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Fig. 1 Schematic of experimental equipment
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Fig. 2 Schematics of shaping for different holograms. (a) Black hologram; (b) mask with external blazed grating (EBG) ;

(¢) mask with EBG and internal gradient grating (IGG)
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Fig. 3 Diffraction diagram of external grating
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Table 1 Comparison of diffraction efficiency of external gratings [y =cos (?) ’ (3)
Grating Formula of m-order diffraction efficiency [ . J 1)
2 (4 e
Sinusoidal grating Do =L (7> » where ] is the — M m 4 S izju%@Tj{lEu
Bessel function and ¢ is the amplitude - )([ ( )/:|
. m\ sinc” [m — ¢ (h
. . —inct (T . =sin (*) (5
Binary grating N = SiNC ( 2 ) i sine 2 2 {m —o(h )}
, 2
. Ngom =sinc’ <H) swhere g is the number
Blazed grating g . —t':':' gD(h)EEB {E h Fdﬁﬂ’]ﬂﬁrﬁu*ﬁfi &, X
steps S
o TR T 0 0 B AT RO 4 R A AR AR L OF ELAR B Y
Thbina
—ry) A
gray level I,
profile |' o hy
v

*

(@)
P4 AN TR B A R ity — e et
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Fig. 6 Phase distribution. (a) Internal gradient binary grating; (b) gray profile of gradient binary grating
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Fig. 7 Schematic of orthogonal grating and diffraction. (a) Orthogonal grating hologram; (b) gradient orthogonal grating

hologram; (c) schematic of orthogonal grating diffraction
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Table 2 Shaping results for flattop hexagon with different methods
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Table 3 Profile curves of shaping results with different methods
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Table 4 Energy efficiency of four shaping methods

Energy efficiency /%

Shaping method

d=1 mm d=2 mm d=3 mm d=4 mm
EBG+IGBG 3.42 12.35 25.97 42.90
EBG+IGOG 3.71 12.99 26.90 43.71
EBG-only 4.06 14.09 28.70 46.49
GS 72.10 70.63 68.93 68.62
5 4 ML EMOLHRR 5
Table 5 Beam nonuniformity of four shaping methods
Beam nonuniformity /%
Shaping method
d=1 mm d=2 mm d=3 mm d=4 mm
EBG+IGBG 3.59 2.21 2.12 4.71
EBG+IGOG 3.72 3.61 3.50 5.26
EBG-only 4.71 4. 35 4.17 9.94
GS 19.57 18.97 12.79 21.50
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Abstract

Objective In most laser processing, Gaussian beam is used, but in high-precision laser processing, shaping beam, as an
unconventional beam, can sometimes outperform Gaussian beam. Traditional shaping techniques include using a
deformable mirror, a nonpixel optical addressing light valve, and a spatial light modulator (SLM). The nonpixel optical
addressing light valve method can generate flattop, ring, square, and triangular beams at the focal plane. Beam shaping
with SLM can use Gerchberg-Saxton (GS) method, imaging method, and hybrid holograms. However, simultaneously
ensuring the energy efficiency and uniformity of the shaping beam using these methods is difficult. The larger the
geometric mask size in the hybrid holograms method, the worse the uniformity. Only when the mask area is small can a
flat-top beam with better uniformity be obtained. It is worthwhile to investigate how to implement the shaping method
while maintaining high energy efficiency and uniformity. In this paper, we propose a beam shaping method based on
combined gratings: external blazed grating (EBG) and internal gradient grating (IGG). The EBG can diffract the beam
into different orders, and with the help of an aperture, we can obtain the expected shape with a steep edge. The IGG can
change the energy distribution in the inner region of the geometric shape and improve the uniformity by using either
gradual binary grating (IGBG, internal graded binary grating) or graded orthogonal grating (IGOG, internal gradient
orthogonal grating). We hope that this method will be useful in laser processing where high uniformity of flat-topped
beams is required.

Methods A pure phase parallel nematic liquid crystal device is used in this study . Among them, the external grating
uses a blazed grating, which can divide the incident Gaussian beam into zero and nonzero diffraction orders, and use an
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aperture to block the nonzero-order beam to obtain the zero-order beam with desired shape. The internal grating uses
gradual binary grating or graded orthogonal grating, which can improve energy distribution in the geometric mask’s inner
region and produce flat-topped beams with steep edges and good uniformity. The characteristics of EBG and IGG, and the
shaping effect are discussed. For analyzing the shaping quality, the calculation methods of energy utilization and
uniformity are presented. A hexagon experiment uses four methods: EBG-only, EBG + IGBG, EBG + IGOG, and GS. The
shaped beams produced by four methods are compared by adjusting the size of the geometric mask.

Results and Discussions From the experimental results, it can be seen that the designed beam shaping method based
on combined gratings can obtain a flat-topped beam with arbitrary shape, steep edge, and high uniformity. A hexagon
experiment uses four methods: EBG-only, EBG + IGBG, EBG + IGOG, and GS. The shaped beams produced by four
methods are compared by adjusting the size of the geometric mask. Using gradient orthogonal gratings inside the mask can
obtain higher energy efficiency than gradient binary gratings, and the energy utilization efficiency increases with the
increase of mask size, reaching a maximum of 43.71% at d =4 mm (Table 4). However, the uniformity of the method
with gradient binary gratings is better than that of the gradient orthogonal gratings, and the nonuniformity reaches a
minimum of 2.12% when the mask size d =3 mm (Table 5). Although the GS algorithm achieves high energy efficiency,
its beam uniformity is the worst, as it cannot produce a high-quality flat-topped beam. Therefore, the proposed shaping
method can produce a flat-topped beam with high uniformity while preserving energy efficiency.

Conclusions In this study, a flat-topped beam with good uniformity is obtained using a spatial light modulator and
designing a phase hologram composed of a geometric mask and gratings inside and outside of the mask. Among these, the
internal grating can be gradient orthogonal grating or gradient binary grating, which can diffract the incident Gaussian
beam into multiple nonzero-order beam to change the energy distribution and obtain a flat-topped beam with high
uniformity. At the same time, the grating methods are compared to the GS method. Although GS method can obtain high
energy efficiency, the uniformity is poor, so it is not suitable for areas requiring high uniformity. The method proposed in
this paper can obtain a shaping beam with steep edge and high uniformity, with an energy efficiency of 43.71% and a
minimum nonuniformity of 2.12%. It can be used in areas where high uniformity and steepness edge are required, such
as scribing and removing films from coating materials ( thin films without harming the substrate), and grooving in
semiconductor materials (such as Low-K). This method is simple and easy to use, and it will broaden the scope of laser
applications in the field of material processing.

Key words beam transmission; graded binary grating; graded orthogonal grating; laser processing
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