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In order to obtain a focusing flattop beam with high uniformity, complex modulation is used
to modulate the optical pupil function, and the beam shaping algorithm is designed with a
single phase-only spatial light modulator (SLM). Actually, the wavefront aberrations
introduced by each element reduce the uniformity of the shaped beam. In particular,
the wavefront aberrations in different positions have different effects on this complex
modulation algorithm. However, there is a lack of the corresponding error data and
robustness analysis. Here, the error and robustness of the complex modulation algorithm
are analyzed when different types of aberrations (defocus, astigmatism, and coma) exist in
different positions of the shaping optical system, and the mixed area magnification-free
(MRAF) algorithm is used as a reference for comparison. The results show that coma has
the greatest effect on the beam shaping quality. It is also proved that the impact on the
beam quality when there are aberrations in the laser and beam expansion system is greater
than those in the SLM and the focusing lens for the complex modulation algorithm, which is
different from the MRAF case.
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INTRODUCTION

The beam shaping can generate a flattop focusing beam, which can significantly improve the quality
of precise test or laser processing [1-3]. The phase-only spatial light modulator (SLM) which is
convenient for rapid shape conversion, uses a liquid crystal device to modulate the beam and has
been successfully applied in the beam shaping [4, 5]. Based on the relationship between the pupil
function and the light intensity distribution in the focus plane [6-8], SLM is used to modulate the
parallel beam, and a flattop focusing beam with arbitrary shapes can be generated when the
modulated parallel beam passes through a focusing lens. The typical algorithm is the GS algorithm
[9], which modulates the optical pupil phase, but the uniformity of the focusing beam is hard to meet
the requirements of higher precision processing. Then, the MRAF (mixed region amplification
freedom) algorithm was further proposed based on the GS algorithm [10]. It improves the uniformity
and has been applied in the research of two-photon polymerization [11]. However, the beam quality
is still difficult to control, and the initial phase needs to be strictly estimated.

The complex modulation algorithm which can modulate the amplitude and phase synchronously
appears [12-14]. This method has been successfully applied to the shaping of parallel beams,
showing good performance potential. Here, the grating complex modulation technology is combined
with the phase retrieval theory to modulate the optical pupil function and generate a focusing beam
with high uniformity [15]. But, the actual uniformity of the shaped facula is different from the ideal
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TABLE 1 | Notation list.

Symbol Description

U (xY) The complex function of the focus plane
A (uv) The pupil amplitude function

(u,v) The pupil phase function

P (u,v) The optical pupil function

F The Fourier transform marker

A The wavelength

T () The phase grating

T; WLv) The first-order diffraction of the grating
Alu,v) The amplitude function of the diffraction
L The diffraction order

H The spatial frequency

1w The spatial period of the grating

result. In particular, the wavefront aberrations of the illumination
system and focusing objective lens have different effects on the
shaping quality of the complex modulation algorithm [16].
However, the error theoretical analysis of this beam shaping
algorithm using phase-only SLM has not been reported. In this
article, the influence of different positions and different types of
wavefront aberrations on the complex modulation beam shaping
will be studied, and the MRAF algorithm is selected as a reference
for comparison.

GUIDELINES FOR MANUSCRIPT
PREPARATION

In Fourier optics, the relationship between the focus plane and
the pupil function is expressed as a simple Fourier
transform [7-9]:

U(x,y) = % ” A(u,v)exp[i(u® +v*) f
+iD (u,v)] x exp (2miux + 2mivy)dudvy
= F{lA(u,v) exp[i(u® +*) f +i® (u,v)]}
= F{P(u,v)}, (1)

where U (x,y) is the complex function of the focus plane, x,y is the
Cartesian coordinate system of the focus plane, A (u,v) is the
pupil amplitude function, ®(u,v) is the pupil phase function, P
(u,v) is the optical pupil function, u,v is the normalized
coordinates in the pupil plane, f is the defocus parameter, and
F is the Fourier transform marker, as shown in Table 1. Beam
shaping methods can modulate the phase part ®(u,v) of the
optical pupil function P (u,v), such as the GS and MRAF
algorithms. In contrast, the phase part ®(u,v) and the
amplitude part A (u,v) of the optical pupil function P (u,v) =
A (u,v)exp [i®(u,v)] are modulated in the complex modulation
algorithm.

According to Formula (1), the complex function U (x,y) of the
focus plane to be shaped is inversely calculated, and the complex
function P (u,v) of the exit pupil is obtained. After obtaining the
complex pupil function, the next step is to modulate the complex
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optical pupil function A'(u,v)exp [i®(u,v)] into a phase grating.
The principle is as follows [14-18]:

T (u,v) = exp{iA’ (u, v) [© (1, v) + 2nyW |}

sin[ (I - A" (u,v))7]
(I-A"(uv)n

2

+oo
= Z >

J=—co

exp[i(l— A (u,v))n] x

exp{il [® (u,v) + 2nyW ]}

where [ is the diffraction order, 7 is the spatial frequency, and 1/W
is the spatial period of the grating. Each diffraction order of the
grating contains the information of amplitude A’(u,v) and phase
®(u,v). It is worth noting that in Formula (2), when [ = 1, the
first-order diffraction from the phase grating T (u,v) contains exp
[i®(u,v)] and has the maximum power. It can be seen that the
positive first-order diffraction has the effective information:

_sin[(1- A" (u,v))7]

T, (u,v) = i (1
l(u V) (I—AI(M,V))” Xexp[l(
- A (u,v))7] x expli[@(w,v) +2mqW]}.  (3)
Then, the amplitude distribution of the first-order
diffraction is:
in[(1-A'(u,
Aly) = sin ( (u,v))m] @)

(1-A"(u,v)n

In this way, when the amplitude distribution function A (1,v)
and Formula (4) are inversely calculated to obtain the amplitude
A'(u,v) and substituted into Formula (2), the first-order
diffraction of the SLM grating will contain amplitude and
phase modulation information. By using an objective lens to
focus the first-order diffraction beam, the required modulated
facula can be obtained at the focal plane.

The schematic setup for beam shaping is shown in Figure 1.
The laser output by fiber coupling passes through the beam
expander and is directly irradiated on the SLM through a
mirror to generate a modulated beam. After converging by the
objective lens, the shaped faculae can be obtained in the focus
plane. A polarizer and a half-wave plate are added in the optical
path to adjust the polarization direction of the light beam to be
consistent with the modulation polarization direction of the
liquid crystal element in the SLM to obtain the maximum
modulation efficiency. The basic parameters of the optical
system are as follows: the laser wavelength is 980nm, the
diameter of the laser tail fiber is 9um, the focal length of the
coupling lens is 15.5mm, the focal lengths of the two lenses of the
beam expander group are 35 and 150 mm, the beam intensity at
the edge is 42% of the center, and the focal length of the focusing
objective lens is 75 mm. The pixel size of the camera is 4.8
macrons. The simulation and experimental results of the
complex modulation algorithm for the square flattop focusing
beam are shown in Figure 2. Figure 2A shows the phase mask of
the complex modulation algorithm, Figure 2B shows the
simulated ideal result of a square focal facula, and Figure 2C
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FIGURE 1 | Schematic setup for beam shaping.
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facula, and (C) the experimental result of focal facula.

10 20 30 40 50 pixels

FIGURE 2 | Ideal and experimental results of square flattop focusing beam shaping with complex modulation algorithm. (A) Phase mask, (B) ideal result of focal

shows the experimental result of a square focal facula. It can be
concluded that the focal facula of the complex modulation
algorithm has good uniformity in theory, but there is a
deviation between the actual experimental data and the ideal
results.

ERROR AND ROBUSTNESS ANALYSIS

In order to evaluate the robustness of the algorithm, Zernike
polynomials are multiplied by coefficients to represent different
types of wavefront aberrations. The MRAF algorithm is used as a
reference to study the influence of various aberrations on beam
shaping uniformity. In particular, because the complex modulation
algorithm uses a phase grating to generate amplitude and phase
modulation, the wavefront aberrations at different positions have
different effects on the quality of the shaped and focused beam, which
can be divided into two cases: @ aberrations exist in the laser source
and the beam expander; and @ aberrations exist in the SLM and the
objective lens. The simulation analysis is implemented as following,
while the numerical aperture diameter of the image plane is 0.0533,
and the pixel size of the camera is 4.8 macrons.

Aberrations in the Laser Source and the

Beam Expander
When there is an aberration in the laser source and the beam
expander, Formula (2) becomes:

T (u,v) = exp{iA’ (u, v) [© (u,v) + 27qW + A]}, (5)

where A is the wavefront aberration. The Zernike polynomials are
applied to represent the different types of aberrations, namely
defocus (Z,°), coma (Z,%), and astigmatism (Z5"). Because the
numerical aperture of the laser processing system is less than 0.1,
the wavefront aberration is small, and the coefficients of Zernike
polynomials are set to be 0.6 7 rad.

It is also necessary to strictly evaluate the uniformity of the
shaped beam. The mean square value (RMS) of beam roughness
is defined as:

Std[1(x, )]

Mean[I(x,y)] (©)

Roughnessy, s =

where Std () is the standard deviation function, and Mean () is
the average function, and the Max of beam roughness is
defined as:

Max([I(x,y)] - Mean[I(x, y)]
Mean|[I(x, y)]
Mean[I(x,y)] - Min[I(x, y)]
Mean|[I(x, y)]

>

Roughness,,,y = Max

7)

A beam shaping simulation test for evaluating the fading caused
by different types of aberrations is carried out using the same
parameters as Figure 2, and the results by comparing with the
MRAF are shown in Figure 3. The uniformity of the facula is
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Defocus 79 Astigmatism Z} Coma Z| Non-aberration
A B C D
20 20 20
MRAF
40 o 40 0 40 40
Intensity 20 4.67% Intensity 20 40 3.65% Intensity 20 6.73% |Intensity 20 0.85%
0.8} RMS| o8 RMS [ gg! RMS | 0.8} RMS
Cross-section 82 82 6.89% 8:2: 19.2% 8:2: 1.91%
0.2+ 0.2- MAX | 0.2- MAX | 0.2+ ) _ MAX
26 46 pixels gb 46 pixels 40 pixels
E F H 08
20 20 20 06
Comple.:x 04
modulation 0.2
40 40 40
Intensity 20 40 3219 Intensity 20 40 1.56% | Intensity 20 40 6.44% Intensity 20 40 1.42%
| osf RMS | o8’ RMS | og! RMS |gg! RMS
Cross-section 82 7.00% 82 2.88% 82 17.6% 82 3.82%
02 MAX| 02- MAX | 02! MAX |02- MAX
20 4opixels 20 40 pixels 20 __4ppixels 20 40pixels
FIGURE 3 | Roughness analysis when the aberrations locate in the laser and expander system.
Defocus 7} Astigmatism  Z] Coma Z, Non-aberration
A 0.8 B 0.8 C 0.8 D 0.8
2 06 | o0 06 |, 06 |90 0.6
MRAF 0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
40 40 40 40
Intensity 20 140 4.67% |Intensity 20 3.65% | Intensity 20 0 6.73% | Intensity20 140 0.85%
Cross-section | 0-8° RMS | 0.8- RMS |o8! RMS |o0.8! RMS
il 103% [ 0.67 6.89% |06 192% | 98: 1.91%
03! MAX | ¢'2! MAX | 5! MAX |g32! MAX
20 4opixels 20 4opixels 20 ___4opixels 40pixels
F
E 0.8 G H 08
20 06 | 20 20 20 0.6
Complex 04 04
. 0.2 0.2
modulation| 40 40 40 40
Intensity 20 140 2.57% |Intensity 20  }40 Intensity 20 6.25% | Intensity 20 140 142%
) 08! RMS . : RMS : RMS
Cross-section 06l 5.429% gg 8:8: 17.3% 82 3.82%
0.4- MAX | 0.4- 0.4 - MAX |04 MAX
0.2- 0.2- 0.2- 0.2
20 40pixels Zb 46 pixels 20 40 pixels 20 40 pixels
FIGURE 4 | Roughness analysis when the aberrations locate in the SLM and focal lens.

evaluated by cross section and marked with the yellow dotted linein ~ shows a certain inclination, which is due to the tilt wavefront
the figure. Here, the ROI (region of interest) is selected from the 11th ~ on the grating. If the focus plane is adjusted properly, the
~ 25th pixels for the uniformity calculation. uniformity of the facula can be further improved. However,

For the non-aberration case, the MRAF algorithm can  when different kinds of aberrations are present, the beam
obtain a better uniform facula than the complex modulation = quality of the MRAF and the complex modulation
algorithm. The roughness of the facula in Figure 3D is less  algorithms decreases. Among the different aberrations,
than that in Figure 3H and can reach 1.91% (max). For the astigmatism has the least influence on the beam shaping
complex modulation, the 0 o cross-section curve of Figure 3H  quality of the two algorithms, as shown in Figures 3B, F;
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1
20 05 ,.
40 l 100pm
Intensity 20 40 b
08! 522% gt 4.86%| Experiment image
0.6 RMS 06+ RMS
0.4- 8.67% 0.4- 8.24%
0.2 . _ MAX 02 ) _ MAX
20  4opixels 20  4opixels
The case of aberration in the  The case of aberration in
laser and beam expander the SLM and focal lens

Simulation image

FIGURE 5 | Simulation and experimental results when the defocus
aberration is increased to n rad.

the coma has the greatest influence on the beam shaping
quality of the two algorithms, as shown in Figures 3C, G;
the defocus is between the aforementioned two, as shown in
Figures 3A, E. It can be found that the coma aberration of the
eccentric error should be strictly carried out when the laser
source and the beam expander are installed and adjusted.

From the aforementioned results, it can be concluded that
the robustness of the complex modulation algorithm is better
than that of the MRAF algorithm when the aberrations locate
in the laser and beam expander system.

Aberrations in the SLM and the Objective

Lens
When the SLM and the objective lens have aberrations, Formula
(2) becomes:

T' (u,v) = exp{[iA" (u,v) (© (u,v) + 2mygW)] + A} (8)

This is a different case from Formula (5). Here, the coefficients of
Zernike polynomials representing different types of wavefront
aberrations are still 0.6 m rad. The faculae results of the MRAF
algorithm and complex modulation algorithm are shown in
Figure 4. The 0 o cross-section is also used to evaluate the
uniformity in the ROI Because the MRAF algorithm belongs to
phase modulation, here the same result is obtained as with that of the
MRAEF case in Section 3.1. Astigmatism has the least influence on
the beam shaping quality of the two algorithms, as shown in Figures
4B, F; the influence of coma on the beam shaping quality of the two
algorithms is the largest, as shown in Figures 4C, G; the influence of
defocus on the beam shaping quality is between the two aberrations,
as shown inFigures 4A, E.

The sphere aberration is also analyzed and has a similar result to
that of the defocus aberration. Here, the detailed description of the
sphere aberration case is omitted. Comparing Figure 3E with
Figure 4E, the effect of defocus aberration existing in the
objective lens and the SLM on the beam quality is smaller than
that existing in the laser source and the beam expander. Therefore,
the optical shaping quality of the complex amplitude algorithm is
more easily affected by the illumination part of the optical system,
which is also consistent with Ref. [18]. According to the

Error of Focusing Beam Shaping

aforementioned results, the robustness of the complex modulation
algorithm is still better than that of the MRAF algorithm when the
aberrations exist in the SLM and the objective lens.

Another analysis has been carried out for the case of the
defocus aberration amount increasing to m, as shown in Figure 5
[16]. Although the shapes of the facula patterns (the grids) are
different from those of Figure 3E and Figure 4E, as the aberration
increases, the patterns are still similar in these two cases. In order
to verify the simulation, the experiment is carried out, and the
grids also appear in the shaped pattern, which is similar to the
simulation. So, it can be concluded that the main difference
focuses on the error amount.

CONCLUSION

In order to meet the requirement of high uniformity of the
focusing beam, the complex modulation on the pupil function
with a phase-only SLM is introduced. But under the actual
working condition, the wavefront aberrations will reduce the
quality of the beam shaping due to various errors of the
components. In particular, the various aberrations will
generate the different facula patterns which are suitable for the
fast fault diagnosis. It is found that astigmatism has the least
influence on the quality of the shaped beam, and coma has the
greatest influence. Therefore, attention should be paid to
centering installation in the system alignment. In addition, for
the complex modulation algorithm, in which there is an
aberration between the laser and the beam expander system,
the impact on the quality of the shaped beam is greater than that
when there is an aberration between the SLM and the objective
lens, and that is different from the MRAF case.
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