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Abstract

This paper presents the design and optimization of a Galilean laser optical sys-
tem incorporating a Kerr-based nonlinear aspherical lens (NAL) for variable
beam divergence control. The system retains the classical axial-shift zoom
principle while replacing the conventional precision-polished positive aspher-
ical lens with a Kerr nonlinear element modeled as an equivalent aspherical
surface. The Kerr effect introduces an intensity-dependent refractive index
modulation that compensates for spherical aberrations, thereby improving
wavefront quality. The optical design was developed and optimized using Ze-
max in multi-configuration mode. A compact afocal beam-expanding and col-
limating system is proposed for a 1064 nm laser source with an initial diver-
gence of approximately 5 mrad and an input beam diameter of 1 mm. The
system provides a continuously tunable expansion ratio from 4x to 20x, re-
ducing the output divergence to aslow as 0.25 mrad. Across all configurations,
the optimized design achieves a root means square (RMS) wavefront aberra-
tion below A/14, reaching the diffraction limit. Compared with conventional
zoom systems, the proposed configuration offers comparable optical perfor-
mance with reduced alignment sensitivity and improved manufacturability,
demonstrating the practical potential of Kerr-based nonlinear aspherical
lenses for variable-divergence laser applications.
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1. Introduction

The divergence angle of a laser beam is a fundamental optical parameter that plays
a critical role in various modern laser-based systems, including laser ranging, laser
cutting, and free-space optical communication [1]-[8]. The ability to flexibly con-
trol the divergence allows a single optical system to operate effectively under dif-
ferent working conditions [1]-[3] [9]. Conventional fixed-divergence optics, how-
ever, can only provide a single beam divergence state, thereby limiting operational
adaptability [1]-[3] [10]. Consequently, the design of a compact, continuously
tunable, and diffraction-limited variable-divergence system has become an im-
portant research direction in modern optical engineering. Among existing ap-
proaches, Galilean type afocal zoom systems have gained widespread use due to
their compact structure, high transmission efficiency, and the absence of interme-
diate focal planes [1] [2]. By axially translating internal lens groups, a Galilean
zoom system can continuously adjust the angular magnification while maintain-
ing the afocal condition. Nevertheless, achieving high wavefront quality and prac-
tical manufacturability simultaneously remains challenging. Traditional zoom
systems often require precision-fabricated aspherical lenses to correct spherical
aberration, leading to high production costs and stringent assembly tolerances [2].
These limitations restrict the integration of Galilean zoom optics into compact
electro-optical devices. To overcome these challenges, this study proposes a vari-
able-divergence Galilean optical system incorporating a NAL as the first optical
element [11] [12]. The nonlinear lens behaves as an equivalent aspherical element
formed through an intensity-dependent refractive index distribution within the
Kerr medium, thereby compensating spherical aberration and improving beam
quality while reducing the number of physically aspherical surfaces. The optical
configuration maintains the classical three group structure, in which the zoom
and compensating groups translate axially according to a motion law derived from
the afocal condition. The nonlinear lens simultaneously serves as both a focusing
and aberration correcting element, enhancing output beam quality without in-
creasing mechanical complexity. The optical system was designed and optimized
using Zemax software in multi-configuration mode [1]-[4] [11] [13]. The results
demonstrate that nonlinear optical materials can be effectively applied to complex

optical systems to achieve high performance and manufacturable design.

2. Theoretical Background

2.1. Principle of the Variable Divergence Galilean Afocal System

The variable-divergence Galilean optical system is an afocal configuration capable
of continuously adjusting the divergence angle of a laser beam through axial trans-
lation of its internal lens groups [1] [2] [14]. The classical Galilean architecture
typically consists of three optical groups arranged in either a negative-negative-
positive or positive-negative-positive configuration [1] [2] [15]. In this study, the

latter configuration is adopted, consisting of three lens groups defined as follows:
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L, —the front fixed positive group, L, —the movable negative zoom group, and
L, —the positive compensating group. The effective focal lengths of the three
groups are denoted as  f,', f,,and f', respectively, while the initial axial sepa-
rations between them are represented by d,, and d,;.

During operation, the system continuously maintains the afocal condition,
meaning that both the incident and emergent beams remain collimated, while the
angular magnification varies with the axial displacement of the internal lens
groups. When the zoom group L, is translated by an axial distance Ad,, the
location of its image plane shifts accordingly, which may cause the system to de-
viate from its afocal state [1] [2]. To restore this condition, the compensating
group L, must be translated by a corresponding amount Ad, (as illustrated in
Figure 1(b)), determined by the lateral magnification m,(Ad,) of the zoom
group [1] [2]:

_ f
mZ(AdZ)_ﬁ""',fz,_(dlz"'Adz) (1)

_ fllfz’ - (dlz + Adz )fz'
N+ fi=(d, +Ad,)

The beam divergence ratio M and the corresponding relationship of the diver-

Ad, + fi—d, +Ad, (2)

gence angles are defined as follows [1] [2]:

hy _ fi 1
M="=—"2. 3)
h, £ om, (Adz)
0,
0, = v (4)

where # and /; represent the beam heights at the entrance and exit, respec-
tively.

The set of Equations (1)-(4) describes the axial displacement laws of Ad, and
Ad;, which ensure that the system remains in the afocal state throughout all zoom

configurations.

|
|
|
|
3 Ad, T Ad5

(a)

(b)

Figure 1. Principle layout of the afocal zoom beam expander. (a) System with fixed focus; (b) System with variable focus [1]

[2].
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This analytical model enables rapid determination of the axial positions of the
lens groups for any desired magnification and serves as the theoretical foundation
for optical optimization in Zemax software. To further enhance the optical per-
formance and manufacturability of the system, the first lens group L, isreplaced
by a NAL.

2.2. Model of NAL

We consider a thin Kerr medium layer of thickness d, characterized by a linear
refractive index 7, and a nonlinear refractive index coefficient n,. When a
Gaussian laser beam (TEM,) with peak intensity /, and waistradius W, prop-
agates through this medium, the refractive index distribution across the transverse

(radial) coordinate can be expressed as follows [11]-[13] [16]-[20]:

2 2
n(p)=n0+nzlexp[— V;)z J (5)

0

As is well known, the radial refractive index distribution within the Kerr me-
dium induces an optical path difference (OPD) that is equivalent to that produced
by an aspherical surface. By expanding the OPD expression and comparing it with
the sag function of a rotationally symmetric aspherical surface, the equivalent ra-
dius of curvature R at the vertex and the conic coefficient & of the NAL can
be derived [11] [12].

oo
4712106117,1le .
” ©)
k=-l-——7—
4<n210dphys)

where, A denotes the operating wavelength. Accordingly, the NAL can be mod-
eled in Zemax software as an aspherical surface, enabling accurate simulation of
light propagation through the nonlinear medium. When the NAL replaces the
first group L, the system preserves the classical afocal operating mechanism de-
scribed by Equations (1)-(4). It should be noted that the focal length f* of a
conventional lens depends on the surface curvatures R;,R, and the refractive

index 7, and is determined by the following relationship [21]-[25]:
1 1 1
L) )

Therefore, for the NAL, which is equivalent to an aspherical lens consisting of
one planar surface and one aspherical surface, the focal length of the NAL corre-
sponding to the effective focal length f;' of the first group L, is determined as

follows:
K =—F~— (8)

It is evident that when the laser intensity [/, varies, the effective focal length
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fl'(l 0 ) of the NAL changes accordingly, together with the radius of curvature R
and the conic coefficient & . This nonlinear response modifies the equivalent as-
pherical profile of the NAL and enables compensation of spherical aberration.
As aresult, the incorporation of the NAL improves wavefront quality and helps
maintain stable optical performance over the entire zoom range. The combination
of axial mechanical translation and nonlinear aberration compensation leads to a
high-performance optical system suitable for practical implementation. This con-
figuration demonstrates the feasibility of integrating nonlinear materials into the
design of variable divergence laser optical systems, paving the way for the devel-

opment of adaptive and industrially manufacturable optical architectures.

3. Design and Optimization

3.1. The System Configuration and Design Target

Based on the theoretical framework discussed above, a variable-divergence Gali-
lean optical system integrating a NAL is proposed and designed according to the
optical layout illustrated in Figure 2. Using Zemax software, the system parame-
ters and output beam quality were optimized. The system adheres to the conven-
tional axial-translation principle of the Galilean afocal configuration, as employed
in previous designs, but replaces the first lens with a nonlinear element to enhance

wavefront quality and reduce manufacturing complexity and cost.

lo NAL L, Ls
YT M
‘ /77 } | ‘ i J
- ,7777i|7 777777 4{‘7777
/ | |
|
(”0 _/72
, J N My || 4ds

Figure 2. The sketch of afocal zoom beam expander with NAL.

The optical configuration consists of three lens groups: the NAL; L, , a mova-
ble negative group used to control the beam divergence; and L,, a positive com-
pensating group that maintains the afocal condition across the entire zoom range.
The designed optical system is required to satisfy the following design specifica-
tions [1] [2]:

e Input beam: Gaussian beam, 1 mm diameter, wavelength 1064 nm;

e Output beam: continuously variable diameter from 4 mm to 20 mm;

e Optical quality: wavefront aberration RMS < A/14, free from vignetting;
e Mechanical structure: total system length approximately 150 mm.
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The initial system configuration was constructed based on a conventional var-
iable Galilean design employing spherical lenses. The initial spacings d,, and
d,;, as well as the displacement values Ad, and Ad,, were determined using
Equations (1)-(4). The system was modeled in multi-configuration mode in Ze-
max software, where d;, and d,; were varied to control the relative positions
of the lens groups during zooming (Aa’2 ,Ad, ) The “Afocal Image Space’ mode
was activated to ensure that the output beam remained collimated along the opti-
cal axis.

The optical design was performed using sequential ray tracing in Zemax Optic-
Studio. The firstlens L, was replaced with a NAL, modeled as an equivalent even
aspherical surface with curvature radius R and conic coefficient & calculated
from Equation (6). The nonlinear medium selected was a thin film of Oil Red O
(ORO) [20] [26], characterized by a nonlinear refractive index coefficient 1, = 107
cm*/W, a linear refractive index n = 1.50, a linear absorption coeficient f= 107
W/cm and a film thickness d = 1 mm. The laser beam waist W, = 0.5 mm and
peak intensity &, = 10° W/cm?® were also defined for the simulation. All initial de-

sign parameters are summarized in Table 1.

Table 1. Design parameters of initial proposal optical system.

Thickness Semi-Diameter

Surf: Type Comment Radius (mm) (mm) Glass (mm) Conic
1 Standard Inputbeam  Infinity Infinity Infinity 0.000
2 Standard expander Infinity 1.000 A\ 1.50, 0.0 0.5 U 0.000
3 Even Asphere -0.625 v 48.188 \Y% 0.5 U =7.250 v
4 Standard -4.051 \% 8.256 \' K8 4 U 0.000
5  Even Asphere 13.835 v 44.426 \Y% 1 U 560.913 v
6 Standard -67.450 \% 5.269 \' K8 1 U 0.000
7 Standard -41.300 \% 36.779 \' 1 U 0.000
8 Standard —262.666 \% 9.373 \' K8 1 U 0.000
9 Standard -57.018 \% 10.000 1 U 0.000
10 Standard Infinity - 1 U 0.000
Table 2. Laser beam opening angle constraints.
Type Surface Wave Hx Hy Px Py Target Weight
Beam expansion constraints
CONF 1
REAY 10 1 0.000 0.000 0.000 1.000 2.000 1.000
CONF 2
REAY 10 1 0.000 0.000 0.000 1.000 5.000 1.000
CONF 3
REAY 10 1 0.000 0.000 0.000 1.000 8.000 1.000
CONF 4
REAY 10 1 0.000 0.000 0.000 1.000 10.000 1.000

DOI: 10.4236/jemaa.2026.184004

76 Journal of Electromagnetic Analysis and Applications


https://doi.org/10.4236/jemaa.2026.184004

P. T. Quang, B. X. Kien

The optimization process was carried out in the multi-configuration mode of
Zemax software, where different zoom states were simulated by varying the axial
separations between lens groups. The main variables optimized include radii of
curvature, conic coefficients, and inter-element spacings.

Four representative configurations were defined to cover the entire zoom range
of the system, corresponding to output beam diameters of 2 mm, 5 mm, 8 mm,
and 10 mm. The merit function was constructed using REAY operands to control
the output beam size, together with constraints on wavefront aberration and
afocality. The Physical Optics Propagation (POP) module was subsequently used
to verify the wavefront quality. Each REAY term defines the vertical coordinate of
the chief ray (Py = 1.0) for a given configuration, corresponding to the required
output beam radius. Target values of 2 mm, 5 mm, 8 mm, and 10 mm were as-
signed respectively to configurations 1-4, ensuring that the system achieves the
precise beam divergence across the full zoom range (see Table 2). In addition to
the beam-divergence constraints, the merit function also included conditions for
controlling the wavefront aberration (RMS < A/14) and maintaining the afocal
condition by enforcing the chief rays to exit the system parallel to the optical axis
[9] [10] [23]. Further constraints were imposed on lens thicknesses and inter-lens
spacings to ensure compliance with fabrication tolerances and practical require-

ments.

3.2. Results and Discussion

The optimization process was iterative and progressively convergent, performed
through multiple refinement cycles to ensure that all system parameters satisfied
the design requirements for beam divergence, wavefront aberration, and overall
optical performance. The resulting variable divergence Galilean optical system in-
tegrating the NAL was successfully optimized. The final optical configuration af-
ter optimization is illustrated in Figure 3, and the principal optical parameters of
the system including lens curvatures, thicknesses, and group separations are sum-

marized in Table 3.

Table 3. Parameters of optical system after optimization.

Surf: Type Comment Radius (mm) Thickness (mm) Glass Semi-Diameter (mm) Conic
1 Standard Inputbeam  Infinity Infinity Infinity 0.000
2 Standard expander Infinity 1.000 vV 1.50,0.0 0.5 U 0.000
3 Even Asphere -23.260 \' 32.607 \' 0.5 U -2886.00 V
4 Standard -109.695 V 10.166 \' K8 0.27 U 0.000
5 Even Asphere 2.417 \' 48.232 \' 0.231 U 83.231 \%
6 Standard —-6.200 v 7.151 A% K8 3.550 U 0.000
7 Standard -10.209 \' 41.430 \' 5.361 U 0.000
8 Standard -210909 V 3.001 A% K8 9.903 U 0.000
9 Standard -38.654 \' 10.000 10.067 U 0.000
10 Standard Infinity - 10.000 U 0.000
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Figure 3. Optical system configuration after optimization.

From Table 3, it can be seen that the total optical length of the system is less
than 150 mm, ensuring that the beam divergence varies with the relative axial
displacement between L, and L,. The NAL functions as an aberration cor-
recting element, effectively reducing the overall optical aberrations of the system.
The optimization results indicate that the optical system consists of two aspher-
ical lenses: the NAL and the movable negative lens L, . The parameters of both
lenses are listed in Table 4. The axial separation d,, between the NALand L,,
and d,; between L, and L,, for four different configurations are summa-
rized in Table 5.

The optimized system can vary the diameter of the output laser beam from 4
mm, 10 mm, 16 mm to 20 mm, corresponding to expansion ratios of 4%, 10%, 16*,
and 20%, as illustrated in the footprint diagram (Figure 4). The RMS wavefront
aberration for the four configurations is below /14, with values of 0.0604, 0.0704,
0.0364, and 0.0334, respectively. The peak-to-valley (PV) wavefront aberration is
also below A/4, with corresponding values of 0.2454, 0.2114, 0.1264, and 0.242.
These results demonstrate that the optical performance of the optimized system
approaches the diffraction limit, confirming that the design meets the desired op-

tical quality.

Table 4. Parameters of aspherical lenses.

Surface Type Conic coefficient k  Coefficient «, Coefficient o,
3 Even Asphere —-2886
5 Even Asphere 83.231 0.69 —21.498

Table 5. Thickness between neighbor moving components.

Thickness Config 1 Config 2 Config 3 Config 4
d, 50.085 40.521 34.493 32.607
dy, 30.556 40.467 46.343 48.232

The obtained results are in good agreement with those of previous systems [1]
[2] [7] [15], which employed three aspherical lenses, and even show slightly better
performance compared with systems that use two aspherical lenses combined with
additional spherical surfaces [1] [2] [15].
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Scale: 4.2000 Millimeters

Scale: 16.2000 Millimeters

Accordingly, the optimized optical system satisfies the design requirements in
terms of both beam divergence and optical quality. This confirms that the incor-
poration of a nonlinear aspherical lens (NAL) into the variable-divergence Gali-
lean system fully meets the criteria of a high-performance optical design. In this
configuration, the NAL consists of one planar surface and one aspherical surface
with a curvature radius of R=-23.26 mm (the negative sign indicates that the
center of curvature lies to the left of the surface). For the optimized case, the as-
pherical surface of the NAL has an equivalent curvature radius of R =23.26 mm
and a conic coefficient of k& =—2886. Based on these parameters, the correspond-
ing input conditions of the laser beam and the nonlinear medium can be deter-
mined as follows: W, ~0.5mm, I, =6.64 W/cm®, n, ~10° cm®/W .

Wavefront
Function Wavefront
Function
0.245
0.2207

0.196

0.026
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o
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Scale: 22.0000 Millimeters

Figure 4. 2D—footprint diagrams (left) and 3D—wavefront aberration (right) at different magnification. (a) M = 4; (b) M = 10; (c)

M =165 (d) M = 20.

The obtained value of the nonlinear refractive index coefficient n; falls within
the typical range of organic dye materials, such as ORO, which exhibits a nonlin-
ear coefficient of the same order of magnitude and a comparable linear refractive
index [8]. Therefore, the use of organic dye materials (in the form of dry thin
films) as the NAL in the Galilean system is entirely feasible. The selected nonlinear
material exhibits relatively low absorption ( #~10" W/cm ) at the operating
wavelength and a fast response time on the order of picoseconds. In addition, the
use of a continuous wave laser helps reduce thermal effects under moderate power
levels [21] [27]. However, at high intensities, thermal accumulation and potential
optical damage may occur, which should be considered negligible in practical im-
plementations [26].

For comparison, a conventional Galilean beam expander reported in Ref. [9]

exhibits a maximum RMS wavefront aberration of 0.17691. In contrast, the pro-
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posed system achieves significantly lower RMS values, with a maximum of 0.0701
across all configurations, indicating a substantial improvement in wavefront qual-
ity. Furthermore, unlike conventional designs that rely on precision-fabricated as-
pherical lenses, the nonlinear aspherical lens employed in this work does not re-
quire complex surface machining, thereby avoiding fabrication-induced errors
and offering improved manufacturability while maintaining high optical perfor-

mance.

4. Conclusion

A Galilean zoom optical system employing a nonlinear aspherical lens (NAL) to
replace conventional aspherical lenses has been proposed, designed, and opti-
mized using Zemax software. The system consists of three classical lens groups,
where the divergence angle of the laser beam is controlled through the coordi-
nated axial translation of the zoom and compensating groups. By substituting the
first lens with a NAL modeled as an equivalent aspherical surface, the proposed
design effectively corrects spherical aberration while simplifying fabrication and
improving flexibility for practical applications. Optimization using the POP
model in Zemax software demonstrates that the system can continuously vary
the output beam diameter from 4 mm to 20 mm while maintaining diffraction
limited performance (wavefront aberration RMS < A/14) for all configurations.
The first nonlinear lens, modeled according to the thin Kerr-layer approxima-
tion, exhibits an equivalent curvature radius of R =23.26 mm and a conic co-
efficient of &k =-2886, corresponding to an effective nonlinear refractive index
of n, ~10° cm?/W . This value aligns well with the optical characteristics of
ORO, confirming the suitability of this material for realizing Kerr-based nonlinear
aspherical lenses. These results not only verify the feasibility of integrating non-
linear materials into adaptive laser optical systems but also introduce a new design
approach for compact, high-performance, and manufacturable beam-expanding
optics. Such systems hold significant potential for applications in electro-optical
detection, beam control, and precision alignment. In future work, the research
team aims to fabricate the nonlinear element experimentally, evaluate the system
performance under different power levels, and extend the study to Kerr materials
with higher stability and broader spectral response.
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