
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect
Procedia CIRP 00 (2017) 000–000

  www.elsevier.com/locate/procedia 

2212-8271 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

28th CIRP Design Conference, May 2018, Nantes, France

A new methodology to analyze the functional and physical architecture of 
existing products for an assembly oriented product family identification 

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat 
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France 

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

To overcome current limitations in laser remote processing of large-scale sheet and plate metal applications, an automated laser remote scanner 
(LRS) with a 30 kW laser power has been developed. Due to the high laser power, an unacceptable focus shift occurs at the processing location, 
mainly generated by the fused silica optics. A computationally efficient real-time focus shift compensation and control of the focus position 
have been investigated and are presented. In the first section, the 30 kW LRS concept is briefly introduced. Section two explains the focus shift 
effect and presents its impact on manufacturing scenarios in welding and cutting. The third section highlights significant effects accounted for: 
thermo-optical, stress-optical, geometric, and ambient. A set of simulated data of temperature, refractive index, and focus shift profiles have 
been generated in section four and model the performance of the 30 kW LRS. The results are discussed and a summary is given. 
 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer review statement: Peer-review under responsibility of the Bayerisches Laserzentrum GmbH 

 Keywords: 30 kW Laser Remote Scanner; Real-time; Focus Shift; Thermo-optical, Stress-optical, End Effect; Ambient Condition; Fused Silica, Welding, Cutting 

 
1. Introduction 

The laser remote scanner (LRS) technology is one of the 
most promising topics in industrial manufacturing [1]. There 
are an innumerable variety of applications [2-8]. The 
technology minimizes non-productive time and increases the 
production speed by up to 100 % [9, 10]. Besides that, it 
shows advantages for processing of structures that often have 
a high number of processing points widely distributed on the 
workpiece [11, 12]. LRS operate with large working distances 
of 300 mm to 1600 mm between the scanner head and the 
interaction zone [9, 11]. In combination with fiber-guided 
laser sources, the applicable plant engineering proves to be 
highly flexible [11, 13]. Particular engineering tasks in special 
purpose machinery, civil engineering, the rail vehicle industry, 
or in the maritime sector [2] can require laser powered LRS up 
to 30 kW or more. Nevertheless, no applications in large-scale 

industrial sheet and plate metal manufacturing are known, 
since LRS tools and their thermal control for variable power 
brilliant high-power laser beam sources are missing. 

To overcome current limitations, a novel automated, single 
mirror-based, gimbal-mounted [14] LRS design for 30 kW 
laser power has been developed. The new approach eliminates 
size and weight constraints and reduces heat-induced focus 
shift effects in f-Θ lens implementations. The fused silica 
optics is designed for 1070 nm fiber laser sources, a fiber core 
diameter of 0.3 mm to 0.4 mm, and a magnification of 2:1. 
With a system focal length fS of almost 1000 mm, the process 
area measures up to 900 ∙ 900 mm² and the z-shift is 250 mm. 
This system includes a stereo camera-based 3D vision 
combined with a tailored image processing algorithm for part 
displacement detection as well as task estimation. The scanner 
controller manipulates a spot misalignment in real-time. The 
full 30 kW LRS concept description can be found in [15]. 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2020) 000–000 

  
     www.elsevier.com/locate/procedia 
   

 

 

 

2212-8271 © 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer review statement: Peer-review under responsibility of the Bayerisches Laserzentrum GmbH 

11th CIRP Conference on Photonic Technologies [LANE 2020] on September 7-10, 2020 

Focus shift control of a novel 30 kW laser remote scanner 
for large-scale industrial sheet and plate metal applications 

 G. Cerwenkaa,*, J. Paterninaa, M. Elhefnawyb, J. Wollnackc, C. Emmelmanna,b 
aFraunhofer Research Institution for Additive Manufacturing Technologies IAPT, Am Schleusengraben 14, 21029 Hamburg, Germany 

bInstitute of Laser and System Technologies (iLAS), Hamburg University of Technology (TUHH), Denickestraße 17, 21073 Hamburg, Germany 
cInstitute of Production Management and Technology (IPMT), Hamburg University of Technology (TUHH), Denickestraße 17, 21073 Hamburg, Germany 

* Corresponding author. Tel.: +49 40 484010 632; fax: +49 40 484010 999. E-mail address: georg.cerwenka@iapt.fraunhofer.de 

Abstract 

To overcome current limitations in laser remote processing of large-scale sheet and plate metal applications, an automated laser remote scanner 
(LRS) with a 30 kW laser power has been developed. Due to the high laser power, an unacceptable focus shift occurs at the processing location, 
mainly generated by the fused silica optics. A computationally efficient real-time focus shift compensation and control of the focus position 
have been investigated and are presented. In the first section, the 30 kW LRS concept is briefly introduced. Section two explains the focus shift 
effect and presents its impact on manufacturing scenarios in welding and cutting. The third section highlights significant effects accounted for: 
thermo-optical, stress-optical, geometric, and ambient. A set of simulated data of temperature, refractive index, and focus shift profiles have 
been generated in section four and model the performance of the 30 kW LRS. The results are discussed and a summary is given. 
 
© 2020 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer review statement: Peer-review under responsibility of the Bayerisches Laserzentrum GmbH 

 Keywords: 30 kW Laser Remote Scanner; Real-time; Focus Shift; Thermo-optical, Stress-optical, End Effect; Ambient Condition; Fused Silica, Welding, Cutting 

 
1. Introduction 

The laser remote scanner (LRS) technology is one of the 
most promising topics in industrial manufacturing [1]. There 
are an innumerable variety of applications [2-8]. The 
technology minimizes non-productive time and increases the 
production speed by up to 100 % [9, 10]. Besides that, it 
shows advantages for processing of structures that often have 
a high number of processing points widely distributed on the 
workpiece [11, 12]. LRS operate with large working distances 
of 300 mm to 1600 mm between the scanner head and the 
interaction zone [9, 11]. In combination with fiber-guided 
laser sources, the applicable plant engineering proves to be 
highly flexible [11, 13]. Particular engineering tasks in special 
purpose machinery, civil engineering, the rail vehicle industry, 
or in the maritime sector [2] can require laser powered LRS up 
to 30 kW or more. Nevertheless, no applications in large-scale 

industrial sheet and plate metal manufacturing are known, 
since LRS tools and their thermal control for variable power 
brilliant high-power laser beam sources are missing. 

To overcome current limitations, a novel automated, single 
mirror-based, gimbal-mounted [14] LRS design for 30 kW 
laser power has been developed. The new approach eliminates 
size and weight constraints and reduces heat-induced focus 
shift effects in f-Θ lens implementations. The fused silica 
optics is designed for 1070 nm fiber laser sources, a fiber core 
diameter of 0.3 mm to 0.4 mm, and a magnification of 2:1. 
With a system focal length fS of almost 1000 mm, the process 
area measures up to 900 ∙ 900 mm² and the z-shift is 250 mm. 
This system includes a stereo camera-based 3D vision 
combined with a tailored image processing algorithm for part 
displacement detection as well as task estimation. The scanner 
controller manipulates a spot misalignment in real-time. The 
full 30 kW LRS concept description can be found in [15]. 



818 G. Cerwenka  et al. / Procedia CIRP 94 (2020) 817–822
2 G. Cerwenka / Procedia CIRP 00 (2020) 000–000 

However, brilliant high-power laser beam sources available 
today place high demands on the thermal stability of the 
optical elements in the 30 kW LRS and reveal the limits of 
conventional optical design. Time-dependent thermal effects 
lead to optical errors, such as focus shift ∆zF and aberrations, 
with its dependent process parameter changes, and have a 
significant influence on the processing result. [16-18] 
Considering the beam parameter product (BPP), a focus shift 
∆zF of no more than 50 % of the measured optical system 
Rayleigh length zR σ is allowable to have empirically 
meaningful results [19, 20]. Thus, a focus shift control is 
developed and implemented for the 30 kW LRS. 

2. Focus shift effect – impact on manufacturing scenarios 

Based on high demands on the thermal load capacity of the 
optical elements in the 30 kW LRS, the bulk substrate must be 
optically pure, except for a small percentage of incorporated 
OH-ions, which are in the range from 800 ppm to 1200 ppm 
for fused silica standard grade [21-24]. Nevertheless, due to 
the absorption of a portion of the brilliant high-power laser 
radiation in the glass substrate, which is approx. 20 ppm ∙ cm–1 
for the applied fused silica Corning HPFS® 7980 standard 
grade [18, 25], and 95 ppm in the worst case of the applied 
AR coating /328 from Sill Optics, the optical elements heat up 
continuously. As a result, a radially- and time-dependent 
inhomogeneous temperature gradient T(r,t) arises in the bulk 
substrate. T(r,t) is dependent on the laser beam intensity 
distribution I(r,t) on the irradiated surface, the absorbed part 
of the laser power PL(t) in the materials, and the duty cycle 
time tEM of the laser beam emission. T(r,t) is accompanied by 
refractive index and geometry changes of the optical elements, 
which lead to a focus shift ΔzF and beam aberrations. The 
higher the PL(t) and, thus, the laser beam-induced thermal 
behavior, the greater the effects on the focus properties. In 
summation, the focus geometry changes and beam brilliance 
and intensity losses occur. 

As a result of the aforementioned negative influences 
process parameters get out of range, quality-based settings are 
lost, and finally, an unstable process occurs until the process 
stops. If an operator does not react promptly, in extreme cases, 
reject parts will result in an environment of frequently small 
batch sizes, whereby the sheet or plate material itself already 
represents a high cost factor. In a less extreme case, a high 
level of reworking and rectification work is time and cost 
intensive. At close inspection in high-power optics, the focus 
shift ∆zF reveals one of the main influences on the process 
result and the industrial process performance [26, 27]. [17] 
determine the focus shift ∆zF as the main factor for the 
observed change of the process result during the laser beam 
welding and [28] indicate for the cutting process that a focus 
position shortening of a lens of a few tenths of a millimeter 
can already show a negative influence. [18] describes 
comparable observations. If, in addition, highly reflective 
materials are processed, the thermally induced effect is 
increased by an increased thermal load due to a consequently 
lower absorption of the laser radiation with a simultaneously 
intensified back reflection [28]. 

3. Focus shift model theory and focus shift control 

3.1. Background 

An axially symmetrical optical elements arrangement is 
considered. The refractive index ngl(λ0,T) of fused silica is 
temperature-dependent mainly corresponding to the “thermo-
optical effect” with the thermo-optical coefficient dngl/dT(r,t) 
or β and the “stress-optical effect” with the photo-elastic 
coefficients dngl ||/⊥/dσT or K||/⊥ or the stress-optical coefficient 
K = K|| – K⊥, since T(r,t) causes thermal stresses σT based on 
strain εT in the optical elements. An external mechanical force 
does not appear. The thermo-optical effect is mechanically 
strain- and stress-free [29]. Since heat-induced stresses σT 
reveal anisotropic glass properties even in isotropic bulk 
substrates, ngl(λ0,T) depends on the plane of vibration of the 
laser beam parallel (||) and perpendicular (⊥) to σT [30, 31]. In 
the linear-elastic range, in addition to thermally induced 
mechanical strain effects, purely thermal strain effects occur 
in the axially symmetrical bulk substrate. They act during the 
fused silica-reversible heating and cooling process when 
interacting with the laser radiation. As a result, they lead to 
macroscopic geometric dimension changes, which actively 
support the focus shift ∆zF. Geometric changes are referred to 
as “end effect” and are changes in the thickness d of the 
optical elements and a deformation of the end face radii R1/2. 
Hence, the optical path length (OPL) in the bulk substrate 
extends and, therefore, the absorption length as well. In 
addition, the surface refraction becomes lesser or stronger. All 
three effects together are termed as “thermal lens” and have 
the greatest impact on laser beam machining processes. 
Furthermore, the ambient conditions influence the free beam 
behavior of the laser beam as well as the transition between 
the propagation scenarios by the refractive index nair(λ0) of air. 

3.2. Refractive index 

The thermal lens related radially- and time-dependent total 
refractive index nabs gl ||/⊥(r,t) is a linear combination of the 
reference refractive index nabs 0(λ0,T0) and the refractive index 
change by β with ∆nabs T and by K||/⊥ or K with ∆nabs σT ||/⊥, all 
refractive indices with respect to vacuum, and is framed in the 
focus shift control model by the equation 

𝑛𝑛𝑛𝑛abs gl ||/⊥(𝑟𝑟𝑟𝑟, 𝑡𝑡𝑡𝑡) = 𝑛𝑛𝑛𝑛abs 0(𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) +  ∆𝑛𝑛𝑛𝑛abs T + ∆𝑛𝑛𝑛𝑛abs σT ||/⊥. (1) 

nabs 0(λ0,T0) is given at the vacuum wavelength λ0 for the 
isotropic bulk substrate and is computed from measurements 
performed by the glass manufactures [21, 23, 24] mostly at a 
reference temperature T0 of 20 °C, a reference pressure p0 of 
101325 Pa, and a nitrogen (N2) atmosphere with 

𝑛𝑛𝑛𝑛abs 0(𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) = 𝑛𝑛𝑛𝑛rel 0(N2, 𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) ⋅ 𝑛𝑛𝑛𝑛N2. (2) 

∆nabs T is extracted by the Sellmeier dispersion equation-based 
extended formula 

∆𝑛𝑛𝑛𝑛abs T = 𝑛𝑛𝑛𝑛abs 0
2 −1
2𝑛𝑛𝑛𝑛abs 0

⋅ �𝐷𝐷𝐷𝐷0 + 𝐷𝐷𝐷𝐷1∆𝑇𝑇𝑇𝑇 + 𝐷𝐷𝐷𝐷2∆𝑇𝑇𝑇𝑇2 + 𝐸𝐸𝐸𝐸0+𝐸𝐸𝐸𝐸1∆𝑇𝑇𝑇𝑇
𝜆𝜆𝜆𝜆0
2−𝜆𝜆𝜆𝜆TK

2 � ∆𝑇𝑇𝑇𝑇 (3) 
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[30, 32-34] as fitted values in the expected temperature range 
with ΔT = T(r,t) – T0, where T(r,t) has to be closed integrable. 
D0, D1, D2, E0, E1, and λTK are the six fit constants taken from 
the datasheets of the glass manufacturers. The determination 
of ∆nabs σT ||/⊥ is performed by the formula set 

�
∆𝑛𝑛𝑛𝑛abs σT ∥
∆𝑛𝑛𝑛𝑛abs σT ⊥

� = 𝐾𝐾𝐾𝐾∥ ⋅ �
𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟)
𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟)�+ 𝐾𝐾𝐾𝐾⊥ ⋅ �

𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟)
𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟) �, (4) 

where σT rr(r) and σT φφ(r) are the heat-induced radial and 
tangential principal stresses, respectively depending on the 
radial position r in the optical element explained by [30-
32, 34]. Row one describes the arising ∆nabs σT || to σT rr(r) and 
⊥ to σT φφ(r) and row two depicts ∆nabs σT ⊥ to σT rr(r) and || to 
σT φφ(r). K∥ and K⊥ are estimated on existing values of the 
piezo-optical coefficients q11 and q12 [30, 35] or stress-optical 
coefficient K [31], given in the glass datasheets, by 

�
𝐾𝐾𝐾𝐾∥
𝐾𝐾𝐾𝐾⊥
� = − 𝑛𝑛𝑛𝑛abs 0

3

2
⋅ �
𝑞𝑞𝑞𝑞11
𝑞𝑞𝑞𝑞12� = 𝑛𝑛𝑛𝑛abs 0

2 −1
2𝑛𝑛𝑛𝑛abs 0

⋅ 1−2𝜈𝜈𝜈𝜈
E

− 1
1+𝜈𝜈𝜈𝜈

⋅ � −𝐾𝐾𝐾𝐾𝜈𝜈𝜈𝜈 ⋅ 𝐾𝐾𝐾𝐾� (5) 

with the material-specific elasticity modulus E as well as the 
transverse contraction coefficient ν. Considering a parabolic 
approximation of T(r,t) the principal stresses σT rr(r) and 
σT φφ(r) are expressed by 

𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟) = 𝑋𝑋𝑋𝑋
4
⋅ �
�4 ln �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2

+ � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟B
�
2
� ,   𝑟𝑟𝑟𝑟 ≤ 𝑟𝑟𝑟𝑟B

�4 ln � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2

+ �𝑟𝑟𝑟𝑟B
𝑟𝑟𝑟𝑟
�
2
� ,   𝑟𝑟𝑟𝑟 > 𝑟𝑟𝑟𝑟B

 

(6) 

𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟) = 𝑋𝑋𝑋𝑋
4
⋅ �

�4 ln �𝑟𝑟𝑟𝑟B
𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2

+ 3 � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟B
�
2
� ,   𝑟𝑟𝑟𝑟 ≤ 𝑟𝑟𝑟𝑟B

�4 ln � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2
− �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟
�
2

+ 4� ,   𝑟𝑟𝑟𝑟 > 𝑟𝑟𝑟𝑟B
 

[36], where X = E ∙ 𝛼𝛼𝛼𝛼L  ∙ ΔT and 𝛼𝛼𝛼𝛼L  terms the average linear 
coefficient of thermal expansion (CTE) of the quantity 
0.57 ∙ 10–6 K–1 for a temperature range of 0 °C to 200 °C of 
Corning HPFS® 7980. Furthermore, rL is the lens radius and rB 
is the radius of the impinging laser beam. For deeper insights 
on the general focus shift control model consult [15]. 

3.3. Geometry 

The revealed volume aggregation is considered in the focus 
shift control model by a simplified scalable volume equation 
in respect to the optical element shape explained in [15] and 
the applied laser beam intensity distribution I(r,t) with an 
extension of this equation by two adaption factors a and b. 
The integrated equation of the demanded new thickness d(r,T) 
with respect to the element radius rL by a and b has the form 

𝑑𝑑𝑑𝑑(𝑟𝑟𝑟𝑟,𝑇𝑇𝑇𝑇) = �3
2
⋅ 𝑒𝑒𝑒𝑒

�3 𝛼𝛼𝛼𝛼L⋅Δ𝑇𝑇𝑇𝑇�−1
(𝑎𝑎𝑎𝑎+𝑏𝑏𝑏𝑏)2−𝑎𝑎𝑎𝑎⋅𝑏𝑏𝑏𝑏

+ 1� ⋅ 𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇0), (7) 

where a and b are the proportions between the surface radii rt/b 
of the additional scalable volume shape tops (t) and bottoms 
(b). The calculation of the new end face radii R1/2 is described 
in reference [15]. 

3.4. Ambient Condition 

The transition between glass and ambient is always 
dependent on the refractive index of the ambient, which is 
mainly air and the ambient medium of the 30 kW LRS optics. 
Due to this fact it is essential to know their condition very 
well. nair(λ0) is significantly influenced by three main ambient 
quantities: 1) temperature TU; 2) pressure pabs; 3) water vapor 
(wv) partial pressure e in dependency of relative humidity rH. 
Moreover, the pollution of air has to be taken into account, 
mostly the 4) CO2 content xCO2. Another demanding quantity 
is the 5) vacuum wavelength λ0 of the relevant radiation. 
References presenting more insights on the topic are [32, 37-
44]. The relation between e and rH is documented in [44, 45]. 
TU exerts the greatest influence. The dependencies for nair(λ0) 
are noted in the focus shift control model by the relationship 
of [39-41], termed 

𝑛𝑛𝑛𝑛air = 1 + (𝑛𝑛𝑛𝑛air xCO2 s − 1) 𝜌𝜌𝜌𝜌air
𝜌𝜌𝜌𝜌air xCO2 s

+ (𝑛𝑛𝑛𝑛wv s − 1) 𝜌𝜌𝜌𝜌wv
𝜌𝜌𝜌𝜌wv s

. (8) 

Eq. (8) is based on information of different refractive indices n 
and densities 𝜌𝜌𝜌𝜌 at two main air conditions. The air states are 
essentially divided into what is by definition a so-called 
"standard condition" (s) of the ambient air [37, 38, 46] and 
into a current ambient air condition. At the end, a 
transformation between nabs gl ||/⊥(r,t) (cf. Eq. (1)) and 
nrel gl ||/⊥(r,t) with respect to air with nair(λ0) by Eq. (8) is 
performed similar to Eq. (2). 

3.5. Focus shift control 

A constant focus position relative to the workpiece surface 
and accompanying important laser beam parameters, such as 
intensity and focus geometry, contribute to a requirement-
related processing quality. This task is performed by the 
designed focus shift control method. Based on the pose set 
point of the preset focus position zF, the knowledge of the 
optics design, and its internal behavior (cf. Sect. 4.2) the 
integrated algorithms react to time-dependent changes of the 
laser-beam-loaded 30 kW LRS optical system and its recorded 
ambient conditions. Fig. 1 shows the schematic of the 
correction principle. 

 

 

Fig. 1. Schematic of the correction principle of the focus shift ∆zF. The 
quantities TU, pabs, rH, PL(t), and tEM indicate the ambient temperature, 

pressure, and relative humidity as well as the optical power and the duty 
cycle time of the laser beam emission; o. a. describes the optical axis. 
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However, brilliant high-power laser beam sources available 
today place high demands on the thermal stability of the 
optical elements in the 30 kW LRS and reveal the limits of 
conventional optical design. Time-dependent thermal effects 
lead to optical errors, such as focus shift ∆zF and aberrations, 
with its dependent process parameter changes, and have a 
significant influence on the processing result. [16-18] 
Considering the beam parameter product (BPP), a focus shift 
∆zF of no more than 50 % of the measured optical system 
Rayleigh length zR σ is allowable to have empirically 
meaningful results [19, 20]. Thus, a focus shift control is 
developed and implemented for the 30 kW LRS. 

2. Focus shift effect – impact on manufacturing scenarios 

Based on high demands on the thermal load capacity of the 
optical elements in the 30 kW LRS, the bulk substrate must be 
optically pure, except for a small percentage of incorporated 
OH-ions, which are in the range from 800 ppm to 1200 ppm 
for fused silica standard grade [21-24]. Nevertheless, due to 
the absorption of a portion of the brilliant high-power laser 
radiation in the glass substrate, which is approx. 20 ppm ∙ cm–1 
for the applied fused silica Corning HPFS® 7980 standard 
grade [18, 25], and 95 ppm in the worst case of the applied 
AR coating /328 from Sill Optics, the optical elements heat up 
continuously. As a result, a radially- and time-dependent 
inhomogeneous temperature gradient T(r,t) arises in the bulk 
substrate. T(r,t) is dependent on the laser beam intensity 
distribution I(r,t) on the irradiated surface, the absorbed part 
of the laser power PL(t) in the materials, and the duty cycle 
time tEM of the laser beam emission. T(r,t) is accompanied by 
refractive index and geometry changes of the optical elements, 
which lead to a focus shift ΔzF and beam aberrations. The 
higher the PL(t) and, thus, the laser beam-induced thermal 
behavior, the greater the effects on the focus properties. In 
summation, the focus geometry changes and beam brilliance 
and intensity losses occur. 

As a result of the aforementioned negative influences 
process parameters get out of range, quality-based settings are 
lost, and finally, an unstable process occurs until the process 
stops. If an operator does not react promptly, in extreme cases, 
reject parts will result in an environment of frequently small 
batch sizes, whereby the sheet or plate material itself already 
represents a high cost factor. In a less extreme case, a high 
level of reworking and rectification work is time and cost 
intensive. At close inspection in high-power optics, the focus 
shift ∆zF reveals one of the main influences on the process 
result and the industrial process performance [26, 27]. [17] 
determine the focus shift ∆zF as the main factor for the 
observed change of the process result during the laser beam 
welding and [28] indicate for the cutting process that a focus 
position shortening of a lens of a few tenths of a millimeter 
can already show a negative influence. [18] describes 
comparable observations. If, in addition, highly reflective 
materials are processed, the thermally induced effect is 
increased by an increased thermal load due to a consequently 
lower absorption of the laser radiation with a simultaneously 
intensified back reflection [28]. 

3. Focus shift model theory and focus shift control 

3.1. Background 

An axially symmetrical optical elements arrangement is 
considered. The refractive index ngl(λ0,T) of fused silica is 
temperature-dependent mainly corresponding to the “thermo-
optical effect” with the thermo-optical coefficient dngl/dT(r,t) 
or β and the “stress-optical effect” with the photo-elastic 
coefficients dngl ||/⊥/dσT or K||/⊥ or the stress-optical coefficient 
K = K|| – K⊥, since T(r,t) causes thermal stresses σT based on 
strain εT in the optical elements. An external mechanical force 
does not appear. The thermo-optical effect is mechanically 
strain- and stress-free [29]. Since heat-induced stresses σT 
reveal anisotropic glass properties even in isotropic bulk 
substrates, ngl(λ0,T) depends on the plane of vibration of the 
laser beam parallel (||) and perpendicular (⊥) to σT [30, 31]. In 
the linear-elastic range, in addition to thermally induced 
mechanical strain effects, purely thermal strain effects occur 
in the axially symmetrical bulk substrate. They act during the 
fused silica-reversible heating and cooling process when 
interacting with the laser radiation. As a result, they lead to 
macroscopic geometric dimension changes, which actively 
support the focus shift ∆zF. Geometric changes are referred to 
as “end effect” and are changes in the thickness d of the 
optical elements and a deformation of the end face radii R1/2. 
Hence, the optical path length (OPL) in the bulk substrate 
extends and, therefore, the absorption length as well. In 
addition, the surface refraction becomes lesser or stronger. All 
three effects together are termed as “thermal lens” and have 
the greatest impact on laser beam machining processes. 
Furthermore, the ambient conditions influence the free beam 
behavior of the laser beam as well as the transition between 
the propagation scenarios by the refractive index nair(λ0) of air. 

3.2. Refractive index 

The thermal lens related radially- and time-dependent total 
refractive index nabs gl ||/⊥(r,t) is a linear combination of the 
reference refractive index nabs 0(λ0,T0) and the refractive index 
change by β with ∆nabs T and by K||/⊥ or K with ∆nabs σT ||/⊥, all 
refractive indices with respect to vacuum, and is framed in the 
focus shift control model by the equation 

𝑛𝑛𝑛𝑛abs gl ||/⊥(𝑟𝑟𝑟𝑟, 𝑡𝑡𝑡𝑡) = 𝑛𝑛𝑛𝑛abs 0(𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) +  ∆𝑛𝑛𝑛𝑛abs T + ∆𝑛𝑛𝑛𝑛abs σT ||/⊥. (1) 

nabs 0(λ0,T0) is given at the vacuum wavelength λ0 for the 
isotropic bulk substrate and is computed from measurements 
performed by the glass manufactures [21, 23, 24] mostly at a 
reference temperature T0 of 20 °C, a reference pressure p0 of 
101325 Pa, and a nitrogen (N2) atmosphere with 

𝑛𝑛𝑛𝑛abs 0(𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) = 𝑛𝑛𝑛𝑛rel 0(N2, 𝜆𝜆𝜆𝜆0,𝑇𝑇𝑇𝑇0) ⋅ 𝑛𝑛𝑛𝑛N2. (2) 

∆nabs T is extracted by the Sellmeier dispersion equation-based 
extended formula 

∆𝑛𝑛𝑛𝑛abs T = 𝑛𝑛𝑛𝑛abs 0
2 −1
2𝑛𝑛𝑛𝑛abs 0

⋅ �𝐷𝐷𝐷𝐷0 + 𝐷𝐷𝐷𝐷1∆𝑇𝑇𝑇𝑇 + 𝐷𝐷𝐷𝐷2∆𝑇𝑇𝑇𝑇2 + 𝐸𝐸𝐸𝐸0+𝐸𝐸𝐸𝐸1∆𝑇𝑇𝑇𝑇
𝜆𝜆𝜆𝜆0
2−𝜆𝜆𝜆𝜆TK

2 � ∆𝑇𝑇𝑇𝑇 (3) 
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[30, 32-34] as fitted values in the expected temperature range 
with ΔT = T(r,t) – T0, where T(r,t) has to be closed integrable. 
D0, D1, D2, E0, E1, and λTK are the six fit constants taken from 
the datasheets of the glass manufacturers. The determination 
of ∆nabs σT ||/⊥ is performed by the formula set 

�
∆𝑛𝑛𝑛𝑛abs σT ∥
∆𝑛𝑛𝑛𝑛abs σT ⊥

� = 𝐾𝐾𝐾𝐾∥ ⋅ �
𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟)
𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟)�+ 𝐾𝐾𝐾𝐾⊥ ⋅ �

𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟)
𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟) �, (4) 

where σT rr(r) and σT φφ(r) are the heat-induced radial and 
tangential principal stresses, respectively depending on the 
radial position r in the optical element explained by [30-
32, 34]. Row one describes the arising ∆nabs σT || to σT rr(r) and 
⊥ to σT φφ(r) and row two depicts ∆nabs σT ⊥ to σT rr(r) and || to 
σT φφ(r). K∥ and K⊥ are estimated on existing values of the 
piezo-optical coefficients q11 and q12 [30, 35] or stress-optical 
coefficient K [31], given in the glass datasheets, by 

�
𝐾𝐾𝐾𝐾∥
𝐾𝐾𝐾𝐾⊥
� = − 𝑛𝑛𝑛𝑛abs 0

3

2
⋅ �
𝑞𝑞𝑞𝑞11
𝑞𝑞𝑞𝑞12� = 𝑛𝑛𝑛𝑛abs 0

2 −1
2𝑛𝑛𝑛𝑛abs 0

⋅ 1−2𝜈𝜈𝜈𝜈
E

− 1
1+𝜈𝜈𝜈𝜈

⋅ � −𝐾𝐾𝐾𝐾𝜈𝜈𝜈𝜈 ⋅ 𝐾𝐾𝐾𝐾� (5) 

with the material-specific elasticity modulus E as well as the 
transverse contraction coefficient ν. Considering a parabolic 
approximation of T(r,t) the principal stresses σT rr(r) and 
σT φφ(r) are expressed by 

𝜎𝜎𝜎𝜎T rr(𝑟𝑟𝑟𝑟) = 𝑋𝑋𝑋𝑋
4
⋅ �
�4 ln �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2

+ � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟B
�
2
� ,   𝑟𝑟𝑟𝑟 ≤ 𝑟𝑟𝑟𝑟B

�4 ln � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟L
� − �𝑟𝑟𝑟𝑟B

𝑟𝑟𝑟𝑟L
�
2

+ �𝑟𝑟𝑟𝑟B
𝑟𝑟𝑟𝑟
�
2
� ,   𝑟𝑟𝑟𝑟 > 𝑟𝑟𝑟𝑟B

 

(6) 

𝜎𝜎𝜎𝜎T φφ(𝑟𝑟𝑟𝑟) = 𝑋𝑋𝑋𝑋
4
⋅ �

�4 ln �𝑟𝑟𝑟𝑟B
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� − �𝑟𝑟𝑟𝑟B
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�
2

+ 3 � 𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟B
�
2
� ,   𝑟𝑟𝑟𝑟 ≤ 𝑟𝑟𝑟𝑟B

�4 ln � 𝑟𝑟𝑟𝑟
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2

+ 4� ,   𝑟𝑟𝑟𝑟 > 𝑟𝑟𝑟𝑟B
 

[36], where X = E ∙ 𝛼𝛼𝛼𝛼L  ∙ ΔT and 𝛼𝛼𝛼𝛼L  terms the average linear 
coefficient of thermal expansion (CTE) of the quantity 
0.57 ∙ 10–6 K–1 for a temperature range of 0 °C to 200 °C of 
Corning HPFS® 7980. Furthermore, rL is the lens radius and rB 
is the radius of the impinging laser beam. For deeper insights 
on the general focus shift control model consult [15]. 

3.3. Geometry 

The revealed volume aggregation is considered in the focus 
shift control model by a simplified scalable volume equation 
in respect to the optical element shape explained in [15] and 
the applied laser beam intensity distribution I(r,t) with an 
extension of this equation by two adaption factors a and b. 
The integrated equation of the demanded new thickness d(r,T) 
with respect to the element radius rL by a and b has the form 

𝑑𝑑𝑑𝑑(𝑟𝑟𝑟𝑟,𝑇𝑇𝑇𝑇) = �3
2
⋅ 𝑒𝑒𝑒𝑒

�3 𝛼𝛼𝛼𝛼L⋅Δ𝑇𝑇𝑇𝑇�−1
(𝑎𝑎𝑎𝑎+𝑏𝑏𝑏𝑏)2−𝑎𝑎𝑎𝑎⋅𝑏𝑏𝑏𝑏

+ 1� ⋅ 𝑑𝑑𝑑𝑑(𝑇𝑇𝑇𝑇0), (7) 

where a and b are the proportions between the surface radii rt/b 
of the additional scalable volume shape tops (t) and bottoms 
(b). The calculation of the new end face radii R1/2 is described 
in reference [15]. 

3.4. Ambient Condition 

The transition between glass and ambient is always 
dependent on the refractive index of the ambient, which is 
mainly air and the ambient medium of the 30 kW LRS optics. 
Due to this fact it is essential to know their condition very 
well. nair(λ0) is significantly influenced by three main ambient 
quantities: 1) temperature TU; 2) pressure pabs; 3) water vapor 
(wv) partial pressure e in dependency of relative humidity rH. 
Moreover, the pollution of air has to be taken into account, 
mostly the 4) CO2 content xCO2. Another demanding quantity 
is the 5) vacuum wavelength λ0 of the relevant radiation. 
References presenting more insights on the topic are [32, 37-
44]. The relation between e and rH is documented in [44, 45]. 
TU exerts the greatest influence. The dependencies for nair(λ0) 
are noted in the focus shift control model by the relationship 
of [39-41], termed 

𝑛𝑛𝑛𝑛air = 1 + (𝑛𝑛𝑛𝑛air xCO2 s − 1) 𝜌𝜌𝜌𝜌air
𝜌𝜌𝜌𝜌air xCO2 s

+ (𝑛𝑛𝑛𝑛wv s − 1) 𝜌𝜌𝜌𝜌wv
𝜌𝜌𝜌𝜌wv s

. (8) 

Eq. (8) is based on information of different refractive indices n 
and densities 𝜌𝜌𝜌𝜌 at two main air conditions. The air states are 
essentially divided into what is by definition a so-called 
"standard condition" (s) of the ambient air [37, 38, 46] and 
into a current ambient air condition. At the end, a 
transformation between nabs gl ||/⊥(r,t) (cf. Eq. (1)) and 
nrel gl ||/⊥(r,t) with respect to air with nair(λ0) by Eq. (8) is 
performed similar to Eq. (2). 

3.5. Focus shift control 

A constant focus position relative to the workpiece surface 
and accompanying important laser beam parameters, such as 
intensity and focus geometry, contribute to a requirement-
related processing quality. This task is performed by the 
designed focus shift control method. Based on the pose set 
point of the preset focus position zF, the knowledge of the 
optics design, and its internal behavior (cf. Sect. 4.2) the 
integrated algorithms react to time-dependent changes of the 
laser-beam-loaded 30 kW LRS optical system and its recorded 
ambient conditions. Fig. 1 shows the schematic of the 
correction principle. 

 

 

Fig. 1. Schematic of the correction principle of the focus shift ∆zF. The 
quantities TU, pabs, rH, PL(t), and tEM indicate the ambient temperature, 

pressure, and relative humidity as well as the optical power and the duty 
cycle time of the laser beam emission; o. a. describes the optical axis. 
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An underlying temperature model forms the starting point 
for the determination of the temperature-dependent change of 
the refractive index ngl(λ0,T) and the optical element geometry. 
In order to map the heat transfer processes over the entire lens 
radius as a function of the impinging laser radiation, the 
temperature model is framed on the finite element method 
(FEM). Any intensity profiles, the superimposition of the 
energy input, and the energy dissipation for arbitrary lens 
sections as well as time intervals can be calculated. An 
adopted ABCD matrix formalism models the optical system 
and allows a fast, computer-aided calculation for the complex 
optics design of the 30 kW LRS. Further information on the 
theoretical and mathematical design plus the assumed 
boundary conditions of the model is given in [15]. Moreover, 
the focus shift control model is directly connected to the 
captured ambient condition with its quantities pictured in 
Fig. 1. The equation 

Δ𝑧𝑧𝑧𝑧F = − BOS th
DOS th

+ BOS
DOS

 (9) 

expresses the focus shift ∆zF along the optical axis by the 
matrix elements BOS and DOS of the system optics matrix 
(OS), which is described in [15]. The first term represents the 
system focus position zF th under thermal load (th) and the 
second term is the original preset system focus position zF. If 
∆zF < 0 the system focal length fS gets shorter. If ∆zF > 0 the 
system focal length fS extends. Based on the strength of ∆zF, 
the correction of the next pose set point of the preset focus 
position zF will be estimated. In addition, out of that the shift 
sz of the sliding lens is determined. All in all that allows a 
computer-aided real-time correction of the focus position zF in 
one deterministic cycle time step. 

4. Selected aspects of the focus shift control model 

4.1. Boundary conditions 

For the three simulation scenarios: 1) temperature behavior, 
2) refractive index behavior, 3) focus shift behavior, all lenses 
in the 30 kW LRS optics setup consist of fused silica Corning 
HPFS® 7980 standard grade, are firmly clamped in separate 
holders over the entire lateral surface, and have the reference 
ambient temperature TU at the interface with the mounts. 
Mirrors are neglected. nabs 0(λ0,T0) is calculated as explained in 
Sec. 3.2 and is rounded off to 1.449995. Axial forces and 
stresses are not considered, since a top-hat laser beam with 
homogeneous intensity is assumed along the optical axis. An 
axial temperature gradient does not occur. The applied laser 
source is an IPG Ytterbium fiber laser with PL(t) ≤ 30 kW and 
λ0 = 1070 nm ± 10 nm as well as a BPP ≤ 18 mm ∙ mrad. All 
estimates are conducted at different laser powers PL(t): 2 kW, 
10 kW, 20 kW, and 30 kW. The temperature behavior is 
extracted over a realistic lasing process time tEM of 10 s. Both 
refractive index and focus shift behaviors are calculated over a 
lasing time tEM of 600 s. This period is chosen in the interest 
of greater clarity of the results. Processes with a corresponding 
processing time with a continuous wave of 30 kW laser power 
are unrealistic for LRS systems. 

4.2. Temperature, refractive index, and focus shift behaviors 

The presented aspects of the focus shift control model have 
been carried out by a study of simulated temperature and 
refractive index profiles for the first single collimation lens in 
an exemplary fashion, considering Sec. 4.1. The lens radius rL 
is 26 mm, and the radius rB of the impinging laser beam 
measures 17.6 mm in the plane of the half lens thickness d. 
Fig. 2 frames the results of four temperature change profiles 
∆T against the radius r at different laser powers up to 
PL(t) = 30 kW. 

 

 

Fig. 2. Different temperature change profiles ∆T after tEM = 10 s at different 
laser powers PL(t) for the first single collimation lens in the 30 kW LRS 

optics setup starting from an ambient temperature TU = 20 °C. 

The plotted curves are calculated by the implemented 
FEM-based temperature model, and they are the result of all 
three heat transfer aspects: 1) heat conduction; 2) heat 
convection; 3) heat radiation, where heat conduction 
represents the highest heat transfer through the lens to the 
mount. It can be shown, that for PL(t) = 30 kW a temperature 
difference ∆T of approx. 151 °C prevails inside the lens at 
around 46 % of rL and at around 68 % of rB after tEM = 10 s. 
The temperature difference ∆T in the center of the lens is 
9.5 °C less. Furthermore, Fig. 2 represents the intensity 
distribution of the top-hat laser radiation and additionally 
shows the heat build-up towards the lens edge before 
sufficient heat dissipation via the mount at r = 26 mm takes 
place. As a result, the laser beam is refracted more strongly in 
this lens area than near the center, and focus aberrations occur. 

Fig. 3 gives an impression on the change of  𝑛𝑛𝑛𝑛rel gl(λ0,T) – as 
mean value of nrel gl ||(λ0,T) and nrel gl ⊥(λ0,T) (difference ≤ 10–9) 
– with respect to nair(λ0) by Eq. (8) over a lasing time tEM of 
600 s at different laser powers PL(t) with reference to Sec. 4.1. 

 

 

Fig. 3. Mean refractive index curves 𝑛𝑛𝑛𝑛rel gl(λ0,T) after tEM = 600 s at different 
laser powers PL(t) for the first single collimation lens in the 30 kW LRS 

optics setup starting from an ambient temperature TU = 20 °C. 
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It can be stated, that nrel gl(λ0,T) changes by approx. 32 ∙ 10–5 
at PL(t) = 30 kW and after tEM = 600 s. Together with 
geometrical changes, a ∆𝑧𝑧𝑧𝑧F – as mean value of || and ⊥ focus 
shift by nrel gl ||/⊥(λ0,T) – of around – 136.2 ∙ 10–3 mm results for 
the first collimation lens based on Eq. (9), in which ∆𝑧𝑧𝑧𝑧F shows 
a linear dependence on 𝑛𝑛𝑛𝑛rel gl(λ0,T) over the entire PL(t) range. 
The thermo-optical effect (cf. Eq. (3)) contributes 98.96 % of 
the refractive index change, whereas the stress-optical effect 
(cf. Eq. (4)) only provides 1.04 %. Furthermore, already a 
realistic exposure time tEM of 10 s of a laser radiation PL(t) of 
30 kW leads to a ∆𝑧𝑧𝑧𝑧F of approx. – 4.7 ∙ 10–3 mm, which results 
in a shorter focal length fL1 of the first lens. 

In addition, the mean focus shift behavior is documented 
for the entire 30 kW LRS optics setup in Fig. 4. 

 

 

Fig. 4. Mean focus shift ∆𝑧𝑧𝑧𝑧F against time tEM over a lasing period of 600 s 
at different laser powers PL(t) for the 30 kW LRS optics setup 

starting from an ambient temperature TU = 20 °C. 

It provides an impression of the change of the focus 
position zF against PL(t) and after tEM = 600 s, expressed by a 
predicted mean focus shift ∆𝑧𝑧𝑧𝑧F of only approx. 49.7 ∙ 10–3 mm 
at PL(t) = 30 kW. Nevertheless, the ∆𝑧𝑧𝑧𝑧F  according to the 
curves between 200 s and 400 s is quite large compared to the 
other extracted values and is rounded off to 112.4 ∙ 10–3 mm. 
In a reasonable process time tEM of a few seconds up to 30 s 
the ∆𝑧𝑧𝑧𝑧F is no more than 26.9 ∙ 10–3 mm. That small ∆𝑧𝑧𝑧𝑧F occurs 
solely because the 30 kW LRS optical system is very well 
balanced in its design. Care has been taken to ensure that the 
optical lens properties compensate each other in the best 
possible way. All ∆𝑧𝑧𝑧𝑧F  values are positive within tEM = 600 s 
and thus, the focal length fS increases. The reason for that is a 
different time constant for the heating process of the different 
lenses in the 30 kW LRS optics setup. The sliding lens, which 
is a concave lens, is thinner than all other lenses and heats up 
faster. About 759 s after the start of the laser radiation, the 
different lenses have almost compensated the mean focus shift 
∆𝑧𝑧𝑧𝑧F. As a result of the focus shift ΔzF, the correction of the 
next pose set point of the preset focus position zF is estimated 
by the focus shift control method and an updated sliding lens 
position is given. 

The presented results give the assumption that a focus 
position correction is a fine adjustment of the focus position 
zF. Ideally, the change of zF shows only a slight change of the 
laser beam and process parameters. However, it must be 
noted, that no degree of contamination of the lens surfaces has 
yet been considered, as may well be the case with the protective 
glass. In the case of contamination, zF can change more and 
more, since an increasingly higher absorption occurs. 

5. Conclusion 

This paper briefly has introduced a novel 30 kW laser 
remote scanner design approach for large-scale applications. It 
combines an optics solution with intermediate foci and a 
gimbal-mounted single scanning mirror for up to 30 kW laser 
power. The integrated stereo camera system leads to a self-
teaching automated LRS system. Furthermore, to compensate 
the effect of focus shift ΔzF and to control the focus position zF 
for variable power brilliant high-power laser beam LRS 
systems a computational solution has been presented. Hence, 
the main physical effects on the focus shift ΔzF for optical 
lenses and their implementation in the focus shift control 
model have been explained. In addition, selected aspects of 
the focus shift control model at different laser powers PL(t) for 
the 30 kW LRS optical system have been studied, which are a 
set of simulated data of temperature and mean refractive index 
profiles for the first single collimation lens in an exemplary 
fashion as well as mean focus shift profiles of the entire 
optical system. It can be stated, that the FEM-based thermal 
model provides a good estimation of the temperature profiles 
over the entire lens diameter. It is shown, that already a 
realistic exposure time tEM of 10 s of a laser radiation of 
30 kW leads to a ∆T of approx. 151 °C at around 46 % of the 
lens radius rL and thus, a ∆𝑧𝑧𝑧𝑧F of around – 4.7 ∙ 10–3 mm, which 
results in a shorter focal length fL1 of the first lens. The laser 
beam is more strongly refracted in the area with the highest 
∆T than near the lens center and focus aberrations will appear. 
Moreover, the mean focus shift ∆𝑧𝑧𝑧𝑧F shows a linear dependence 
of  𝑛𝑛𝑛𝑛rel gl(λ0,T) over the entire PL(t) range. The contribution to 
the change of the refractive index by the thermo-optical and 
the stress-optical effect is 98.96 % and 1.04 %, respectively. 
In addition, a mean focus shift quantity of the entire 30 kW 
LRS optical system has been predicted. In a reasonable 
process time tEM of a few seconds up to 30 s the mean focus 
shift ∆𝑧𝑧𝑧𝑧F is no more than 26.9 ∙ 10–3 mm. However, it must be 
noted, that no degree of contamination of the protective glass 
has yet been considered. zF can change more and more, since 
an increasingly higher absorption occurs. In summation, the 
presented computer-based solution provides an appropriate 
overview of the heat-induced temperature-dependent optical 
and mechanical effects in the novel high-power 30 kW laser 
remote scanner and gives an estimation about the expected 
essential quantities. The focus position control method in the 
30 kW LRS is suitable for predicting the focus behavior and is 
a method that allows fine adjustment of the focus position zF 
in accordance with the sliding lens of the mechanical scanner 
setup. 
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An underlying temperature model forms the starting point 
for the determination of the temperature-dependent change of 
the refractive index ngl(λ0,T) and the optical element geometry. 
In order to map the heat transfer processes over the entire lens 
radius as a function of the impinging laser radiation, the 
temperature model is framed on the finite element method 
(FEM). Any intensity profiles, the superimposition of the 
energy input, and the energy dissipation for arbitrary lens 
sections as well as time intervals can be calculated. An 
adopted ABCD matrix formalism models the optical system 
and allows a fast, computer-aided calculation for the complex 
optics design of the 30 kW LRS. Further information on the 
theoretical and mathematical design plus the assumed 
boundary conditions of the model is given in [15]. Moreover, 
the focus shift control model is directly connected to the 
captured ambient condition with its quantities pictured in 
Fig. 1. The equation 

Δ𝑧𝑧𝑧𝑧F = − BOS th
DOS th

+ BOS
DOS

 (9) 

expresses the focus shift ∆zF along the optical axis by the 
matrix elements BOS and DOS of the system optics matrix 
(OS), which is described in [15]. The first term represents the 
system focus position zF th under thermal load (th) and the 
second term is the original preset system focus position zF. If 
∆zF < 0 the system focal length fS gets shorter. If ∆zF > 0 the 
system focal length fS extends. Based on the strength of ∆zF, 
the correction of the next pose set point of the preset focus 
position zF will be estimated. In addition, out of that the shift 
sz of the sliding lens is determined. All in all that allows a 
computer-aided real-time correction of the focus position zF in 
one deterministic cycle time step. 

4. Selected aspects of the focus shift control model 

4.1. Boundary conditions 

For the three simulation scenarios: 1) temperature behavior, 
2) refractive index behavior, 3) focus shift behavior, all lenses 
in the 30 kW LRS optics setup consist of fused silica Corning 
HPFS® 7980 standard grade, are firmly clamped in separate 
holders over the entire lateral surface, and have the reference 
ambient temperature TU at the interface with the mounts. 
Mirrors are neglected. nabs 0(λ0,T0) is calculated as explained in 
Sec. 3.2 and is rounded off to 1.449995. Axial forces and 
stresses are not considered, since a top-hat laser beam with 
homogeneous intensity is assumed along the optical axis. An 
axial temperature gradient does not occur. The applied laser 
source is an IPG Ytterbium fiber laser with PL(t) ≤ 30 kW and 
λ0 = 1070 nm ± 10 nm as well as a BPP ≤ 18 mm ∙ mrad. All 
estimates are conducted at different laser powers PL(t): 2 kW, 
10 kW, 20 kW, and 30 kW. The temperature behavior is 
extracted over a realistic lasing process time tEM of 10 s. Both 
refractive index and focus shift behaviors are calculated over a 
lasing time tEM of 600 s. This period is chosen in the interest 
of greater clarity of the results. Processes with a corresponding 
processing time with a continuous wave of 30 kW laser power 
are unrealistic for LRS systems. 

4.2. Temperature, refractive index, and focus shift behaviors 

The presented aspects of the focus shift control model have 
been carried out by a study of simulated temperature and 
refractive index profiles for the first single collimation lens in 
an exemplary fashion, considering Sec. 4.1. The lens radius rL 
is 26 mm, and the radius rB of the impinging laser beam 
measures 17.6 mm in the plane of the half lens thickness d. 
Fig. 2 frames the results of four temperature change profiles 
∆T against the radius r at different laser powers up to 
PL(t) = 30 kW. 

 

 

Fig. 2. Different temperature change profiles ∆T after tEM = 10 s at different 
laser powers PL(t) for the first single collimation lens in the 30 kW LRS 

optics setup starting from an ambient temperature TU = 20 °C. 

The plotted curves are calculated by the implemented 
FEM-based temperature model, and they are the result of all 
three heat transfer aspects: 1) heat conduction; 2) heat 
convection; 3) heat radiation, where heat conduction 
represents the highest heat transfer through the lens to the 
mount. It can be shown, that for PL(t) = 30 kW a temperature 
difference ∆T of approx. 151 °C prevails inside the lens at 
around 46 % of rL and at around 68 % of rB after tEM = 10 s. 
The temperature difference ∆T in the center of the lens is 
9.5 °C less. Furthermore, Fig. 2 represents the intensity 
distribution of the top-hat laser radiation and additionally 
shows the heat build-up towards the lens edge before 
sufficient heat dissipation via the mount at r = 26 mm takes 
place. As a result, the laser beam is refracted more strongly in 
this lens area than near the center, and focus aberrations occur. 

Fig. 3 gives an impression on the change of  𝑛𝑛𝑛𝑛rel gl(λ0,T) – as 
mean value of nrel gl ||(λ0,T) and nrel gl ⊥(λ0,T) (difference ≤ 10–9) 
– with respect to nair(λ0) by Eq. (8) over a lasing time tEM of 
600 s at different laser powers PL(t) with reference to Sec. 4.1. 

 

 

Fig. 3. Mean refractive index curves 𝑛𝑛𝑛𝑛rel gl(λ0,T) after tEM = 600 s at different 
laser powers PL(t) for the first single collimation lens in the 30 kW LRS 

optics setup starting from an ambient temperature TU = 20 °C. 
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It can be stated, that nrel gl(λ0,T) changes by approx. 32 ∙ 10–5 
at PL(t) = 30 kW and after tEM = 600 s. Together with 
geometrical changes, a ∆𝑧𝑧𝑧𝑧F – as mean value of || and ⊥ focus 
shift by nrel gl ||/⊥(λ0,T) – of around – 136.2 ∙ 10–3 mm results for 
the first collimation lens based on Eq. (9), in which ∆𝑧𝑧𝑧𝑧F shows 
a linear dependence on 𝑛𝑛𝑛𝑛rel gl(λ0,T) over the entire PL(t) range. 
The thermo-optical effect (cf. Eq. (3)) contributes 98.96 % of 
the refractive index change, whereas the stress-optical effect 
(cf. Eq. (4)) only provides 1.04 %. Furthermore, already a 
realistic exposure time tEM of 10 s of a laser radiation PL(t) of 
30 kW leads to a ∆𝑧𝑧𝑧𝑧F of approx. – 4.7 ∙ 10–3 mm, which results 
in a shorter focal length fL1 of the first lens. 

In addition, the mean focus shift behavior is documented 
for the entire 30 kW LRS optics setup in Fig. 4. 

 

 

Fig. 4. Mean focus shift ∆𝑧𝑧𝑧𝑧F against time tEM over a lasing period of 600 s 
at different laser powers PL(t) for the 30 kW LRS optics setup 

starting from an ambient temperature TU = 20 °C. 

It provides an impression of the change of the focus 
position zF against PL(t) and after tEM = 600 s, expressed by a 
predicted mean focus shift ∆𝑧𝑧𝑧𝑧F of only approx. 49.7 ∙ 10–3 mm 
at PL(t) = 30 kW. Nevertheless, the ∆𝑧𝑧𝑧𝑧F  according to the 
curves between 200 s and 400 s is quite large compared to the 
other extracted values and is rounded off to 112.4 ∙ 10–3 mm. 
In a reasonable process time tEM of a few seconds up to 30 s 
the ∆𝑧𝑧𝑧𝑧F is no more than 26.9 ∙ 10–3 mm. That small ∆𝑧𝑧𝑧𝑧F occurs 
solely because the 30 kW LRS optical system is very well 
balanced in its design. Care has been taken to ensure that the 
optical lens properties compensate each other in the best 
possible way. All ∆𝑧𝑧𝑧𝑧F  values are positive within tEM = 600 s 
and thus, the focal length fS increases. The reason for that is a 
different time constant for the heating process of the different 
lenses in the 30 kW LRS optics setup. The sliding lens, which 
is a concave lens, is thinner than all other lenses and heats up 
faster. About 759 s after the start of the laser radiation, the 
different lenses have almost compensated the mean focus shift 
∆𝑧𝑧𝑧𝑧F. As a result of the focus shift ΔzF, the correction of the 
next pose set point of the preset focus position zF is estimated 
by the focus shift control method and an updated sliding lens 
position is given. 

The presented results give the assumption that a focus 
position correction is a fine adjustment of the focus position 
zF. Ideally, the change of zF shows only a slight change of the 
laser beam and process parameters. However, it must be 
noted, that no degree of contamination of the lens surfaces has 
yet been considered, as may well be the case with the protective 
glass. In the case of contamination, zF can change more and 
more, since an increasingly higher absorption occurs. 

5. Conclusion 

This paper briefly has introduced a novel 30 kW laser 
remote scanner design approach for large-scale applications. It 
combines an optics solution with intermediate foci and a 
gimbal-mounted single scanning mirror for up to 30 kW laser 
power. The integrated stereo camera system leads to a self-
teaching automated LRS system. Furthermore, to compensate 
the effect of focus shift ΔzF and to control the focus position zF 
for variable power brilliant high-power laser beam LRS 
systems a computational solution has been presented. Hence, 
the main physical effects on the focus shift ΔzF for optical 
lenses and their implementation in the focus shift control 
model have been explained. In addition, selected aspects of 
the focus shift control model at different laser powers PL(t) for 
the 30 kW LRS optical system have been studied, which are a 
set of simulated data of temperature and mean refractive index 
profiles for the first single collimation lens in an exemplary 
fashion as well as mean focus shift profiles of the entire 
optical system. It can be stated, that the FEM-based thermal 
model provides a good estimation of the temperature profiles 
over the entire lens diameter. It is shown, that already a 
realistic exposure time tEM of 10 s of a laser radiation of 
30 kW leads to a ∆T of approx. 151 °C at around 46 % of the 
lens radius rL and thus, a ∆𝑧𝑧𝑧𝑧F of around – 4.7 ∙ 10–3 mm, which 
results in a shorter focal length fL1 of the first lens. The laser 
beam is more strongly refracted in the area with the highest 
∆T than near the lens center and focus aberrations will appear. 
Moreover, the mean focus shift ∆𝑧𝑧𝑧𝑧F shows a linear dependence 
of  𝑛𝑛𝑛𝑛rel gl(λ0,T) over the entire PL(t) range. The contribution to 
the change of the refractive index by the thermo-optical and 
the stress-optical effect is 98.96 % and 1.04 %, respectively. 
In addition, a mean focus shift quantity of the entire 30 kW 
LRS optical system has been predicted. In a reasonable 
process time tEM of a few seconds up to 30 s the mean focus 
shift ∆𝑧𝑧𝑧𝑧F is no more than 26.9 ∙ 10–3 mm. However, it must be 
noted, that no degree of contamination of the protective glass 
has yet been considered. zF can change more and more, since 
an increasingly higher absorption occurs. In summation, the 
presented computer-based solution provides an appropriate 
overview of the heat-induced temperature-dependent optical 
and mechanical effects in the novel high-power 30 kW laser 
remote scanner and gives an estimation about the expected 
essential quantities. The focus position control method in the 
30 kW LRS is suitable for predicting the focus behavior and is 
a method that allows fine adjustment of the focus position zF 
in accordance with the sliding lens of the mechanical scanner 
setup. 
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