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With the development of infrared lighting technology, it is necessary to design infrared lighting systems for different lighting
purposes. This paper presents a design method for the high-power infrared optical system. In this design, the system is
composed of the high-power infrared laser diode light source array and the freeform surface lens array. The light source has
a power of 125 W and a divergent angle of 10°x25°. The collimation system is designed for the light source, which reaches
an energy utilization of 95% and a divergent angle of 0.5°. The system can be adapted to remote night-vision monitoring

sites.
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1. Introduction

With the growing demand for high-power, specialized
spectral light sources, laser diode (LD) light sources have
garnered increasing attention. The emission of light is
achieved through electrical stimulation of a doped
semiconductor material, such as InGaN. Consequently, the
material emits photons with specific energy levels and thus
within a narrow range of wavelengths. Recently, an
automotive industrial lighting system utilizing LD as the
light source has been introduced [1-3].

The LD has been developed rapidly due to unique
light output characteristics including a directional beam
pattern and a small light-emitting area. They can be used
as light sources for the lighting system exhibiting huge
potential for applications in vehicle headlights, night
detective equipment, as well as indoor long-distance
lighting [4-8]. The emitted spectrum encompasses special
wavelengths like visible light, infrared, and ultraviolet;
particularly near-infrared plays a crucial role in night
vision lighting.

Infrared compensation systems are pivotal in fields
such as photography and nighttime monitoring [9-15]. For
night vision lighting purposes, the far transmission
distance of near-infrared light significantly enhances
illumination range during low-light conditions. A common
technique involves concentrating energy into collimated
light that can be irradiated over longer distances using
optical lenses. These lenses are designed to redistribute

intensity by emitting beams parallel to the main optical
axis. An original reflectionless meta-surface
gradient-refractive-index collimating meta-lens composed
of amorphous silicon posts convert wide-angle radiation
into small-angle radiation with a half divergent angle of 7°
and 63% transmission efficiency; this lens holds promise
for future advanced imaging applications [16]. The
meta-surface lenses composed of amorphous silicon posts
on a flat sapphire substrate efficiently collimate the output
beam that has a half divergent angle of 0.36° and 79%
transmission efficiency, which is applied in chemical
sensing for environmental and medical monitoring [17].
Moreover, several works have shown that the divergent
angle and transmission efficiency can be further narrowed
by the combination of multiple optical lenses. The ternary
lens group based on the principle of focal free
magnification consists of a fixed lens group, variable
multiplier lens group, and compensating lens group, the
collimation is freely adjusted by the variable multiplier
lens group to produce the appropriate size of the spot,
which is used in the field of light distance measurement
[18]. Compared with traditional optical lenses, the light
can be precisely controlled by the freeform surface lens.
The beam of the light source is redistributed into two
collimated beams with different wavelengths and different
angles, which is used in the near-infrared spectrometer
[19].

Micro-lens arrays play a crucial role in various optical
systems, offering enhanced optical functionalities and
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improved performance. By employing microlens array
technology to design collimating lenses for infrared laser
light sources, the optical system can achieve highly precise
control and manipulation of the light field by arranging
numerous tiny lenses in a specific geometric structure.
This significantly expands the functionality and
application range of the optical system. The
miniaturization and manufacturability advantages of
microlens arrays bring about higher optical performance
and smaller size requirements for digital micro-lens
devices using multi-step lithography technology in the
field of optics, meeting the continuous demands of modern
scientific and technological development for optical
devices [20-22]. Based on individual design and random
arrangement of micro-lenses, a random microlens array
composed of different random micro-lenses is designed to
achieve efficient and uniform beam shaping [23].
Multi-step lithography based on digital micromirror
devices proposes a flexible and efficient strategy for
manufacturing  user-defined  microstructure  arrays.
Micro-lens arrays with custom distribution of square and
hexagonal shapes are fabricated using multi-step
lithography, enabling rapid fabrication of 2D lattice
structures with periodic/aperiodic spatial distribution and
arbitrary shapes [24]. Maskless lithography technology
based on digital micromirror devices allows quick
production of hexagonal compound eye microlens array by
layer-by-layer lithographing the hexahedral array while
adapting to variable curvature profiles to improve
reconstruction accuracy [25].

In this paper, we primarily research the collimated
lens design method of infrared LD light source. This
design aims to promote irradiance and energy utilization
and narrow the divergent angle, which can be used for
long-distance night detection areas. The divergent angle of
the infrared LD light source is collimated through the
freeform surface lens, and the power is greatly improved
by the array design of LD and freeform surface lens to
increase the brightness of the remote operation area.

2. The design of the optical system

In this design, the optical system is designed for
high-power near-infrared spectroscopy LD light sources
The design of the freeform surface lens for LD light source
is significantly researched, which can redistribute the light
to irradiate the further distance.

2.1. The selection of LD

The parameters of the infrared system are mainly
affected by the performance of the LD, which has a single
wavelength. The light source is 905 nm single wavelength
produced by Osram, the power reaches 125 W, and the
irradiance reaches 12500 W/m2. The light source structure
parameters are shown in Fig. 1.
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Fig. 1. The light source structure parameters

Fig. 1 shows the profile structure of the LD on the
x-axis and y-axis. Fig. 1(a) shows the profile structure on
the x-axis, the size of the optical structure is 5.6 mm x 10
mm, and the aperture of the circular luminous surface is
3.55 mm. Fig. 1(b) shows the profile structure on the
y-axis. To ensure higher collimation, LD with single
wavelength and unidirectional luminescence is selected.
The optical parameters of the light source are shown in
Fig. 2.

Fig. 2 shows the three-dimensional structure of the

LD divergent angle. Fig. 2(a) shows the asymmetric
divergent angle of the LD, the divergent angle of the
x-axis is 6, and the y-axis is 6,. Fig. 2(b) shows the
light distribution curve of the x-axis and y-axis. With the
increase of real-time current I.,7en:, the maximum
divergent angle of the x-axis is 10° and the y-axis is 25°.
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Fig. 2. The optical parameters of the light source (color online)

2.2. The design of the freeform surface lens

The divergent angle of the LD light source is
collimated through the freeform surface lens. The
refractive index of lens material has a significant influence
on the transmittance of the LD light source. The material
of the freeform surface lens is PMMA with the refractive

index of 1.49, and the transmittance reaches 95%. The
divergent angle of the LD light source is asymmetric, and
the divergent angle of the x-axis and y-axis are collimated
respectively. The structure of the freeform surface lens
designed based on the freeform surface design method is
shown in Fig. 3.
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Fig. 3. The freeform surface lens structures (color online)
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Fig. 3 shows the profile structure of the light emitted
parallel to the main optical axis through the freeform
surface lens. Fig. 3(a) shows the profile structure of the
freeform surface lens on the x-axis, the divergent angle
from 0° to 8° of the light is refracted and collimated out
through the freeform surface S, parallel to the x-axis.
According to Snell's law, Equation (1) is shown the free
curve of the freeform surface S, parallel to the x-axis

ng e sin(ex,i + Bx,i) =Ny eSinfy; 1)

where n, is the refractive index of air, n; is the
refractive index of the freeform surface lens, 6,; is the
divergent angle of the LD light source on the x-axis, Sy ;
is the refraction angle of the freeform surface lens on the
X-axis

Fig. 3(b) shows the profile structure of the freeform
surface lens on the y-axis, the divergent angle from 0° to
25° of the light is refracted and collimated out through the
freeform surface S, parallel to the y-axis. According to
Snell's law, Equation (2) is shown the free curve of the

freeform surface S, parallel to the y-axis

ng e sin(0y; + By;) =nyesinfy; (2

where 6,,; is the divergent angle of the LD light source
on the y-axis, B, ; is the refraction angle of the freeform

surface lens on the y-axis

The slope of each point on the free curve parallel to
the x-axis and y-axis is obtained by collating Equation (1)
and Equation (2), which are shown in Equation (3) and
Equation (4)
Ngesin Oy ;

kxi = (3)

’ N1—MNpeCoS Oy ;

ngesin Oy ;

4)

yi N1—MNgecoSs Oy ;
where k,; is the slope of the free curve S, and k,,; is

the slope of the free curve S,,.

The coordinates of each point on the free curve
parallel to the x-axis can be obtained by substituting
Equation (3) into the coordinate iteration Equation (5) and
Equation (6)

X iy = (yx,i_kx,i‘xx,i)’tan Oxit1
o 1-kyiotan 0y,i4q

)

Yxi—Kxi®Xxi

1=kyjotan Oy

Vxji+1 =

(6)

where 6, ; corresponds to the point E; (x,;y,;) on the
free curve parallel to the x-axis, 68, ;.1 corresponds to the
point Ej 1 (Xyi+1,Yxi+1) ON the free curve. Several
discrete points calculated by Equation (5) and Equation (6)
are connected to form the contour of the free curve parallel
to the x-axis. The freeform surface S, is formed by
rotating about the x-axis.

The coordinates of each point on the free curve
parallel to the y-axis can be obtained by substituting
Equation (4) into the coordinate iteration Equation (7) and
Equation (8)

Xyirg = (vy,i—ky,i*xyi)etan by 41
i+l =
y l—ky'i.tan 9y,i+1

()

Vy,i—Ky Xy

Vyi+1 = 1=Ky gotan Oy, 131 (8)
where 6,,; corresponds to the point e; (x,;,y,,;) on the
free curve parallel to the y-axis, 6,,;,, corresponds to the
point e;.1 (xyi41,Yyi+1) ON the free curve. Several
discrete points calculated by Equation (7) and Equation (8)
are connected to form the contour of the free curve parallel
to the y-axis. The freeform surface S, is formed by
rotating about the z-axis

The width and length of the supplementary lighting
range are mainly affected by the freeform surface lens.
The width and length of the freeform surface lens are
determined by the divergent angle of the LD light source
on the x-axis and y-axis. The relationship between the
semi-aperture of the freeform surface lens and the
divergent angle on the x-axis and y-axis are shown in
Equation (9) and Equation (10)

R, = h X tan Oy jqx 9)
Ry, = h X tan ) yqy (10)

where R, and R, are the x-axis and y-axis semi-aperture

of freeform surface lens, h is the working distance of the

LD lens, 6,4y is the 8° maximum divergent angle of

the LD light source on the x-axis, 6y ,q, is the 25°

maximum divergent angle of the LD light source on the
y-axis.

The collimation and brightness can be freely adjusted
by changing the distance between the LD and the freeform

surface lens. The high distance ratio of the freeform
surface lens is shown in Equation (11)
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o= 3 (11)

where, & is the high distance ratio of the freeform surface
lens, and d is the thickness of the freeform surface lens.

3. Experiment and simulation

The LD is coordinated with the freeform surface lens
that has been designed and analyzed in an optical channel
of the infrared system. As a supplement to the night vision
performance of the illumination system, the infrared
system has 8 LD light sources. The total power reaches
1000 W, and the divergent angle is 0.5°. The installation is

positioned around the illumination system to improve the
ability to accurate tracking at long distances.

3.1. The physical production process

The lighting requirements usually need to consider the
atmospheric attenuation at sea level, and an optical
channel cannot meet the requirements of supplementary
lighting. The infrared system is composed of an optical
channel array design, which can greatly improve the
power to produce sufficient brightness. The simulation
structure model of the collimation system is shown in
Fig. 4.
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Fig. 4. The simulation structure of the collimation system (color online)

Fig. 4 shows the optical structure of the visible system
and the infrared system, the light emitted from the visible
system produces a visible light illumination area, and the
light emitted from the infrared system is collimated to
form an irradiation area. The infrared system differs in
terms of method, function, and application. In terms of
design method, the infrared system focuses light to create
an illumination area. Functionally, the infrared system
employs an array design within their optical channels that
significantly enhances their ability to generate sufficient
brightness. In practical application, infrared lighting
systems find frequent use in areas such as infrared night
vision equipment, security monitoring, and other
specialized fields. It should be noted that stable
operational efficiency and ample brightness are ensured by
the infrared LD light source, which allows it to adapt to
various low-light working environments within infrared
systems.

3.2. The simulation results of an optical channel

The optical parameters of the infrared system depend
on an optical channel that has the optical properties of high
brightness, high collimation, and small divergent angle.
The simulation results of the LD light source are shown in
Fig. 5.

Fig. 5 shows the simulation results of an LD light
source. Fig. 5(a) shows that the light diverges to the target
plane at a distance of 200 m. Fig. 5(b) shows the
simulation effect of light emitted from the LD light source
in the x-axis and y-axis directions. Fig. 5(c) shows that the
irradiance effect is a narrow strip, the irradiance range
reaches 35 m x 93 m, the energy unevenly distributes in
the target plane, and the maximum irradiance is 0.38 W/m>.
Fig. 5(d) shows that the irradiance distribution in the
x-axis and y-axis directions is asymmetrical. The divergent
angle of the LD is shown in Fig. 6.
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Fig. 5. The simulation results of the LD light source (color online)
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Fig. 6 shows that the divergent angle of the LD light
source is 10° x 25° on the x-axis and y-axis directions.
The LD light source without a light distribution design
cannot be used for remote lighting. In terms of evaluating
the performance of this new design, the simulation results
of an optical channel are shown in Fig. 7.

Fig. 6. The divergent angle of LD
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Fig. 7. The simulation results of an optical channel (color online)
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Fig. 7 shows the simulation results of an optical
channel. Fig. 7(a) shows that the light is collimated out to
the target plane of a distance of 200 m through the
freeform surface lens. Fig. 7(b) shows the simulation
effect of an optical channel in the x-axis and y-axis
directions. Fig. 7(c) shows that the irradiance effect of an
optical channel is greatly narrowed compared with the
irradiance effect of an LD light source, the irradiance
range is limited to the 1.7 m, the energy is concentrated in
a circle, and the maximum irradiance reaches 3.8 W/m2,
Fig. 7(d) shows that the irradiance distribution in the
x-axis and y-axis directions is greatly narrowed through
the freeform surface lens. The divergent angle of an
optical channel is shown in Fig. 8.

X-axis - - - Y-axis

Fig. 8. The divergent angle of an optical channel

Fig. 8 shows that the divergent angle of an optical
channel reaches 0.5°, and the light is emitted parallel to
the main optical axis to meet the lighting requirements at a
long distance.

4. Performance analysis of the collimation
system

This paper has presented a theoretical and
experimental study of the collimation process of the LD
light source, the infrared system consists of 8 LD light
sources with freeform surface lenses. According to the
lowest lighting usage requirements at 200 m, the minimum
irradiance is 100 W/mz, the maximum divergent angle is
2°, and the minimum energy utilization is 0.65. In order to
verify the rationality of the lowest lighting requirements
mentioned above, we change the high distance ratio and
semi-aperture of the freeform surface lens. In the process
of changing the parameters of the freeform surface lens, if
the values generated by the parameters meet the
requirements, the numerical values are proven to be
feasible.

4.1. Irradiance analysis

In infrared transmission, the radiation brightness
reached within a certain distance is an important parameter
that determines the performance of the system. The focal
length between the freeform surface lens and LD lighting
source has been controlled by the high distance ratio,
while the number of rays emitted from the lens have been
influenced by the semi-aperture. However, it is important
to note that there are practical constraints on varying these
parameters due to factors such as manufacturing
capabilities, optical system requirements, and target
application. In our study, a range of high-distance ratios
and x-axis semi-apertures within specified design
conditions have been explored. The effect of the high
distance ratio and the x-axis semi-aperture of the freeform
surface lens on the irradiance is shown in Fig. 9.
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Fig. 9. The effect of the high distance ratio and the x-axis semi-aperture of the freeform surface lens on the irradiance (color online)
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Fig. 9 illustrates how different x-axis semi-apertures
R, ranging from 4.8 mm to 5.6 mm affect irradiance
about the high distance ratio §. By analyzing this
relationship, the optimal parameter combination that meets
the requirements of irradiance and divergence angle has
been determined: a maximum irradiance of 500 W/m? was
achieved with a high distance ratio of 3.5 and an x-axis
semi-aperture of 5.6 mm. These results demonstrate that
our selected parameter range effectively meets irradiation
requirements under challenging design conditions. In
addition, during the design process for infrared lighting
optical systems, considerations must be given to overall
length and caliber limitations imposed by size restrictions
on components such as infrared laser sources and
collimating lenses due to diffraction and scattering effects
experienced by infrared light during transmission
processes. Therefore, careful optical design is necessary to
ensure system performance.

4.2. Divergent angle analysis

The divergent angle of the infrared system light
should be minimized to ensure efficient transmission over
longer distances. A crucial interaction exists between
irradiance and the divergent angle, which can distinctly
show that the high distance ratio acts as a limiting factor
for the divergent angle. Therefore, it is essential to design
both the high distance ratio and x-axis semi-aperture
within a range consistent with conditions used for
irradiance analysis. This design approach ensures that the
range of divergence angles satisfies minimum illumination
requirements at 200 m. The effect of the high distance
ratio and the x-axis semi-aperture of the freeform surface
lens on the divergent angle is shown in Fig. 10.
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Fig. 10. The effect of the high distance ratio and the x-axis
semi-aperture of the freeform surface lens on the divergent
angle (color online)

Fig. 10 demonstrates that for the freeform surface lens,
the divergent angle reaches its minimum value at a high
distance ratio of 3.5. With further consideration during the
design process, it is possible to reduce this divergence
angle to 0.5° when utilizing an x-axis semi-aperture of 5.6
for the freeform surface lens. Our data demonstrated that
there is a certain effect on collimation and divergence
angles in optical systems due to varying distances between
infrared laser sources and infrared collimating lenses.
Specifically, increasing the distance between the infrared
laser source and the infrared collimated lens can
effectively reduce the divergent angle and improve the
beam formation, and a larger aperture can provide more
incident light and enhance the lighting effect.

4.3. Energy utilization analysis

The transmission distance of irradiation is mainly
affected by energy utilization. To verify the feasibility of
the new method, we also carry out the simulation adopting
energy utilization as an evaluation index of light
performance. Differing from divergent angle analysis, if
the divergent angle was small, the energy utilization would
become large due to the more energy concentrated in the
light. The effect of the high distance ratio and the x-axis
semi-aperture of the freeform surface lens on energy
utilization is shown in Fig. 11.
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Fig. 11. The effect of the high distance ratio and the x-axis
semi-aperture of the freeform surface lens on energy
utilization (color online)

As shown in Fig. 11, the energy utilization reaches the
maximum of 0.95 when the high distance ratio of the
freeform surface lens is 3.5 and the x-axis semi-aperture of
the freeform surface lens is 5.6. This trend of change
suggests that energy utilization is mainly affected by the
distance between the LD light source and the freeform
surface lens. The results of these data indicate that the high
distance ratio was the dominant factor affecting energy
utilization.
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5. Conclusion

In this paper, we present a collimation approach based
on the freeform surface lenses for the infrared LD light
source. The simulation results demonstrate that the lens
achieves a collimating beam with an irradiance of 500

W/m2, divergent angle of 0.5°, and energy efficiency of 95%

under the high distance ratio of 3.5 and the semi-aperture
of 5.6 mm. Small beam angle and high energy utilization
are important factors to ensure the application of the
system in high-power night vision scenarios. The optical
system designed by this method can be used as a laser
diode light source in many fields.
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