is thus expected that the ratio of width (w) and thickness (h)
(labeled as 𝑅wh = w/h) plays an important role. Fig. 4(a) presents the
representative light ray paths while hitting the bottom surface. Here, 𝜃c
is the critical angle, w is the width, h is the thickness, and 𝑤1 (𝑤2) is the
width corresponding to the region below (beyond) the critical angle.
For 𝛽 < 𝜃c, most of the light rays will transmit through the bottom
surface, and only a small fraction of light rays will encounter Fresnel
reflection at the bottom surface. While for 𝛽 > 𝜃c, the light rays will be
totally reflected by the bottom surface. If h is fixed, when w increases,
𝑤1 remains unchanged, but 𝑤2 also increases. As a result, when 𝑅wh
increases, the light extraction efficiency will be greatly improved due
to the increased light rays reflected by the bottom surface. In addition,

because a part of light rays are refracted into air through the bottom
surface, the intensity around the normal direction reduces, thus making
the maximum intensity concentrate on the range of angle from 30◦ to
45◦.

The spatial distribution of light intensity for different values of 𝑅wh
is simulated with a fixed h value of 3 cm and variable w values. As
shown in Fig. 4(b), it is found that for 𝑅wh = 1, the light rays usually
escape from the lateral surface but seldom reflect at the bottom surface,
leading to the maximum intensity at 35◦. When the values of 𝑅wh
increase to 2, 3 or 4, the lateral surface will reflect a part of light
rays, leading to the maximum intensity at about 0◦. However, when
the values of 𝑅wh continuously increase to 5 or larger, the intensity
of reflected light rays by the lateral surface is much less than that
by the bottom surface. As a consequence, the angle for maximum
intensity will change to about 45◦. Compared to the case of 𝑅wh = 1,
the angle-integrated enhancement ratio reaches 2.51 for the case of
𝑅wh = 10.

In order to understand the impact of the refractive index of mi-
crolens 𝑛2 on the extraction efficiency and the control of directional
emission, the simulated results for different values of 𝑛2 are presented
in Fig. 5. The case for 𝑛2 = 1.0 can be regarded as a reference case. As
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Fig. 5. (a) Angle-integrated intensity with a function of 𝑅wh for different refractive indices of microlens 𝑛2. (b), (c) and (d) V values with a function of 𝑅wh for different refractive
indices of microlens 𝑛2 with the emission angles at 30◦, 45◦ and 60◦, respectively.

Fig. 6. (a) Definition of the related parameters in an individual microlens. (b) Spatial distribution of light intensity of an individual microlens.

shown in Fig. 5(a), when the values of n2 are between 1.0 and 1.2, the
angle-integrated intensity first increases and then stabilizes when 𝑅wh >
5. When the values of 𝑛2 is between 1.4 and 1.8, the angle-integrated
intensity first decreases and then increases to a stable value when 𝑅wh >
9. While, when the values of 𝑛2 are larger than 2.0, the angle-integrated
intensity exhibits a continuous increase with the increasing values of
𝑅wh, except for a small dip at 𝑅wh = 5. Large values of n2 are beneficial
to the enhancement of light extraction efficiency, especially for the

cases with large values of 𝑅wh. For example, one can find that when
𝑅wh = 2, a 6.86-fold enhancement can be obtained with 𝑛2 = 2.4, while
when 𝑅wh = 39, a 22.6-fold enhancement can be obtained with 𝑛2 = 2.6.
It is interesting to find that the maximum angle-integrated intensity
could be obtained when the values of 𝑛2 are slightly larger than those
of scintillators. The main reason is that at this situation the scintillation
light rays could easily enter the microlens. However, when the values
of 𝑛2 are much larger than those of scintillators, the light rays inside the
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Table 1
Optimal parameters for the maximum values of V .
𝜃A 𝑛2 𝑅wh 𝑉max

30◦ 2.44 38.06 48.26
45◦ 2.47 37.89 36.85
60◦ 1.86 9.08 11.73

microlens may be reflected at the interface of air, leading to reduction
of light extraction efficiency.

Fig. 5(b), (c) and (d) show the simulated V values with a function
of 𝑅wh for different refractive indices of microlens 𝑛2 with the emission
angles at 30◦, 45◦ and 60◦, respectively. The results indicate that the
values of 𝑛2 can significantly control the directional emission, which is
also strongly dependent on the values of 𝑅wh. For the cases of 𝜃A = 30◦

and 45◦, the highest values of V are obtained with 𝑛2 = 2.4, which is
mainly contributed from the high total intensity. When 𝑛2 is larger than
𝑛1, the directivity of emission is close to the normal direction. As shown
in Fig. 5(d), for a large emission angle of 60◦, the values of V become
very small, compared with the cases of 30◦ and 45◦. Moreover, it is also
found that for large values of 𝑅wh, the values of V decrease first and
then increase, which could be due to the fact that the light rays focus
on low angles for small values of 𝑅wh, but distributed at high angles
for large values of 𝑅wh.

The optimal parameters for the maximum values of V shown in
Table 1 are determined by genetic algorithms [21]. The optimal values
of 𝑛2 are 2.44, 2.47 and 1.86 for the target emission angles of 30◦, 45◦

and 60◦, respectively, which are basically consistent with the results in
Fig. 5.

4. Conclusion

The present simulations demonstrate that MLAs can be used to
increase the extraction efficiency and control the directional emission
of scintillation light. Individual microlenses in different regions lead
to different propagation behaviors of light rays. To understand the
ultimate directional emission, the impact of lateral and bottom sur-
faces should be correctly considered, which implies that the multiple
reflections by the lateral and bottom surfaces play important roles. The
control of emission by MLAs is also strongly affected by the ratios of
width and thickness of scintillators. It is found that the maximum angle-
integrated intensity could be obtained when the refractive indices of
microlenses are slightly larger than those of scintillators. The optimal
parameters for the MLAs can be obtained by using genetic algorithms.
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Appendix A. Calculation details for the light intensity distribution
of an individual microlens

As shown in Fig. 6(a), the vertical and horizontal distances between
scintillation light source and microlens are defined as H and R, respec-
tively. 𝜑1 denotes the half-apex angle of the escape cone. 𝛽 = arctan
(H/R) is the angle at the symmetry axis of the escape cone. 𝑖1 and
𝑖2 are the incident and emergence angles, respectively. We have the
geometrical relationship with formula (3).
sin(𝛽 + 𝜑2 − 𝑖1)

𝑟
=

sin(𝛽) sin(𝛽 + 𝜑1)

sin(𝜑1)
√

𝐻2 + 𝑅2
(3)

According to the law of refraction, we have 𝑖2 = arcsin[𝑛2sin(𝑖1)].
Thus, we can obtain the expression of light intensity of an individual
microlens by formula (4).

𝐼 ′0 =
𝐼0
2
[
sin(2𝑖1) sin(2𝑖2)

sin2(𝑖1 + 𝑖2)
+

sin(2𝑖1) sin(2𝑖2)

sin2(𝑖1 + 𝑖2) cos2(𝑖1 − 𝑖2)
] (4)

The spatial distribution of this individual microlens is shown in
Fig. 6(b). Where, the distribution is symmetric about angle 𝛽. And the
maximum range of the distribution (𝛾max) is calculated by formula (5).

𝛾max = arcsin 1
𝑛2

+ arcsin
𝐷∕2

𝑛1
√

𝐻2 + 𝑅2
(5)

Therefore, the angle 𝛽 determines the direction of the symmetry
axis and the 𝛾max determines the size of escape cone. When 𝛽 <
𝛾max,negative-angle distribution appears, which overlaps with other
distribution.

Appendix B. Transformation of coordinates

A transformational equation is used to correct the relative position
between the scintillation light source and the center of the individual
microlens, which is related to the projection of the escape cone onto
the plane. Fig. 7 shows the coordinate systems before and after trans-
formation. An orthogonal transformation matrix is given by formula
(6). Where, 𝜑3 is the inclination angle of an inclined ellipse. This
is a standard method to transform a normal ellipse into an inclined
ellipse [22].
[

𝑥′

𝑦′

]

=
[

cos𝜑3 − sin𝜑3
sin𝜑3 cos𝜑3

] [

𝑥
𝑦

]

(6)

Thus, the transfer equation can be given by formula (7).

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

𝑥 = 𝑟′ cos(𝜃 + 𝜋
2
) cos(𝜑3) − 𝑟′ cos(𝜑1) sin(𝜃 +

𝜋
2
) sin(𝜑3)

𝑦 = 𝑟′ cos(𝜃 + 𝜋
2
) sin(𝜑3) + 𝑟′ cos(𝜑1) sin(𝜃 +

𝜋
2
) cos(𝜑3)

𝑧 = ℎ − 𝑟
𝐻

(𝑥 + 𝑦)

𝑟′ = 𝑟 sin(𝜑2)

𝜃 ∈ (0, 2𝜋)

𝜑2 ∈ (0, 𝜑2−max)

(7)

Appendix C. Genetic algorithms and operational logic

The genetic algorithms have six steps: encoding, swap, mutation,
inversion, evaluation and copy. In the encoding step, the variables are
encoded to binary series which have length of k. The binary form of
variables also could be called as gene. The relationship between the
binary form of 𝑏𝑘𝑏𝑘−1. . . b3𝑏2𝑏1 and the origin value of x is as below.

𝑥 = 𝐿 = (
𝑘
∑

𝑖=1
𝑏𝑖2𝑖−1)(

𝑈 − 𝐿
2𝑘 − 1

) (8)
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Fig. 7. (a) Coordinate system before transformation. (b) Coordinate system after transformation.

Fig. 8. Fitness-generation curve in the genetic algorithms.

Where U and L are the upper bound and the lower bound of the
variables, respectively. The precision of variables can be expressed as
formula (9).

𝛿 = 𝑈 − 𝐿
2𝑘 − 1

(9)

The swap process starts after the encoding process has finished. In
this process, two genes are selected randomly from gene pools. The
part of genes will be swap by generating a random swap point. In the
mutation process, a gene is chosen randomly, followed by a change of
value in a random point. In the inversion process, the order of a gene
will be inversed from a randomly selected start point. Next, the genes
will be decoded, then the values of a target function will be calculated.
In order to minimize the target function, the evaluation number is
defined as formula (10).

𝑒𝑣𝑎𝑙 = 𝑠𝑚𝑎𝑙𝑙𝑛𝑢𝑚 + 𝑓 (𝑥1, 𝑥2) (10)

The probability of copying to next generation of a gene is:

𝑃𝑖 =
𝑒𝑣𝑎𝑙𝑖

∑

𝑗 𝑒𝑣𝑎𝑙𝑗
(11)

The accumulated probability of a gene is:

𝑄𝑗 =
∑

𝑗
𝑃𝑗 (12)

Finally, a series of random numbers in [0, 1] will be generated, a
gene 𝑄𝑖 will be copied to the next generation if and only if:

𝑄𝑖 < 𝑟𝑎𝑛𝑑 ≤ 𝑄𝑖+1 (13)

Where, rand is a random number from 0 to 1. Apparently, the less
the target value is, the larger the probability of copy is. After a sufficient
number of iterations, the group will converge finally. Fig. 8 displays
the fitness curve for values of V, the fitness converges to the predicted
curve and thus the calculated result is of great reference value.
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