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Abstract. A simulation algorithm has been developed and geometric parameters of plane-

focusing lenses for concentrator solar energy systems with Si photoconverters have been 

calculated. These lenses form a homogeneous image in the focal plane, so they are 

promising for use in such systems and allow minimizing thermal and electrical losses in 

solar modules caused by non-uniform illumination of the photoconverter surface. A 

technology of manufacturing stamp-matrixes by diamond microcutting has been developed. 

Based on the simulation results, a number of plane-focusing lens samples have been formed 

by thermopressing technique using metal matrices. The manufactured samples of square-

shaped specialized transforming microprismatic structures have been experimentally 

investigated using a collimated laser beam. 
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1. Introduction 

In recent years, plane-focusing optics is becoming 

increasingly widespread [1‒11]. Such optics forms a 

uniformly illuminated light spot in their focus for a 

parallel incident light beam. This phenomenon is the 

opposite to the one for traditional Fresnel lenses, which 

form a point image in their focus. The dependence of the 

focal intensity for traditional lenses J(r) on the image 

radius r is J(r)
 
~

 
1/r. The Institute for Information Recor-

ding of the National Academy of Sciences of Ukraine 

(IIR Ukraine) is also actively working on creating the plane-

focusing optics [12, 13]. The areas of its application are 

quite diverse: from automated control systems for 

moving objects to concentrator modules for solar energy 

systems, and from precision surface treatment of metals 

and plastics to laser photolithography. In IIR Ukraine, an 

algorithm for simulating the parameters of plane-

focusing lenses has been developed, a technology for 

forming matrices and replicating final products has been 

proposed, and prototypes of microprism transforming 

Fresnel lenses have been manufactured.  

The created algorithm for simulating flat-focusing 

lenses is described in detail in our previous papers [12, 13]. 

It allows one to create plane-focusing lenses from an opti-

cal material with refractive index n0 for different diameters 

of the light beam DL and with required focal length f0. 

Depending on the purpose, such lenses should form homo-

geneous light circles of different radii rV in the lens focus. 

In this work, we consider in more detail creation of 

flat-focusing optics for concentrator modules of solar 

energy systems. In this case, creation of a homoge-

neously illuminated circle on the photo-converter surface 

allows one to completely eliminate lateral currents 

[14‒16], which have negative effect on the thermal 

balance and energy efficiency [17] of the module. 
 

2. Algorithm for calculating the parameters of plane-

focusing lenses 
 

The algorithm for simulating the parameters of 

transforming microprism flat optics [13] first of all 

determines the lens illumination scheme (SL), i.e. the 

necessary distribution of the illumination in the focus ‒ a 

light circle or a circle with a light ring on the periphery. 

In the center of this image, anon-illuminated “dark” area 

with a radius rj (j = 0, 1, …, N) is simulated, which is 

created to eliminate the central intensity maximum and to 

homogenize the illumination. It is assumed [12] that this 

“dark” area is illuminated in practice with the light 

scattered by the defects of the lens microrelief.  

At first stage of calculating the geometric parameters 

of the lenses, the required outer radius of the focal image 

rV is set. Then the focusing process (OF) is optimized so 

that the corresponding refractive zones with a radius Rk 

and a width ΔRk (k = 20…35) of the lens with a light beam 

diameter DL should direct the refracted light beams into 

certain annular image regions with a width Δrj = rV ‒ rj.  
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For example, the scheme OF = 1.0(3)‒2.0(1)‒3.0(1) 

means that the first three zones of the lens, # 1‒3, direct 

light into the image region with an inner radius 

rj
 
=

 
1.0 mm, the zone # 4 directs light into the region with 

a radius rj
 
=

 
2.0 mm, and the last zone # 5 ‒ into the 

region with a radius rj
 
=

 
3.0 mm. The rV can be of any 

value provided DL > rV > rj.  

To use the diamond microcutting technique [18‒20] 

for manufacturing microprism optics, the refractive zones 

of the lens of a width ΔRk can be created from several 

separate microprismatic components with a width ΔRkc, 

identical in relief depth hk and refractive angle αk, i.e. 

ΔRk = Σ ΔRkc. The value of ΔRkc cannot exceed 

1.2…1.5 mm [19, 20], which corresponds to the dimen-

sions of the cutting edge of the existing diamond tool. 

The calculations also take into account the nar-

rowing of light fluxes by applying appropriate correction 

of the width of the prismatic lens zones ΔRk [13]. 

However, such correction is necessary only for the zones 

consisting of one microprism. For the refractive zones 

created from several microprismatic components ΔRkc, 

correction of the width of the zone ΔRk is not required. 

According to the algorithm presented above, 

corresponding metal stamp-matrices for lens replication 

were formed [12, 13] and a number of test lenses were 

made from polycarbonate blanks applying individual 

diamond microcutting technique. 
 

3. Results of experimental study of the lenses 
 

For experimental study of the manufactured samples of 

plane-focusing lenses, a special experimental set-up [13] 

was created, which allows obtaining an image of a 

parallel beam of laser light passing through the test lens 

on a matte translucent screen. The laser beam is created 

by a condenser system of three lenses. The wavelength of 

“green” laser λ
 
=

 
0.532 μm and the diameter of the 

collimated light beam in the screen plane DS = 59 mm.  

The images of the transformed laser beam on the 

screen were recorded by a Nikon P7000 camera. Fixed 

focus settings and shooting parameters were used to allow 

direct comparison of the obtained intensities of screen 

illumination for different lenses. Fig. 1a shows a typical 

image of a collimated laser beam on the screen in the 

absence of lenses. Fig. 1b illustrates a profilogram of this  
 

 
 

image. Fig. 1c shows an image of a transmitted beam on 
the screen after its transformation by the “solar” lens 
#31m-#04 (the focal length f0 = 40 mm for the wavelength 
λ0

 
=

 
0.585 μm, the calculated radius of the light spot 

rV = 1.5 mm, the radius of the “dark” area in the center of 
the image rj = 0.3 mm, and the observation distance 
L0 = 40 mm). In Fig. 1c, the central light spot of diameter 

dS corresponds to the calculated value dV = 3.0 mm. 
The profile of the light intensity distribution in the 

focal plane was obtained using Jmage J-1.53 software 

[21]. The relationship between the geometric dimensions 
of the light spot dS on the screen and its dimensions dJ at 
the Jmage J-profile is easy to determine knowing that the 
outer circle in Fig. 1a corresponds to the diameter of the 

collimated laser beam at the screen dS = 59 mm. When 
the scanning scale is changed, the image size in pixels 
also changes. However, for the light intensity registration 

mode shown in Fig. 1, the image diameter at the Jmage J-
1.53 screen dJ = 1155 pixels, i.e. a distance of 1.0 mm to 
the image on the screen corresponds to 19.57 pixels at 
the profile and, hence, the diameter dS = 3.0 mm for the 

lens #31m-#04 on the screen is ~59 pixels. 

The first samples of the so-called “solar” plane-

focusing lenses for concentrator modules of solar energy 

systems [13] (the lenses #25c, #27, and #28) were 

simulated according to the “circle” SL illumination 

scheme for the wavelength λ = 0.585 μm and the 

refractive index n0 = 1.585 according to the data [22]. 

The lenses were created with a light spot diameter 

dV = 3.0 mm and a focal length f0 = 25 mm to achieve a 

certain degree of solar rays concentration kC. With a light 

lens diameter DL = 50 mm, such lenses give the value 

kC ≈ 280. A sufficiently small value f0 = 25 mm allows 

one to significantly reduce the thickness of the 

concentrator module, which can be created with such 

lenses. The size of the dark area rj in the center of the  

focal image for these lenses was rj = 0.5, 0.7 and 0.9 mm, 

respectively, to select the optimal design of the prism 

zones in our further developments. 

Individually manufactured by the diamond microcut-

ting technique, the “solar” lenses #25c, #27 and #28 were 

experimentally investigated at the modernized set-up  

[13] using a collimated “green” laser beam. Fig. 2 shows 

profilegrams of the transformed image for the lens #25c 

with a radius rj = 0.5 mm and a focusing optimization 

 

   
a) b) c) 

Fig. 1. Image of a collimated laser beam on the screen (a), profile of this image (b), and the image of a transformed laser beam for 
the lens #31m-#04 (c). 
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scheme OF = 0.5(14)‒0.8(2)‒1.1(2). The calculated value 

of the light spot diameter dV = 3.0 mm is shown in Fig. 2 

by dashed lines.In the center of the light spot, for the 

nominal value L0 = 25 mm, a certain decrease in the 

illumination level is observed. Therefore, even the value 

rj = 0.5 mm for the radius of the “dark” area used in the 

calculations is too large to obtain a completely 

homogeneous illumination distribution. Hence, use of 

smaller values rj = 0.2…0.3 mm is advisable when 

creating such lenses in future. 
 

 

 

 

 

The obtained data indicate that the shape of the 

profile noticeably changes even at small changes in the 

observation distance L0. Hence, the shallow depth of 

focus for “solar” lenses with a focal length f0 = 25 mm 

may be a problem during installing and focusing an array 

of individual lenses on a single platform when creating  

a solar module. For this reason, it is more practical to 

create “solar” lenses with a larger focal length 

f0 = 40…50 mm. For such values of f0, the depth of focus 

increases significantly [13], which simplifies the process  
 

 

 

                          a)                b)                                  c) 

Fig. 2. Spot profiles for the lens #25c and the observation distance L0: a) 24.5, b) 25.0, and c) 25.5 mm. 

   
a) b) c) 

Fig. 3. Focal images for the lens #31-#04 with focus f = 40 mm and radius rV = 1.5 mm for the observation distance L0: a) 39, b) 40, 
and c) 41 mm. 

 

 
                       a)        b)                             c) 

Fig. 4. Profiles of focal images for the lens #31-#04 with focus f = 40 mm and radius rV = 1.5 mm for the observation distance L0:  

a) 39, b) 40, and c) 41 mm. 
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a) 

 
b) 

Fig. 5. Scheme of focusing optimization FO for the lens #32-с1 
(a) and its relief structure (b). 

 

 

of adjusting a large array of lenses (100‒500) when 

creating industrial solar concentrator modules.  

Therefore, the lens #31 was created with the radius 

rj = 0.3 mm and the focal length f0 = 40 mm. The lens-

original #31orig and the stamp-matrix of this lens #31m 

were formed using the diamond microcutting technique 

[19, 20]. The reverse angle of the microprisms was set to 

θ = 3 deg. to facilitate separating the metal matrix and the 

final plastic products during the thermopressing process 

[12]. A series of the lenses #31m-#(2-9) were manufac-

tured using this process. The intensity distribution on the 

screen for the manufactured lens #31m-#04 obtained 

with the laser beam is shown in Fig. 3. The profilograms 

of these images for the observation distances L0 = 39, 40 

and 41 mm are presented in Fig. 4. 
The obtained image profiles for the lens #31 are 

expanded compared to the calculated data (dashed line) 

similar to the lenses #25c, #27, and #28. The possible 
reason is the large contribution of light scattering on micro-
relief defects [13], because the radius rV = 1.5 mm is quite 
small. Therefore, to diminish the contribution of scattering, 

we calculated the parameters of the lenses #32 and #32-c1, 
which form a larger focal image with rV = 2.5 mm. 

For further experimental studies, solar cells with com-

bined diffusion-field barriers based on monocrystalline 
silicon [23, 24] are planned to use. Such cells were deve-
loped at the V. Lashkaryov Institute of Semiconductor 

Physics of the National Academy of Sciences of Ukraine. 
They are optimized for operation in the solar energy con-
centration mode [25, 26] and have individual cell dimen-
sions of 5.0×5.0 mm

2
, similar to those of [27, 28]. When  

 

 
a) 

 
b) 

Fig. 6. Microrelief pitch ΔRk for the lens #32-с1 (a) and 

refraction angle αk (b). 

 
 

using silicon photoconverters, the optimal concentration 
value is kC ≈ 50…60 [23‒26]. The lenses #25c, #27, #28 
and #31 provide a sufficiently high light concentration 
degree kC ≈ 280, but the lens #32 provides kC = 100 for a 

light beam diameter DL = 50 mm. After diaphragming 
this lens to a square shape with the maximum possible 
size of 35×35 mm

2
, the degree of light concentration is 

reduced to kC ≈ 60. The above-mentioned diaphragming 
is also necessary to reduce losses of the incident light flux 
during creating an array of lenses in a single solar module. 

The lenses #32 and #32-c1 with a radius of the 

“dark” area rj = 0.2 mm and a focal length f0 = 25 mm 

were calculated. Calculations of the parameters of the 

lens #32-c1 were performed using the radiation focusing  

optimization scheme FO = 0.2(4)‒0.5(2)‒0.9(2)‒1.2(2) 

‒1.6(2)‒2.0(3), i.e. the first four lens zones, # 1-4, direct 

the radiation into a light ring of rV ‒ rj = 2.5 ‒ 0.2 = 2.3 mm, 

the next zones # 5-6 direct the radiation into a ring of  

rV ‒ rj = 2.5 ‒ 0.5 = 2.0 mm, the zones # 7-8 direct radia-

tion into a ring of rV ‒ rj = 2.5 ‒ 0.9 = 1.6 mm, the zones 

#9-10 direct radiation into a light ring with a width  

rV ‒ rj = 2.5 ‒ 1.2 = 1.3 mm, two zones # 11-12 direct radia-

tion into a ring with a width rV ‒ rj = 2.5 ‒ 1.6 = 0.9 mm, 

and the last peripheral zones # 13-15 direct radiation into 

a ring with a width rV ‒ rj = 2.5 ‒ 2.0 = 0.5 mm. 

The applied light optimization scheme for the lens 

#32-с1 is illustrated in Fig. 5a. The calculated relief 

structure of this lens with pointed 15 zones is shown in 

Fig. 5b. The calculation fragment for the lens #32-c1 for 

the reverse microprism angle θ = 0 deg. is shown in 

Appendix A. 
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(a) 
 

(b) 
 

Fig. 7. Total light transmission coefficient of the lens #32-c1 

(a) and contribution of each prismatic zone to the total light 

transmission (b). 
 

 

The calculated microrelief pitch ΔRk = 1150…167 μm 
(Fig. 6a) allows using an evaluable diamond cutter with a 
cutting edge length LR = 1.8 mm for its formation. The 
maximum refraction angle of microprisms αk = 38.4 deg. 
(Fig. 6b), which provides a sufficiently high light 
transmission τS. 

The theoretical value of light transmission coefficient 
τS of the lens #32-c1 for its total optical aperture 
DL = 49.6 mm is 74.97%. Light transmission by zones 
depending on the zone radius Rk is illustrated in Fig. 7a. 
The contribution of the individual lens zones to the total 
value of τS is 0.73‒2.05%, which is illustrated in Fig. 7b. 
The coefficient τR describes Fresnel reflection. The value 
of τS also takes into account the so-called vignetting [12, 
13] due to microprism back angle θ = 3.0 deg. 

The algorithm of moving the diamond cutter when 
forming a metal stamp-matrix of the lens #32-c1m is illus-
trated in Fig. 8a. The matrix is formed with a microprism 
inclination angle θ = 3.0 deg., which ensures optimal sepa-
ration of the matrix from the plastic final replicas during 
manufacturing final products by the thermopressing 
method. Fig. 8b illustrates the algorithm of moving the 
cutter when manufacturing originals of the lens #32-c1L 
directly by the individual diamond microcutting method 
with the same back angle of the microprisms θ = 3.0 deg. 

The original lens #32-c1-orig and the stamp matrix 
of this lens #32-c1m with a back angle of the micro-
prisms θ = 3 deg. were formed by the method of diamond 
microcutting. A series of the lenses #32m-#(1-12) was 
manufactured by the method of thermopressing with 
above matrix. The image of the stamp matrix #32c1m 
and the lens #32c1m-#5 of a square shape with the size 
35×35 mm

2
, made with this matrix, is shown in Fig. 9. 

(a) 
 

(b) 
 

Fig. 8. Algorithm of moving the diamond cutter during 

manufacture of matrix #32-c1m (a) and the lens itself #32-c1L 

(b) for the microprism back angle θ = 3.0 deg. 
 

 

    (a) 
 

    (b) 
 

Fig. 9. General views of the stamp-matrix #32-c1m (a) and the 

square lens #32-c1m-#05 (b) with focus f = 25 mm and radius 

rV = 2.5 mm. 
 

 

The intensity distribution of a laser beam on the 

screen for the lens #32-с1m-#05 is shown in Fig. 10. The 

profilograms of these images are illustrated in Fig. 11 for 

the observation distances L0 = 24, 25 and 26 mm. The 

width of the registered profiles practically coincides with 

their calculated values. 
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In our further studies of optical and thermal cha-
racteristics of “solar” lenses, photovoltaic cells made of 
crystalline silicon, for which the size of a unit cell of the 

available silicon plates is approximately 5.0×5.0 mm
2
 

similar to [27, 28], are planned to use. Therefore, when 
illuminating such a square cell with a circular light beam 
with a diameter dV = 2R0 (see Fig. 12a), two options are 

possible: (#1) a light circle with a diameter LD is inscribed 
in a square with a radius Rmax and (#2) a square with a 
radius Rmin is inscribed in a circle with a diameter LD. The 

flux diameter dV = 2Rmin for the option #1. There are no 
flux losses (the area of the zone #1 = 0), but the area of the 
non-illuminated surface of the cell (zone #2 in Fig. 12a) is 

27.32% of the total area of the light spot. For the option #2, 
the diameter dV = 2Rmax. The cell is illuminated 
completely (the area of the zone #2 = 0), but the light 
zone outside the working plane of the photoconverter 

(zone #1) is 41.42% of the flux area. The losses for the 
luminous flux (zone #1) and for the illumination area of 
the cell (zone #2) in the general case depending on the 

flux radius R0 for the value of LD = 5.0 mm are illustrated 
in Fig. 12b. In the optimal case, when the flux and 
illumination losses are the same and are about 9.0%, the 

optimal value R0/LD = 1.12. That is, for the cell 
measuring 5.0×5.0 mm

2
, the optimal radius of a circular 

illumination flux is R0 = 2.82 mm. 
Hence, in the optimal variant, a silicon solar cell of 

the size 5.0×5.0 mm
2
 should be illuminated with a circular 

light flux with a diameter dV ≈ 5.7 mm. The considered  
 

 

 

lenses #31 and #32-с1 totally satisfy the requirements of 

homogeneous illumination of a photoconverter surface. 

The size of the focal image LD can be adjusted to the solar 

cell size by changing the observation distance L0. For cells 

of the size 5.0×5.0 mm
2
, to achieve the optimal size of the 

focal image of a round shape with a diameter dV ≈ 5.7 mm, 

the lens #31 should be used at the distance L0 ≈ 38 mm, 

and the lens #32-с1 should be placed at a distance L0 ≈ 

26 mm. However, a more optimal variant is to reshape 

the incident light flux to a square with the same size. 

For use in a solar module, lenses with a diameter 

DL = 50 mm should be apertured to a square shape with 

the maximum possible size of 35×35 mm
2
. In this case, it 

is possible to compactly place an array of such lenses in a 

single module without losses of the incident light flux. 

An image of a diagnostic module consisting of four 

apertured lenses #32-c1-#(07-10) is shown in Fig. 13. 

Each of these lenses is made by thermopressing of blanks 

from optical polycarbonate with a thickness Y = 2.0 mm 

using a stamp-matrix made from W-95 alumina alloy. 

This matrix is formed by diamond microcutting technique 

according to the cutter movement algorithm shown in 

Fig. 8 with a modernized 6P82 machine tool [13]. 

The results of testing the optical characteristics of a 

single lens #32-c1-#05 (DL = 50 mm, f0 = 25 mm, and 

rV = 2.5 mm), as well as a lens #31m-#06 (DL = 50 mm, 

f0 = 40 mm, and rV = 1.5 mm), which are diaphragmed to 

a square shape measuring 35×35 mm
2
, are shown in  

 

   

a) b) c) 

Fig. 10. Focal images for the lens #32-c1m-#05 with focus f = 25 mm and radius rV = 2.5 mm for the observation distance L0:  
a) 24, b) 25, and c) 26 mm. 
 

 
a) b) c) 

Fig. 11. Profiles of focal images for the lens #32-c1m-#05 with focus f = 25 mm and radius rV = 2.5 mm for the observation 

distance L0: a) 24, b) 25, and c) 26 mm. 
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Fig. 14. These plane-focusing lenses were manufactured 

by thermopressing method using the corresponding metal 

stamp-matrices #32-c1m and #31m. 

The obtained data show that varying the observation 

distance L0, it is possible to obtain almost homogeneous 

square-shaped images sizing from the nominal value 

LS = 3.0 mm (the lens #31m-#06) or LS = 5.0 mm (the lens 

#32с1m-#05) to much larger sizes LS, which can be almost 

equal to the dimensions of the lens itself. For example,  

the lens #31m-#06 creates homogeneous illumination of 

a square-shaped surface with a size LS = 5.0 mm for an 

observation distance L0 ≈ 39 mm, and the lens #32с1m-

#06 creates such illumination at a distance L0 ≈ 27 mm.  

However, the detailed laser beam testing of the 

focusing properties of the lenses from the series #32с1m-

#(01-12) revealed that the light spot in the focal plane of 

the lenses is somewhat expanded compared to the calcula-

tions, both for circular (Fig. 11) and square-shaped lenses 

(Fig. 14). Computer modeling using Solidwork 2016 and 

zones # 11-12 with the TracePro 7.3 softwares [29, 30] 

showed that the peripheral radii Rk
 
=

 
21.5‒23.3 mm of the 

lens-original #32-с1, and especially the refractive zones 

# 13-15 (Rk
 
=

 
23.3…24.8 mm) form additional refracted 

flows in the region outside the calculated focusing region 

due to reflection of the refracted rays inside the lens. 
 

 

 

 

 

Fig. 15a shows profiles of the illumination distri-

bution in the focal plane for the lens  #32-с1 with a thick-

ness Y = 2.0 mm for the total aperture (Rk
 
=

 
0…24.8 mm) 

as well as for individual groups of prism zones, which are 

formed according to the principle of uniformity of the radius 

rj of the annular focusing areas with a width (rV
 
‒

 
rj). The 

profiles are shown for an area radius rj = 0.2 mm (the 

radii of the prism lens zones Rk
 
=

 
2.51…1.7 mm), rj = 

0.5 mm (the lens radii Rk
 
=

 
11.7…15.7 mm), rj = 0.9 mm 

(Rk
 
=

 
15.7…18.9 mm), rj = 1.2 mm (Rk

 
=

 
18.9…21.5 mm), 

rj = 1.6 mm (Rk
 
=

 
21.5…23.3 mm), and a “dark” area 

radius rj = 2.0 mm (Rk
 
=

 
23.3…24.8 mm). 

Most of the prism zones direct the refracted rays 

into the calculated focusing area with rV = 2.5 mm, which 

is shown in Fig. 15a by a dotted line. However, the lens 

zones # 11-15 form illuminated areas outside this 

focusing area. Fig. 15b shows the illumination 

distribution profile for the most problematic group of 

zones # 13-15 with the prism radii Rk
 
=

 
23.3…24.8 mm. 

Appearance of an additional maximum at a radius 

rV = 4.3 mm is explained by Fig. 16, which shows the 

simulated rays path through the prism zones # 13-15 of 

the lens #32-c1. The lens thickness is 2.0 mm, the flat 

translucent screen is placed at the distance of 25.0 mm, 

and the screen diameter is 50 mm. 

 

 a)     b)  

Fig. 12. Options for illumination of an LD×LD square cell by a circular light beam of 

a diameter dV = 2R0  (а) and relation of beam losses to illumination for a cell of the 

size 5.0×5.0 mm2 (b). 

Fig. 13. Image of a diagnostic module 

consisting of four apertured lenses #32-c1-

#(07-10). 

 

Fig. 14. Screen images of the lenses #31m-#06 and #32с1m-#05, diaphragmed to the size of 35×35 mm2, depending on the 

observation distance L0. 
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   (a) 
 

        (b) 

 

Fig. 15. Modeled focal image profiles for the lens #32c1:  

a) light distribution over different lens zones, b) profile for the 

zones #13‒15 (Rk = 23.3…24.8) with an additional maximum at 
rV = 4.3 mm. 
 
 

 
 

Fig. 16. Simulated rays path for the zones #13‒15 of the lens 

#32-c1. 
 

 

The incident “red” rays with an intensity of 66 to 

100%, after being refracted by the lens zones # 13-15, are 

transformed into the “green” rays (the intensity of 

33‒66%), because the refraction angles for these zones 

αk = 38.211…38.437 deg. are approaching the critical 

value αk = 39.118 deg. and the light transmission coeffi-

cients are τ
S

k = 0.607…0.541. These rays form the main 

maxima in the center of the focal plane. At the same 

time, the blue rays also appear (the intensity of 0‒33%) 

due to the multiple Fresnel reflections of the rays inside 

the lens. These rays form additional maxima in the focal 

zone of rV
 
=

 
4.3 mm. Its intensity is ~ 30% of the main 

maxima (see Fig. 15b). Similarly, the prism zones # 11-12 

with Rk
 
=

 
21.5…23.3 mm also form an additional maxi-

mum with the intensity of 8.3% at the same radius  

 

rV
 
=

 
4.3 mm. Other lens zones with lower radii 

Rk
 
<

 
21.5 mm and angles αk

 
<

 
36.22 deg. according to 

computer modeling revealed only the main maxima (see 
Fig. 15a), which are placed for radii rj

 
=

 
0.2, 0.5, 0.9, and 

1.2 mm, respectively, set during the simulation. 
Therefore, when using such a lens for illuminating 

solar modules, it is advisable to diaphragm it and to use 
only prismatic zones with radii Rk

 
<

 
21.5 mm. All the 

light profiles shown in Fig. 15 are computer simulated. In 

reality, the total laser profiles for the lens #32-c1 are 
smoother due to the light beam scattering at the relief 
defects (see Figs. 10 and 11). 

Another option to reduce the light profile extension 
is to create a similar “solar” lens, but with a larger focal 
length f0

 
=

 
40…50 mm, at which the refraction angles of 

the microprisms do not exceed the value αk
 
≈

 
34.0 deg. 

This diminishes the negative internal reflection and 
increases the total light transmission coefficient of the 
lenses to the values τ

S
k
 
=

 
82‒85% [19, 20]. 

Therefore, in further creation of plane-focusing lenses 
for concentrator solar energy modules based on crystal-
line silicon, it is advisable to use a focusing optimization 

scheme with a central “dark” area with a radius 
rj

 
=

 
0.2…0.3 mm and an image size rV

 
=

 
1.5…2.5 mm. 

The optimal focal length of the lenses is f0
 
=

 
40…50 mm. 

It is also advisable to diaphragm the light flux by forming 

square lenses to reduce flux losses. The exact size of the 
illuminated zone of a photodetector can be adjusted by 
respectively changing the focusing distance of the lenses. 

4. Conclusions  

Lens designs were proposed, geometric parameters were 
calculated, and experimental samples of specialized 

plane-focusing light concentrators were manufactured 
from optical polycarbonate by diamond microcutting for 
concentrator solar energy systems.  

Metal stamp-matrices were created and formed 

using the diamond microcutting technique for replicating 
the required number of plane-focusing lenses by the 
thermopressing method.  

Using collimated laser beam, photo-technical 
characteristics of the test samples of focusing elements 
were experimentally investigated. The obtained results 
showed the correspondence of experimental data to the 

calculated characteristics. 
Square-shaped diaphragm lenses were created to 

match the shape of the light flux with square solar cells, 

and the photo-technical characteristics of their test 
samples were experimentally determined. It was shown 
that such lenses create homogeneous illumination of the 

surface in the form of a square with the dimensions of 
5.0×5.0 mm

2
 required for the solar cell that are planned 

for the future researches. 
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Плоско-фокусувальна оптика для кремнієвих сонячних фотоперетворювачів 

E.E. Антонов, В.В. Черненко, В.П. Костильов, В.С. Лисенко, Д.Ю. Манько, І.О. Мартинюк, В.В. Петров, 

В.Н. Зенін 

Анотація. Розроблено алгоритм моделювання та розраховано геометричні параметри плоско-фокусувальних лінз 

для концентраторних сонячних систем з кремнієвими фотоперетворювачами. Такі лінзи формують гомогенне 
зображення у фокальній площині, тому вони є перспективними для використання в таких системах та дозволяють 

мінімізувати теплові та електричні втрати в сонячних модулях, пов’язані з неоднорідним освітленням поверхні фото-

перетворювача. Розроблено відповідну технологію виготовлення штамп-матриць методом алмазного мікроточіння. 
На основі результатів моделювання сформовано деякі зразки плоско-фокусувальних лінз методом термопресування 

з використанням металевих матриць. Виготовлені зразки спеціалізованих трансформуючих мікропризматичних 
структур квадратної форми було експериментально досліджено за допомогою колімованого лазерного променя. 
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