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Flattop beam shapes are in high demand for various laser applications, including ultra-high-power 
laser systems and surface processing, which includes interference laser processing and medical treat-
ment. In this study, we report on the improvement of extraction efficiency in a beam shaping method 
using phase gratings and spatial frequency filtering. By organising the phase grating vector 𝑘𝑘𝑔𝑔 unpar-
allel to the normal vectors  𝑘𝑘𝑛𝑛 of the sides of an aimed polygonal beam shapes, which are square and 
hexagonal in this study, the high-spatial frequency component is maintained in the spatial frequency 
filtering process, and high-quality beam shaping with good flatness and edge steepness can be ob-
tained. In addition, the extraction efficiency of polygon-shaped beams from a Gaussian beam or flat-
top circular beam is discussed. 
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1. Introduction
Beam shape is one of the most important parameters in

all laser applications. There is a strong need for lasers with 
a flat intensity distribution for a variety of applications, in-
cluding ultra-high-power laser systems, such as the LFEX 
(Laser for Fast Ignition Experiment) at Osaka University, 
and area processing by lasers. In the former case, the flatness 
limits the maximum power because the laser glasses and op-
tics can be damaged at a peak region [1–3]. In the latter case, 
a flattop beam shape is required for scribing [4], repairing 
[5], skin therapy [6] and interference pattern processing [7–
14]. Our group has been studying area processing, including 
interference pattern machining, since the beginning of the 
21st century.  

Figure 1 shows an example of interference laser pro-
cessing. Figure 1(a) gives a schematic of laser processing by 
an interference pattern of four correlating beams, where 
spots align in a square matrix, as shown in Fig. 1(b). In this 
scheme, periodically aligned nanostructures can be fabri-
cated by processing metal films using an ultrashort laser in-
terference pattern, as shown in Fig. 1(c). In this case, the pe-
riod of the interference pattern was 2.2 µm and a 40.9-nm-
thick silver thin film on a sapphire (0001) substrate was pro-
cessed by a single shot [15]. Here, the nanostructures are 
found to change with fluence and a flat beam is needed to 
fabricate uniform devices. In addition, tiling of the step scan-
ning processing is required to fabricate wide and loss-less 
devices, as shown in Fig. 2. Considering these factors, we 
have investigated beam shaping methods that enable us to 
obtain flattop and rectangular beam shapes [16–18]. For the 
original beam shape, we have considered circular beam 
shapes, such as Gaussian, which are common in commercial 
lasers.  

Various methods of beam shaping have been developed 
[19–24], but these methods have difficulties in shaping qual-
ity and wavefront accuracy. Alternatively, a method using 
phase grating and spatial frequency filtering in 4𝒇𝒇 systems 
has been developed  [18,25]. This method is capable of beam 
and wavefront shaping simultaneously. As described in the 
next section, the lack of precision in beam shaping due to the 
limited spatial frequency is a problem. We have succeeded 
in improving the accuracy of the beam shaping by optimis-
ing the spatial frequency distribution [16,17]. In this study, 
we present the results of a typical beam shaping operation 
using our method and a discussion of the energy utilisation 
efficiency of the beam shaping operation.

Fig. 1 (a) Schematic of interference laser processing. (b) 
Simulation of interference pattern. (c) Silver nanowhisker 
matrix fabricated by interference femtosecond laser pro-
cessing. 
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2. Scheme of beam shaping
The scheme of adaptive beam shaping is illustrated in

Fig. 3. A phase grating is encoded on a phase-only spatial-
light modulator (SLM) put at a 4𝑓𝑓 system and the phase fluc-
tuates in between 𝜙𝜙1 and 𝜙𝜙2, as illustrated in the upper left 
inset. The phase distribution is added to the beam and first 
order diffracted beams are cut at the Fourier plane by the 
spatial frequency filter (SFF).  In this scheme, the amplitude 
at the output plane is expressed by the following equation 
[16,25]: 

𝐸𝐸′ ∝ 𝐸𝐸0 cos �
Δ𝜙𝜙
2 � × exp �𝑗𝑗

𝜙𝜙1 + 𝜙𝜙2
2 �      (1) 

and the amplitude can be attenuated by the phase depth 
Δ𝜙𝜙 = 𝜙𝜙2 − 𝜙𝜙1 . Now, by controlling local phase depth 
Δ𝜙𝜙(𝑥𝑥,𝑦𝑦), a beam can be shaped to a target shape. 

As shown in the upper left inset of Fig. 3, the phase grating 
can be vertical or diagonal. If the phase grating vector 𝑘𝑘𝑔𝑔is 
parallel to the normal vectors of the sides, the residual com-
ponent, which should be cut, overlaps with the extracted 
component. On this basis, the results of a beam shaping will 
vary with the vertical and diagonal phase gratings, as de-
scribed in the next section. 

Figure 4 illustrates an image of the extraction of polyg-
onal beams from a Gaussian beam. Various shapes can be 
extracted from the Gaussian beam, but there will be losses. 
In later sections, we also discuss the extraction efficiency. 

3. Experimental results
In this section, shaping to a flattop square and hexagon

is shown. A laser diode at 780 nm with a Gaussian beam pro-
file (𝛷𝛷 = 9.8 mm) was used. The phase grating overlapped 
the beam via an SLM (LCOS-SLM X-10468-02, Hamama-
tsu Photonics K. K.). The period of the vertical phase grating 
was 80 µm (4 pixels), and that of the diagonal phase grating 
was 56.6 µm (2√2 pixels). The focal lengths of the lenses 
are f1 = 300 mm and f2 = 150 mm, respectively.  

The relationship between the phase gratings and the 
beam shape is shown in the upper left illustration of Fig. 3. 
In addition, the positional relationship between extracted 
and residual components on the SFF is shown in the upper 
illustration. An extracted component is located in the middle 
of each one and a phase grating diffracts the residual com-
ponents. The shape of the components is like a cross in the 
case of a square beam and an asterisk in the case of a hexag-
onal beam. The shape of the SFF is such that in (a) a part of 
the extracted component is blocked, while in (b) and (c), the 
whole extracted components pass through and the residual 
components are blocked. On this basis, we investigated the 
change in beam shape due to efficient extraction of extracted 
components. 

Here, we explain how a phase grating is created. First, 
the original beam profile is measured and a transfer function 
image is created by mapping the attenuation rate to the target 
beam profile. We then fit the attenuation curve (𝐼𝐼 − Δ𝜙𝜙 
curve) to it to create a phase grating. The details are ex-
plained in Ref. [16]. 

Figure 5(a) shows the result of beam shaping to a flattop 
square by vertical phase grating. The diameter of the SFF 
was 1.0 mm. The edge is not steep and a wavy structure can 
be seen on the flattop area. Now, the inverse Fourier 

Fig. 2 Schematic of entire process from beam shaping to 
tiling. 

Fig. 3 Schematic of adaptive beam shaping. The same al-
phabetic numbers in the upper and the upper left illustra-
tions correspond to each other. A rectangle is formed with 
(a) a vertical phase grating and (b) a diagonal phase grating. 
(c) a hexagon is formed with vertical phase gratings.

Fig. 4 Extraction of polygonal beams from a Gaussian 
beam. 𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 represents the peak intensity of a cer-
tain flattop beam. 𝑟𝑟𝑖𝑖  is the radius of a circle in which 
a regular polygon inscribes.  
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transform image of the flattop square, which should be ex-
tracted through the SFF, is cross shaped. In this case, the re-
sidual components, which should be cut, overlap with it on 
the Fourier plane. As a result, the high-spatial frequency 
(HSF) component of the extracted component must be cut 
simultaneously by the SFF and the beam shaping quality was 
degraded. In contrast, they do not overlap on the Fourier 
plane in the case of the diagonal phase grating, as illustrated 
in Fig. 3(b) and extraction with the HSF component can be 
achieved using a cross-shaped SFF, with the quality far im-
proved, as shown in Fig. 5(b). In this case, the edge increased 
in height within 20 µm (from 20% to 80% in power). Based 
on the same concept, a beam can be shaped to a flattop hex-
agonal beam. The inverse Fourier transform image of the 
hexagonal beam is asterisk-shaped, as illustrated in the Fig. 
3 (c). On the other hand, the residual and HSF components 
do not overlap on the Fourier plane in the case of vertical 
phase grating. As a result, good extraction with the HSF 
component can be achieved using an asterisk shaped SFF, 
and beam shaping to hexagon with good quality can be 
achieved. In this way, a preliminary result of the flattop hex-
agonal beam was obtained with good flatness and edge 
steepness, as shown in Fig. 5(c). 

4. Efficiency of extraction
Our beam shaping technique is based on the extraction

of a beam from an original beam, as illustrated in Fig. 4. 
Therefore, the efficiency of this method depends on the re-
lationship between the original beam shape and the reshaped 
one. In this section, we assume that most commercial laser 
beam shapes are approximately Gaussian or flattop circular, 
and we consider the efficiency of extracting polygons from 
those beams. 

4.1 Efficiency of extraction from a Gaussian beam 
Many lasers have Gaussian beam shapes. In this section, 

we consider the efficiency of extracting a polygonal beam 
from a Gaussian beam. The ideal Gaussian beam is ex-
pressed by the following equation: 

𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝐼𝐼0 exp�−
2𝑟𝑟2

𝜔𝜔02
�      (2) 

where 𝑟𝑟 is the distance from the beam centre and 𝜔𝜔0 is the 
radius, where the intensity is 𝐼𝐼0 𝑒𝑒2� . In addition, the area of a
regular polygon inscribed in a circle of radius 𝑟𝑟𝑖𝑖 is  

𝑆𝑆𝑛𝑛 =
1
2𝑛𝑛𝑟𝑟𝑖𝑖

2 sin
2𝜋𝜋
𝑛𝑛 .     (3) 

The efficiency is then expressed as follows: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑆𝑆𝑛𝑛

∫ 𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
∞

𝑟𝑟=0

    (4) 

where 𝑛𝑛  is the number of sides of the regular polygonal 
beam. Considering that the polygonal beam is inscribed in 
the Gaussian beam, as shown in Fig. 4, the efficiency for the 
ratio of the peak intensity of the Gaussian beam 𝐼𝐼0 to that of 
the flattop polygonal beam 𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑡𝑡𝑡𝑡𝑡𝑡 is shown in Fig. 6.  

In the case of all polygons, the efficiency is highest at 
𝐼𝐼𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑡𝑡𝑡𝑡𝑡𝑡/𝐼𝐼0 = 0.37. This is derived by substituting the solu-
tion of the equation: 

d𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
d𝑟𝑟 = 0.   (5) 

, that is 𝑟𝑟 = �1/2𝜔𝜔0, into the equation (4). 
In the case of a flattop square beam, the maximum effi-

ciency was 23%. In contrast, it was increased to 30% in the 
case of a hexagonal beam. In the case of a flattop circular 
beam, it was 37%. Considering that the long foot of a Gauss-
ian beam results in a large loss, the use of Gaussian beams 
results in large losses in beam shaping compared to flattop 
circular beams.  

4.2 Efficiency of extraction from a flattop circular beam 
Some lasers have non-Gaussian beam profiles. For ex-

ample, the beam shape of some Nd:YAG lasers is in between 
Gaussian and flattop, and excimer lasers have an approxi-
mately flattop beam. In this subsection, we consider the ef-
ficiency of extracting a polygonal beam from a flattop circu-
lar beam. 

Figure 7 shows the efficiency of extracting regular po-
lygonal beams (3 ≤ n ≤ 10) from a flattop circular beam, 
which is calculated by 𝑆𝑆𝑛𝑛/𝜋𝜋𝑟𝑟𝑖𝑖2. The ratio of polygons to flat-
top circular is 82.7%, 63.7% or 41.3% for a hexagon, square 
or triangle, respectively. 

Here, there is no perfect Gaussian beam or flattop circu-
lar beam. In contrast, our beam shaping technique is adap-
tive to any beam shape. The efficiency changes to the shape 
of the original beam shape.  

Fig. 5 Beam shaping to flattop square by (a) vertical and (b) 
diagonal phase grating. (c) Beam shaping to flattop hexag-
onal by vertical phase grating.  

Fig. 6 Efficiency of extraction from a Gaussian beam. 
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Summary 
We have demonstrated a beam shaping method that uses 

phase grating and spatial frequency filtering in a 4𝑓𝑓 system. 
This new scheme, including the controlling of the direction 
of phase grating vector 𝑘𝑘𝑔𝑔, enables us to extract HSF com-
ponent of an aimed beam shape. As a result, beam shaping 
to a flattop square or hexagonal beam with good flatness and 
edge steepness was demonstrated successfully. In addition, 
the efficiency of extraction from a Gaussian or flattop circu-
lar beam was discussed considering practical uses. When the 
original beam shape was Gaussian or flattop circular, the ef-
ficiency of the square shaping was 23% or 64%, while the 
efficiency of the hexagonal shaping was 30% or 83%. The 
advantages of this method could lead to expanded applica-
tions and new scientific discoveries using beam shaping. 
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