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Abstract. Thermal lensing is an inherent phenomenon in high-power laser optical systems, in-
cluding fiber laser cutting heads, arising from energy absorption—induced thermal and optical
variations. This paper presents a numerical study, based on the finite element method, of thermal
lensing effects in a 1064 nm fiber laser system operating at 1-6 kW, using fused silica plano-convex
lenses with focal lengths of 125-300 mm. The simulations predict a maximum lens temperature of
952 K at 6 kW, leading to focal shifts up to Af = —45.4mm for a 300 mm focusing lens, and rela-
tive refractive index variations of 74.5—114%. While spot diagram asymmetries appear at higher
power levels, these are likely numerical artifacts rather than physical optical deformation. The re-
sults highlight the significant impact of thermal lensing on focal stability and provide a numerical
framework useful for the design and optimization of fiber laser cutting heads operating at kilowatt
power levels.
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1. Introduction

Fiber laser cutting heads (1-6 kW, 1064 nm) are vital for precision machining, industrial
component fabrication, and high-precision parts in aerospace, medical, and electronics industries.
They also support specialized applications, including nuclear facility dismantling, underwater cut-
ting, robotic operations, and rock fragmentation in tunnel boring machines [1-6]. The ability to
transmit laser beams via optical fibers allows remote placement of the laser source, simplifying
equipment needs, while the non-contact nature of laser cutting enhances flexibility and precision
when integrated with robotic arms [7].
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However, thermal lensing, an inherent challenge in high-power laser systems, degrades
performance [8—12]. Energy absorption by optical components and anti-reflective coatings creates
temperature gradients, altering the lens’s refractive index and inducing phase distortions. This
results in focal shifts and, in simpler cases, a thermal lens effect that displaces the focal point [13—
16]. Uncontrolled focal shifts reduce machining accuracy, particularly in thick metal processing,
where high power density and precise beam focus are critical for optimal cutting speed and edge
quality. Thermal effects also increase the beam propagation factor (M?), causing higher-order
aberrations that impair beam quality [10]. Although optical cooling mitigates overall temperature,
local gradients persist, making thermal lensing unavoidable [12].

Understanding refractive index variations due to thermal effects is crucial for predicting
focal shifts and optimizing laser cutting. Controlling optical distortions improves beam quality,
stabilizes power density, enhances accuracy, and reduces material waste, thereby lowering costs.
While prior studies explored focal shifts with different materials and coatings [13-16], systems
with varying focal lengths remain underexplored. This study uses numerical simulations to in-
vestigate focal shift variations in a high-power (1-6 kW) fiber laser cutting head, quantifying re-
fractive index changes across focusing lenses with focal lengths of 125-300 mm. It also analyzes
beam spreading and distortions at the focal plane, with the aim of assessing the applicability and
limitations of the finite element method for simulating thermo-optical effects in high-power fiber
laser systems.

2. Methodology, modeling and theory

2.1. Laser cutting head simulation

The fiber laser cutting head, operating at 1-6 kW and 1064 nm, typically uses continuous-
wave mode but supports pulsed operation. As shown in Figure 1, the laser beam from a fiber input
is collimated by a collimating lens, then focused by a focusing lens with an adjustable mechanism
(+15/ — 25 mm range for a 100 mm collimator / 200 mm focusing lens) to optimize the focal
point on the material surface [17-19]. A protection window shields internal optics from dust,
spatter, and back-reflections. An assist gas system (oxygen, nitrogen, or argon, < 30 bar) delivers
gas through a nozzle to remove molten material and enhance cut quality. Water or air cooling
stabilizes the temperature of optical components, minimizing thermal deformation. Some systems
integrate water spray cooling with assist gas to reduce workpiece back-reflections, ensuring stable,
high-precision operation for industrial metal processing.

Optical lenses are critical for shaping and focusing beams in high-power laser cutting heads.
Commonly used materials include fused silica and N-BK7 [13, 16], with alternatives like N-
PSK53, N-PPK51, and CaF, also employed [14]. Fused silica, with a low thermal expansion
coefficient (~ 0.55 x 10"°K~1) [13] and minimal absorption at 1064 nm, ensures thermal stability
and low energy loss, ideal for high-power applications [13, 16]. Anti-reflective (AR) coatings,
including uncoated, wavelength-specific, and broadband types, enhance efficiency at 1064 nm,
achieving reflectance reductions exceeding 99% [20, 21], with some reaching 99.99% [22]. The
optical system comprises two plano-convex fused silica lenses (50 mm diameter, 3 mm edge thick-
ness): a collimating lens (100 mm focal length) and a focusing lens (125, 150, 200, or 300 mm
focal length). Focusing lenses, nearer the cutting zone, require frequent replacement due to ther-
mal lensing and coating degradation.
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Fig. 1. Internal scheme of the laser cutting head.

In practical high-power laser cutting systems, active cooling mechanisms such as water-
cooled or air-cooled assemblies are typically employed to mitigate thermal effects in optical com-
ponents [1,2]. However, in this study, active cooling was not employed in order to evaluate the
maximum impact of thermal lensing under natural convection conditions. The obtained results
provide valuable insights into how thermal lensing depends on focal length and laser power, and
serve as a useful reference for evaluating the necessity and effectiveness of active cooling in future
system designs.

This study uses finite element method (FEM) simulations in COMSOL Multiphysics 6.1.
A 1W baseline assumes negligible thermal effects. The simulation couples Geometrical Optics,
Heat Transfer in Solids, and Solid Mechanics to model ray trajectories, temperature, and thermal
expansion. At the fiber output, the laser beam has a wavelength of 1064 nm, a numerical aperture
(NA) of 0.1, and follows a Gaussian intensity profile normalized at the 1/¢? level. The beam di-
ameter at the fiber output is set to 200 pm, which is consistent with high-power fiber laser cutting
systems (1-6 kW) typically employing large-core fibers [17,19]. An AR coating (99.5% trans-
mittance at 1064 nm) is applied to the lens surface to minimize reflection losses of the Gaussian
beam. At the focal plane, a 1 mm circular planar annulus is used to capture the deposited power
for power distribution analysis. Lenses are fixed with an 80 mm separation. Optical parameters of
collimating and focusing lenses are listed in Table 1.

The Geometrical Optics interface traces ray paths using a Hamiltonian-based ray tracing
method, releasing 9000 rays in a conical hexapolar distribution (18 rings) to represent the beam
profile. Ray power attenuates according to:

P:Poexp[—ZkOKL], (1)

where ky is the free-space wave number, L is the optical path length, and »n and k represent the real
and imaginary parts of the refractive index of the medium or material, respectively; Fy denotes the
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Table 1. Optical parameters of collimating and focusing lenses.

1 2 3 4 5
Radius of curvature, R; [mm)] oo 56.8 68.8 90.8 135.8
Radius of curvature, R, [mm] 45.8 0 o oo oo
Center thickness, d [mm] 10.425 8.7976 7.7029 6.5095 5.321
Focal length [mm] ~100 =125 =~150 =200 =300

average laser power. This equation applies to weakly absorbing media, with the condition k¥ < n,
which holds for fused silica at 1064 nm. Positive values of k correspond to an attenuating medium,
while negative values indicate a wave-amplifying medium.

Absorbed laser power is modeled as a volumetric heat source in the Heat Transfer in Solids
interface, solving the heat equation with convective boundary conditions (heat transfer coefficient
10 W/m?K [23, 24], ambient temperature 293 K). A Bidirectionally Coupled Ray Tracing study,
with three iterations, ensures self-consistent ray trajectories and lens deformation. The FEM model
uses cubic Lagrange shape functions for temperature and displacement to minimize numerical
error. The computational mesh employs free tetrahedral elements (maximum size 3 mm), refined
to 0.5 mm at fixed boundaries and 0.025 mm at the target plane for accurate focal spot analysis.

2.2. Theoretical analysis of thermal lensing effects

To calculate the temperature distribution within the lens, we employ a numerical model
based on FEM. The heat conduction equation in a solid medium is expressed as:

oT
Pcpg =V-(kVT)+0Q, (2)

where p [kg/m?], ¢ »» and k represent the density, specific heat capacity, and thermal conductivity
of fused silica, respectively; Q denotes the heat source term due to laser energy absorption.

The volumetric heat source Q(r,z) is caused by laser energy absorption within the lens.
This follows Beer—Lambert’s law:

O(rz) = Qo(r)e ™, 3)

where Q(r,z) [W/m?] is the heat source density, representing the energy absorbed per unit volume
by the laser beam within the lens, with k [m~!] as the optical absorption coefficient and z [m] as
the wave propagation depth. This emphasizes the per-unit dependence (per unit area and length),
preventing misinterpretation as the total absorbed energy.
The temperature-dependent refractive index change in the lens can be expressed using a
linear relationship:
dn
n(T) = no+ — (T = To), 4)
where n(T) and ng represent the refractive index of the material at temperature 7 and reference
temperature Ty, respectively. j—; is the thermo-optic coefficient. It is assumed that the nonlinear
variation of j—; with temperature is negligible [25,26]. As temperature 7 increases, the resulting
refractive index change alters the effective focal length of the focusing lens, leading to a focal
plane shift. The linear relationship between the focal shift (Af) and the temperature gradient for a
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lens can be expressed as [10]:
Fo
Af=A— 5
f Dy’ %)

where A is the absorptivity of the lens, D, is the diameter of the incident beam, and Py is the
average input power of the laser beam.

The lens surface exchanges heat with the surrounding environment through natural con-
vection in this study. The boundary condition is described by Newton’s law of convective heat
transfer:

qconv = h(T - Tambient)y (6)
where gcony [W/m?] is the heat flux density exchanged through the lens surface, 4 is the convective
heat transfer coefficient of air, and Tympiene [K] is the ambient air temperature.

In the optical system of a high-power laser cutting head, spot size governs power density
and cutting quality. The root mean square (RMS) spot size, a key metric for beam focusing, is
calculated as:

1 N
FRMS = NZ(’%‘—FO)z, (7N
i=1

where rrys is the RMS beam radius, N is the number of rays, r; is the distance of the i-th ray
from the optical axis at the focal plane, and ry is the distance of the beam center from the optical
axis at the focal plane. A smaller rrys value indicates better beam focusing at the focal plane. In
cases where the laser beam exhibits axial symmetry, the initial beam radius can be approximated
as ro =~ 0.

Assuming a Gaussian beam distribution for the incident laser beam, we have:

2 2
1(r) = Ipexp (—a;) : (8)

where the intensity Iy is related to the average beam power Py for a Gaussian beam through the
relationship
1 5
Py = 57’[60 Io,
and @ is the beam radius at the 1/¢? intensity point.
The absorbed power density at a given point within the lens is calculated as:

Q(r,z) = kI(r)e” ™. )
Substituting Eq. (8) into Eq. (9), we obtain:
2r? s
0(r,z) = xlyexp )¢ (10)

The total absorbed power within the entire lens of thickness d and radius R is determined
by integrating the absorbed power density over the entire lens volume, expressed as:

d R
Pabsz/0 /0 0(r,z)2mrdrdz. (11

For weakly absorbing media k¥ < n and R >> @y, this formula approximates to:

Pyy ~ Py (1—6—’“1). (12)
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This result indicates that, in the case of weak absorption, the absorbed power is linearly
proportional to the lens thickness. To optimize power delivery at the target surface, the focal spot
size should be minimized to ensure maximum beam concentration at the cutting position.

Table 2. Physical properties of fused silica [13, 14,27, 28].

Property Fused silica
d

oK) 10 % 106
Physical density, p [kg/m?] 2210
Heat capacity, ¢, [J/(kg-K)] 746
Thermal conductivity, k [W/(m-K)] 1.38
Coefficient of thermal expansion [K™']  0.55 x 107°
Initial temperature, 7y [K] 293.75
Real part of refractive index at Tp 1.45

Therefore, determining focal shift variations and analyzing the influence of thermal lensing
on beam quality is a key objective of this study. These aspects will be further discussed in the
following sections. The values of the thermophysical parameters of fused silica [13,14,27,28] are
presented in Table 2.

3. Results and discussion

3.1. Numerical simulation of thermal lensing effects

Simulation results show that at an average laser power of 6 kW, the lens temperature peaks
at 952 K at the center of the collimating lens due to high laser energy density and its greater thick-
ness, while the minimum temperature of the focusing lens ranges from 487 K to 621 K depending
on its focal length (125-300 mm), indicating that thermal effects primarily depend on laser power
and focal length. Additionally, a detailed analysis reveals that the collimating lens exhibits a larger
temperature gradient than the focusing lens, attributed to its greater thickness (10.425 mm com-
pared to 5.321-8.7976 mm, in Table 1.) and proximity to the laser source, resulting in higher
thermal accumulation.

The temperature distribution along the x-axis indicates that the collimating lens experiences
stronger thermal effects than the focusing lens, with a higher peak temperature (greater presence
of lighter shades on the collimating lens in Fig. 2).

As observed in Fig. 3, the temperature distribution approximates a parabolic pattern within
a narrow range around the lens center (x ~ 25 mm), with the collimating lens reaching a maximum
temperature of approximately 952K at the center, while the focusing lens exhibits a lower peak
temperature of around 870K at its center. The temperature gradually decreases toward the lens
edges, reflecting the localized laser energy absorption concentrated at the center.

3.2. Investigation of focal shift

As mentioned earlier, the RMS beam radius represents the focusing capability of the laser
beam at the focal plane. Fig. 4 illustrates the dependence of the RMS spot size on the focal
position (z) in a laser focusing system using a focusing lens with a focal length of 125 mm, under
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Fig. 2. Temperature distribution and ray tracing with varying focal lengths of the focusing
lens 125 mm (a), 150 mm (b), 200 mm (c), and 300 mm (d) at 6 kW average laser power.

varying average laser power levels (Fy) from 1 W (reference) to 6kW. The RMS spot size curve
exhibits a parabolic trend, where the minimum value (parabola vertex) represents the optimal focal
position, which shifts progressively toward the lens as the laser power increases from 1 W to 6kW.
Specifically, at Py = 1 W, the optimal focal position is located at z = 158.7mm, whereas at 6kW,
it shifts to approximately 151.1mm. The focal shift makes it challenging to maintain optimal
focusing without adjusting the focal position, potentially resulting in an overall degradation of
beam focusing quality.

Figure 5a illustrates the dependence of focal shift (Af) on the average laser power (Py) for
focusing lenses with different focal lengths, derived from the parabolic vertex of the RMS spot
size function in Fig. 4. The results indicate that Af increases linearly with increasing average laser
power, with a steeper slope for longer focal lengths, reflecting stronger thermal effects in lenses
with longer focal lengths. The negative values of Af indicate that the focal point shifts toward the
lens, opposite to the laser beam propagation direction. Specifically, for a focusing lens with f, =
125 mm, the focal shift is Af = —7.78 mm, whereas for f, = 300 mm, the focal shift reaches Af =
—45.4mm at Py = 6kW. Longer focal length lenses exhibit larger focal shifts due to a reduced
convergence angle, which maintains a larger beam diameter and increases thermal accumulation
by extending the interaction area and time within the lens material. Fig. 5b shows the relationship
between the maximum temperature (7max) and the deposited power (Pyep) on the collimating lens,
with both parameters increasing linearly as the average laser power (P) rises from 0 to 6kW. At
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Fig. 3. (Color online) Temperature distribution along the x-axis of collimating and fo-
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Fig. 4. (Color online) RMS spot size as a function of focal position for a 125mm con-
verging lens across varying average laser powers.

Py =1 W, the maximum temperature T,.x = 293.15K, which corresponds to the initial temperature
set in the simulation. At Py = 6kW, the highest temperature on the collimating lens reaches
952K, consistent with the results in Fig. 2 and Fig. 3. The linear dependence of focal shift and
maximum temperature on laser power (as shown in Fig. 5) aligns well with recent theoretical and
experimental studies [13-16]. At Py = 6kW, the deposited power density on the collimating lens
reaches 7.54mW /mm?.

In [16], the authors experimentally investigated the thermal focal shift of a plano-convex
lens made of fused silica under a 1kW laser at a wavelength of 1030nm. Their results, obtained
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Fig. 6. Spatial (a) and x-axial distribution of refractive index change (b) in a 125 mm
focusing lens at 6 kW laser averange power.

with a 300 mm focal length lens coated for that specific wavelength, showed a focal shift exceeded
twice the Rayleigh length (zz = 3.62mm) [16], which is in good agreement with the simulation
result in this study: at the same power level (1kW) and f; = 300mm, the focal shift reaches
—8.29mm (see the inset in the lower left corner of Fig. 5a). The spatial variation of the refractive
index change (An) in the focusing lens with f, = 125mm under Py = 6kW is depicted in Fig. 6.
The maximum value of An occurs at the lens center and gradually decreases toward the outer
edge. This behavior can be attributed to the Gaussian beam intensity distribution, which results
in higher energy density at the center, leading to a strong temperature gradient. Additionally, the
lens thickness is greatest at the center, further amplifying the effect. The variation of An from
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the center to the periphery (Fig. 6b) exhibits a near-parabolic profile, with the maximum value at
the lens center and decreasing toward the edges, reflecting the strong temperature gradient at the
center (Fig. 3) and explaining why the focal shift (Af) is negative (Fig. 5a), causing the focal point
to move closer to the lens. The larger An at the center induces a converging thermal lens effect,
enhancing the beam’s convergence.

The relative variation between the maximum (A7, ) and minimum (Any,;,) values of the
. . - Anpax — Anp; . L
refractive index change is defined as: An = — = — . 100%. A higher value of An indicates
Nmin
a stronger refractive index change at the lens center compared to its outer edge, which can lead to

a greater focal shift, thereby enhancing the thermal lensing effect.

For a focusing lens with 5 = 125mm at P, = 6kW (Fig. 6), An is calculated as 74.5%.
Using a similar computational approach, An values were determined for both the collimating lens
and the focusing lens across different f, values and average laser power levels. These results are
summarized in Fig. 7.

140
m Collimating lens
120 =
DOFocusing lens
100 =
_I_
° 80 .
| -
g
= 60
40
20
0
125 150 200 300

f, mm

Fig. 7. Relative variation of refractive index change (An) between the center and edge of
collimating and focusing lenses at different focal lengths (f>).

Fig. 7 shows the relative variation of the refractive index change (An) between the center and
edge of the collimating and focusing lenses at different focal lengths (f;). The relative refractive
index variation between the center and the edge of the focusing lens ranges from 74.5% to 114%,
corresponding to f> values from 125 mm to 300 mm. This increase reflects a larger refractive index
gradient in lenses with longer focal lengths, contributing to greater focal shift (see Fig. 5a). The
average laser power levels (1-6kW) introduce minor deviations, on the order of a few percent, for
each lens. These uncertainties are represented by error bars on the top of the columns in Fig. 7.
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3.3. Numerical artifacts and beam distortion behavior at the focal plane

To evaluate beam quality at the focal plane, we analyze the spot diagram representing the
beam distribution. As the refractive index changes with increasing laser power, it acts as an addi-
tional virtual thermal lens within the optical system, degrading beam quality. The azimuthal angle
(azi, [°]) is defined in the XY-plane at the focal plane as arctan(y/x), where x and y represent the
horizontal and vertical coordinates. The magnitude of azi indicates the angular deviation of rays
from the ideal beam center in the focal plane, with a maximum value of 5.74°. Fig. 8 presents the
spot diagram at the focal plane for a focusing lens with f, = 125 mm, at average laser power levels
of 1W, 2kW, 4kW, and 6kW. At 1 W — the reference power level (Fig. 8a) — thermal lensing

. (a) azi (%) (b) azi (°)
5 - 5

4 4

3 3

2 2

1 1

0 0

© azi (°) 2een. 4 azi (°)

O = N W B
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Fig. 8. Spot diagram at the focal plane for a 125mm focusing lens at varying average
laser powers 1 W (a), 2kW (b), 4kW (c) and 6kW (d).

effects are negligible, and the beam remains well-focused due to the low temperature and minimal
refractive index changes. This is evident from the uniform and concentric circular spots in the
spot diagram. As the laser power increases to 2kW, beam distortion becomes noticeable, with the
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spot diagram exhibiting deformed circular patterns. At higher power levels, the beam deviation
intensifies, particularly for rays at larger azimuthal angles. It should be emphasized that the beam
distortions shown in Fig. 8 are mainly numerical artifacts of the FEM simulation [29, 30]. The
asymmetry is likely caused by the finite number of traced rays and the mesh discretization. Under
the present simulation conditions (9000 rays and mesh refinement down to 0.025 mm at the target
plane), the FEM approach remains reliable for beam quality analysis up to laser powers of 2kW.
At higher powers, the steep refractive index gradients can amplify numerical errors. Therefore,
caution is required when interpreting FEM-predicted distortions, especially if the number of traced
rays is insufficient or the mesh is not fine enough.

4. Conclusion

This study presented a numerical investigation of thermal lensing in 1064 nm high-power
fiber laser cutting heads (1-6 kW) using two fused silica plano-convex lenses, with focusing lens
focal lengths of 125-300 mm. Simulations show a peak lens temperature of 952 K at 6 kW, caus-
ing significant focal shifts from Af = —7.78 mm (125 mm) to Af = —45.4 mm (300 mm) at
Py = 6 kW. The refractive index at the lens center varies 74.5-114% more than at the periphery,
depending on power and focal length. Spot diagram analysis shows that beam asymmetry be-
comes more pronounced at higher laser power levels. This behavior can arise from limitations of
the FEM model, particularly when using a finite number of traced rays or a coarse mesh to solve
the temperature and refractive index fields, which increases sensitivity to steep refractive index
gradients.

Future work may focus on experimental validation through real-time lens temperature mea-
surements, non-contact camera-based sensing of focal shift, and beam quality assessment, as well
as improvements in simulation accuracy such as mesh refinement and enhanced ray tracing. In
practical laser cutting, mitigating thermal lensing is essential for maintaining beam quality and
cutting accuracy. Feasible approaches include active cooling of optical elements, adaptive focus-
ing or optical compensation to correct focal shift, and optimizing lens materials and coatings to
reduce absorption. Combined with FEM-based predictions, these strategies can help enhance the
stability and performance of high-power fiber laser cutting systems.
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