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Abstract: For purpose of revealing the negative impacts of multiple primary aberrations in high numerical
aperture optical system, the combined influence of the primary aberrations, especially coma, astigmatism
and spherical aberration, on focusing Gaussian beam in high numerical aperture system was carried out
based on diffraction theory. The intensity distribution of the Gaussian beam focal spot suffering multiple
influence of coma, astigmatism and spherical aberration were acquired by numerical simulation. The
results show that the impact of multiple abrration was not only superimposed of single aberration. In
addition, a high consistency was found between the simulation results and the laser spots captured on the
focal plane of a self-made high numerical aperture system, which indicated the reliability and
reasonableness of the numerical simulation. The results present the optical distribution properties of
Gaussian beam receiving multiple primary aberration effects, which will be helpful for evaluating and
analyzing the practical optical focusing system.
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0 Introduction

The Gaussian beam has been widely applied in

lithography'" optical fabrication®*, atoms capture” ",

super resolution technology™ far-field microscopy™ "
and imaging™' "', with high Numerical Aperture(NA)
objective collection. Generally, in the high NA optical
system, the beam is unavoidably impacted by optical
aberration which results in distortion of the focal
sphere. The individual effects of primary aberrations

on spatio-temporal characters of the focused Gaussian
13-15]

beam have been revealed by many researchers
The image formation in high NA focusing systems with
Seidel aberrations have been theoretically studied by R.
Kant"' R. K. Singh et al.
aberrations effect in focusing Laguerre-Gaussian beam

of high NA

[18-21]

analyzed the primary
system with different topological
charge S. H. Deng’s group investigated the
depletion patterns which are affected by individual
primary aberrations™* %/,
However, the multiple primary aberration is
usually borne at the same time in a realistic optical

While, its

mechanism on the whole optical system have not yet

system. induced influence effect and

been completely and accurately disclosed. In practical

g.
microscopy, the Gaussian beam is modulated to a kind

system, e. the stimulated emission depletion

of circular shaped-beam by phase plate, it is also
influenced by multiple primary aberrations and the
situation is more complicated. With the combined
twisted into
different

aberration effects, the focal spot is

different appearances, and has intensity
distribution and size.

In this paper, we will make a simulation study on
the multiple effects such as coma, astigmatism and
spherical aberration on focusing Gaussian laser beam
with high NA lens. The laser pattern is calculated with
different aberration coefficients. The characters of the
laser spots in simulation are quantitative revealed and

the data highly

consistent with the simulation results. This work will

analyzed, and experimental are

be helpful for assembling and analyzing the Gaussian

laser system in realistic situations.

1 Theory

Fig. 1 is the theoretical model for investigating the
influence of multiple aberration effects on Gaussian
beam. A right-handed
employed with an objective (NA=1.4) in the system.

circular polarized beam is

The electric field vector E at a point p (r,,¢,sz,)
in cylindrical coordinates with the origin located at focal
point can be expressed by generalized Debye integral as
Eq. (172,

Fig. 1

Theoretical model for simulation.

(AL, Aplanatic Lens)

E(r, 0,2, = ifiojf vcos Osin (@) « E, « V() +
0

P,

A (0,¢) X |P, |exp { tkn[z,cos O+ r,sin 0 «

cos (o — ¢,) 1} dbde (D
where, f represents the focal length of the lens and [,
is the amplitude factor in the image space, A stands for
the wavelength of incident light.

The Gaussian light at the pupil of objective is
expressed as E, = I, exp (—y’sin’ §/sin’ 4,..). I, is the
light intensity and assumed to 1 in the calculation. ¥ is
the truncation parameter that describes the beam inside
the physical aperture; it is expressed as y=a/w(a is
aperture radius and w is the beam size at waist). @
represents the angle between light direction and optic
axis, 0,. 1s the maximal semi-aperture angle of
objective lens (., = 67°) and ¢ stands for the
azimuthal coordinate at the input plane. V(§,¢) is the
conversion matrix of the polarization from the object

field to the image field.

1+ (cos 6—1)cos® ¢  (cos —1)cos gsin ¢ —sin feos ¢
V(0,¢)= | (cos G—1)cos gsin ¢ 1+ (cos 6—1)sin® ¢  —sin fsin ¢ (2)
sin (cos ¢ sin Osin ¢ cos 0
A, (0, ¢) is the aberration wavefront function. expressed as following:

Here, it is given as the Eq. (3). A(,(ﬁ,gp):i/eac< sin 0 > cos ¢ W

A (G, =exp [A.(0, ) +A,(0,p) +A O] (3) SIN G

: 2

where, A (0, ¢), A, (0, ¢) and A (0, ¢) represent A, (0 ¢) =ika, ( sin ) ) cos’ ¢ (5)

sin O,

wavefront aberration functions of coma, astigmatism

and spherical aberration, respectively. They can be
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sin 0 > )

SN Oy

where, a., a, and a, are the aberration coefficient of

A0, @) =ika, (

coma, astigmatism  and  spherical  aberration
sequentially.

[p..p,»p.] is defined as the matrix unit of the
polarization of incident light. #=2xn/A, which means
the wave number, n is the refractive index of the focal

space medium (n=1. 52). For focal plane , 2, equals to 0 .

2 Results and discussion

2.1 Effect of coma and astigmatism

Generally, the coma and astigmatism are the most
"7 Thus,

the numerical study of the influences of the comatic

negative influence factors to the laser focus"

aberration and astigmatism are prioritized studied in the

a.=0.074

0.141

a,=

y(A)

a=0211

a.=0.281

a.=0.351

x(A)

following. We use Matlab in the simulation.

Fig. 2 is the intensity distributions calculated with
different parameters of a. and a, values. a. and a, refer
to the deviation of the wavefront to the Gaussian
reference sphere. During the simulation, the value of
a. and a, are chosen from 0 to 0. 64 and 0 to 0. 351
the

parameter of a. changes 0. 121 for each step, and a,

respectively owing to the aberration tolerance;

changes 0. 072 for each step. It is obvious that with the
of the

distribution of light intensity is non-uniform in the focal

combined effects coma and astigmatism,
spot. The variation rule of the patterns is also complex
than that influenced by single aberration. For instance,
when a .=0. 12X, a, =0. 28X, the laser spot is water-

drop shaped.

Fig. 2 Simulation results of focal spot with different coma and astigmatism coefficient

Fig. 3 reveals the size variation of laser spot at
FWHM when the constant a. and a, are in the range:
0<{a,<<0. 6], 0<<a.,<<0. 35A. In the case of a,=a,=0,

the pattern is ideal (see Fig. 2), and the Full Width at
Half Maximum (FWHM) D equals to 0. 375A. Since

the patterns are irregular, the size of pattern is

0912001~ 3
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described in two directions. D, stands for the length in
x direction while D,, in y direction. When a. =0, a,=
0.35A, D,=1.14x, D,,=0.53 a.=0.6, a,=0A, D,=

0.65x, D, = 0. 48x; a. = 0.
0.54x,D, =0. 5A.

6A7 aA:O. 35/\9 D1:
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Fig. 3

The irregular transformation of laser focus on
lateral direction is caused by the coma and
astigmatism, the former induces asymmetry and the
latter leads the laser spot stretching.

Fig. 4(a) illustrates the variation of the maximum
normalized intensity of laser patterns in different a. and
a,. It can be seen clearly, under the same a. value
(equals to 0. 23), the maximum intensities decrease
quickly when the a,<C 0. 21X, while the intensity is
enhanced in the situations of a, =>0. 281, however, it
starts to fall when a, = 0. 36A. In general, the
maximum value of normalized intensity is reduced with
the combined influence of aberrations, i. e., the
maximum normalized intensity changes from 1 to 0. 3.

Fig. 4(b) displays the change of the focal spot size

x(4)

Isophotes of the focal spot at FWHM corresponding to Fig. 2

of Fig. 3. In the case of ¢,=0A, 0.07x and 0. 141, the

focal spots become bigger with the increasing of a

ce

l.l L] L] L] L] L] T
—a—q,=0

S0 ——a,=0.07/]
%» 09 F —a—q,=0.14A1
§ 0.8 F —v—a,=0.211 1
-_E 07 F ——a,=0.281 ]
:“_5 06 L ——a,=0.35] ]
E 05 } |
04 F .
03 1

0.2 is Il A1 A A A

0 0.12 0.24 036 048  0.60

aJ/

(a) The maximum intensity of the pattern
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(b) The focal spot dimension at FWHM

04 05

Fig. 4 Focal spot pattern variation with different a. and a,
When a.=0. 61, the area of focal spots are 1. 74, 1. 66
and 1. 51 times larger than the ideal pattern. When
a,=0. 21X, a. changes from 0 to 0. 61, the focal spot is
around 1. 4 times comparing to the ideal one. In the

a=0.16) a:=0.32) a:=0.48)

z(A)

1 0

3

2

1

0
-1

-1 0 1-1 0 1-

1-1

x(4)

situation of a, =0. 28X and 0. 351, the area of laser spot
decreases when a. changes from 0 to 0. 6), the area
ratios to the ideal pattern are reduced from 2. 39 to
1.44 and 3.19 to 1. 51, respectively.
2.2 Effect of coma, astigmatism and spherical aberration
Generally, the spherical aberration contributes to
the axial shifting of focus. The spherical aberration
usually caused by the immersion oil, the samples or its
mounting medium. In the following simulations, the
comatic and astigmatism coefficients are assumed to
constants (a, = 0. 12X, a, = 0. 072).
aberration tolerance condition of focusing system, the
of with

amount of 0. 16 for each step.

In view of the

coefficient spherical aberration increases

Fig. 5 shows the focus intensity distribution on XZ
plane. When a. = 0. 121, a, = 0. 07X and a, changes
from 0. 162 to 0. 96A.

a=0.644

a=0.81 a=0.961

0.8
0.7
0.6
0.5

0.3
0.2
0.1

0 1-1 0 1-1 0 1

Fig. 5 Axial intensity distribution of laser spots tolerating multiple primary aberrations,a. =0. 12X, a, =0. 07X and

a, changing from 0. 161 to 0. 96
Fig. 6 reveals the shift of the best focus position
The

axial

with the enhancing spherical aberration effect.
best focus position moves from 0. 4) to 2. 052 in

direction when the a. increases from 0 to 0. 964A.

L T . T r ™
1.6 / 1

N l.4j o 1
%:5 2\ / 1
£ 10f / 1
= 08f 1
2 oof /' ]
A ——a=0.120,4=0.074 ]
021 1

0 C 3 1 1 1 1 1 ]

0 0.2 0.4 0.6 0.8 1.0
a/i
Fig. 6 Best focus position shifting

Fig. 7 presents the laser spot at the best focus
position in the case of Fig. 5. It is found that the focal
spot does not change much when a, is increasing, as
well as the size of laser spot at FWHM. The maximum
intensity of laser spot decreases as the spherical
aberration effect strengthening.

Fig. 8 shows the detailed information of laser
intensity and the dimension of laser spot at FWHM in
Fig. 7. From the Fig. 8 (a), it can be noticed that the
maximum normalized intensity of the laser pattern
to 0. 74 when the

aberration increases. The Fig. 8 (b) shows that with

reduced from 0. 95 spherical

the combined effect of primary aberration, the change
of the area at FWHM is little (about 1. 002 to 1. 013

times bigger than that in ideal condition).
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(a) The maximum intensity of the pattern Fig. 9 Schematic diagram of experimental setup
ol ’ ' —;—ac=0.ll2)~, a(,,=0.(;7)» ] It is well known that the coma effect will emerge
out when there forms a slant angle between the axis of
105 1 objective and incident light beam; the astigmatism
1.02 b J effect appears when the objective axis is deviated from
- - — ) .
e o — the light beam axis. Therefore, through the
= i L p
~ modulation of the relative position of objective lens
0.96 | 1 corresponding to the incident light beam, different
093 } J aberrations will be induced to the focal spot.
050 ) ) . . . Fig. 10 shows the laser focal spots suffering
) 02 04 0.6 0.8 1.0 primary aberrations. Fig. 10(a) and 10(b) are obtained
a/l by slightly adjusting the objective to form tiny angles
(b) The area of FWHM with the beam axis. The focal spot in Fig. 10 (a) is

Fig.8 Variation of the laser pattern with increasing a,

3 Experiment

With the assist of a home-made CW-laser-direct
writing system with high NA objective lens, the impact
of optical aberrations on laser spot is experimentally
measured. The practical setup is schematic diagramed
as Fig. 9. A linear polarized Gaussian laser beam
become circular polarized after passing through a 1/42
WP (wave plate), and finally focused by a high NA
(X100, NA=0.9, ZEIZZ) objective. The focal spot
image is captured by a CCD camera after the beam

reflected by a silver-coated flat mirror.

comet shaped, which is similar to the simulation result
in the first row of forth column (Fig. 2). When the
angle between the objective and the main light axis
become bigger, Fig. 10 (b) is obtained. It looks like
the spot of the first row of fifth column in Fig. 2. Tt is
also comet shaped, but has a longer tail on the right.
When the angle between the objective and the main
light axis become bigger, Fig. 10 (d) is obtained. It is
a speckle in comet shape, the intensity on left is higher
than the right. It also can be found the corresponding
pattern in the simulation results as shown in the Fig. 2,

the first row of sixth column.

0912001~ 6
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(a) Coma (b) Coma (c) Coma and (d) Coma
astigmatism
Fig. 10 Laser experimental focal spots with different

primary aberration

While the lateral position of the objective changed,
the effect of astigmatism is introduced into the system.
The Fig. 10 (¢) is the focal spot captured when the
system is impacted by the aberration of coma and
astigmatism. It can be found that the focal spot of the
Fig. 10 (c) is pear shape. The shape is quite same as
the focal spot as shown in the Fig. 2 as the fourth row

of third column.

4 Conclusion

The intensity distribution of the laser in high NA

focusing system is complicated while suffering
combined influence of coma, astigmatism and spherical
aberration, the final features are seriously determined
by the factors, i.e. a., a, and a, together.

Generally, the maximum intensity of focal spots
decreases with the increasing of a, and a,. The area
ratio of focal spot at FWHM is increased in the case of
a,< 0. 21X, while, it will be declined as a,>0. 212.
When the spherical aberration is combined with coma
and astigmatism, the best focal plane will shift in axial
direction. The maximum intensity is reduced, and the
focal spot size at FWHM is barely changed with the
growing of a,.

In addition, it is found a high degree of similarity
between the simulation results and experimental laser
spots captured by CCD camera. The results are helpful
for analyzing the aberration of focal pattern in realistic

situations and guiding the setting up practical optical

System.
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