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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

Nanostructured surfaces exhibit outstanding properties and enable manifold industrial applications. In this study the laser surface processing of 
polycrystalline, flat copper surfaces by 532 nm picosecond laser irradiation for secondary electron yield (SEY) reduction is reported. The laser 
beam was scanned in parallel lines across the sample surface in order to modify large surface areas. Morphology and SEY are characterized in 
dependence of the process parameters to derive correlations and mechanisms of the laser-based SEY engineering process. The nano- and 
microstructure morphology of the laser-modified surface was characterized by scanning electron microscopy and the secondary electron yield
was measured. In general, an SEY reduction with increasing accumulated laser fluence was found. In particular, at low scanning speed (1 mm/s 
– 10 mm/s) and “high” laser power (~ 1 W) compact nanostructures with a very low SEY maximum of 0.7 are formed.
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1. Introduction

Pulsed laser irradiation of copper surfaces allows the 
engineering of various surface properties. Pulsed laser 
irradiation of copper surfaces was studied in dependence on 
significant laser parameters like pulse duration, laser 
wavelength, the number of laser pulses, scanning speed, pulse 
energy, repetition rate [1-17] as well as in dependence on the 
gas atmosphere [10, 18]. Moreover, the impact of additional 
external magnetic fields was studied [15]. In addition to the 
laser ablation pits, nanostructures at and near the ablated copper 
surface were observed [18]. The resultant micro- and 
nanoscopic surface morphology depends on the laser 
parameters [19]. Such hierarchical structured copper surfaces 
exhibit interesting physical properties such as a low 
reflectivity [18] and a low secondary electron yield (SEY) [20-

25]. Secondary electron emission plays a crucial role for 
charging phenomena at satellites surfaces, multipacting in 
radiofrequency devices, and electron cloud formation in 
particle accelerators like the Large Hadron Collider (LHC) at 
CERN. Effects of laser-treatment on SEY were studied for 
copper surfaces using a pulsed laser with a wavelength of 
= 532 nm [22-24]. In this study, the 532 nm picosecond (ps)-
laser treatment of copper surfaces was investigated with the 
aim of a systematic analysis of correlations between the surface 
morphology and the SEY independence on the laser parameters 
(scanning speed and laser power).  

2. Experimental details 

Polycrystalline copper samples with a size of 20×20×1 mm³ 
were degreased and subsequently passivated in a chromic acid 
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Abstract 

Nanostructured surfaces exhibit outstanding properties and enable manifold industrial applications. In this study the laser surface processing of 
polycrystalline, flat copper surfaces by 532 nm picosecond laser irradiation for secondary electron yield (SEY) reduction is reported. The laser 
beam was scanned in parallel lines across the sample surface in order to modify large surface areas. Morphology and SEY are characterized in 
dependence of the process parameters to derive correlations and mechanisms of the laser-based SEY engineering process. The nano- and 
microstructure morphology of the laser-modified surface was characterized by scanning electron microscopy and the secondary electron yield 
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1. Introduction

Pulsed laser irradiation of copper surfaces allows the 
engineering of various surface properties. Pulsed laser
irradiation of copper surfaces was studied in dependence on 
significant laser parameters like pulse duration, laser
wavelength, the number of laser pulses, scanning speed, pulse 
energy, repetition rate [1-17] as well as in dependence on the
gas atmosphere [10, 18]. Moreover, the impact of additional
external magnetic fields was studied [15]. In addition to the
laser ablation pits, nanostructures at and near the ablated copper
surface were observed [18]. The resultant micro- and 
nanoscopic surface morphology depends on the laser
parameters [19]. Such hierarchical structured copper surfaces 
exhibit interesting physical properties such as a low
reflectivity [18] and a low secondary electron yield (SEY) [20-

25]. Secondary electron emission plays a crucial role for
charging phenomena at satellites surfaces, multipacting in
radiofrequency devices, and electron cloud formation in
particle accelerators like the Large Hadron Collider (LHC) at 
CERN. Effects of laser-treatment on SEY were studied for
copper surfaces using a pulsed laser with a wavelength of
= 532 nm [22-24]. In this study, the 532 nm picosecond (ps)-
laser treatment of copper surfaces was investigated with the 
aim of a systematic analysis of correlations between the surface
morphology and the SEY independence on the laser parameters
(scanning speed and laser power).

2. Experimental details

Polycrystalline copper samples with a size of 20×20×1 mm³
were degreased and subsequently passivated in a chromic acid
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solution. The copper samples were mounted onto a computer-
controlled x-y stage. The laser beam (wavelength  = 532 nm, 
pulse duration tp = 12 ps, repetition rate frep = 100 kHz) was 
focused by a f-theta lens with a focal length of 165 mm onto 
the sample surface. A galvo scanner was used for the computer-
controlled movement of the laser spot over the sample surface. 
The laser spot was scanned in parallel lines with a scanning 
speed ranging from 1 to 200 mm/s and a line distance of 
y = 50 µm. The scanning procedure is described in detail in 
[19]. The laser spot had a Gaussian radius of 
0 = (6.4 ± 2.6) µm as determined by Liu’s method [26]. The 
number of laser pulses for a point of the scanned area can be 
calculated by: 

𝑁𝑁𝑎𝑎 =  𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙2𝜔𝜔²
𝐯𝐯∙∆𝑦𝑦     (1) 

and the accumulated laser fluence can be estimated by: 

𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎 =  𝑁𝑁𝑎𝑎 ∙ 𝑃𝑃
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙𝜋𝜋∙𝜔𝜔0

2 = 𝑃𝑃
v∙∆𝑦𝑦  (2) 

The surface topography/morphology of the laser-treated copper 
surfaces was analysed by scanning electron microscopy 
(SEM). The secondary electron yield (SEY) was measured on 
homogenously laser-treated copper samples for primary 
electron energies between 50 and 1800 eV. More characteri-
zation details are described in Ref. [27]. 

3. Results and Discussion

The morphological characteristics of the laser-exposed, 
nanostructured copper surface depend on the laser parameters 
as seen in Fig. 1. The SEM images of the laser-treated surfaces 
are arranged orthogonally in dependence on the scanning speed 
v and laser power P. Three different kinds of surface structures 
dependent on the laser parameter can be distinguished: 
(I) Compact nanostructures can be found for the combination
of low scanning speed and high or moderate laser power (see
Fig. 1 red-marked region). In this case, the accumulated laser
fluence is relatively high 3280 – 300 J/cm². Similar compact
nanostructures can be produced in experiments with different
laser wavelengths [13, 28]. The compact nanostructures can
most likely be explained in relation to the redeposition
processes of the ablated material.
(II) At moderate scanning speed and moderate laser power (see
Fig. 1 green-marked region) the formation of two different
kinds of laser-induced periodic surface structures (LIPSS) were
detected. LIPSS with a periodicity of ~ 335 nm are almost
perpendicular to the laser polarization and LIPSS with a
periodicity of ~ 167 nm almost parallel to the laser polarization.
The LIPSS structures were found at low accumulated laser
fluences in the range between 344 and 48.4 J/cm². The origin
of the LIPSS at ~ 335 nm can be explained by the formation of
a surface plasmon polariton (SPP) that causes a LIPSS period
of (360 ± 20) nm [29]. These structures are oriented
perpendicular to the laser polarization. Further, the LIPSS
structures are partially covered with sub-µm droplets. The
LIPSS at ~167 nm correlated with high spatial frequency laser-
induced periodic surface structures (HSFL). The ultra-short
pulse laser-induced HSFL was already detected on different
metal surfaces [30, 31].

Fig. 1. (a) High-resolution SEM images of copper surface after laser 
treatment using different laser power P and scanning speed v 
(I): red marked region, compact nanostructures 
(II) green marked region, laser-induced periodic surface structures
(III) blue marked region, minor modified surface

(III) At higher scanning speeds, generally lower laser powers,
and consequently low accumulated laser fluence (between 440
and 2.2 J/cm²), minor modifications like resolidified structures
without LIPSS were detected (see Fig. 1 blue-marked region).
In conclusion, the parameters laser power and scanning speed
strongly influence the resulting surface morphology. The
accumulated laser fluence as reference indicates the possible
surface topography: with increasing accumulated laser fluence
the morphology changes from minor modifications, to LIPSS
and to compact nanostructures as long as the ablation threshold
fluence is surpassed. According to Calatroni et al. [24] the
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multipulse ablation threshold for Cu is 0.42 J/cm² at = 532 nm
and tp = 10 ps. When varying the scanning speed, both, the 
number of pulses per unit area and the effective ablation
threshold fluence, undergo changes. This effect known as
incubation as well as other occurring effects limit the 
projection of the accumulated fluence to the achievable surface
morphology. That means, the resultant surface morphology
depends complexly on the laser parameter as summarized in 
Tab. 1.

Table 1. Observed Cu surface structures in dependence on the laser
parameters.
Type high-

lighted
structures acc

[J/cm²]
v

[mm/s]
P

[W]

(I) red Compact
nanostructures 3280 – 300 1 – 10 1.64 – 0.51

(II) green LIPSS 344 – 48.4 5 – 50 1.5 – 0.51

(III) blue Minor modified
surfaces 440 – 2.2 1 – 200 1.64 – 0.22

The laser-induced morphological, structural, and chemical
surface modifications result in an alteration of the interaction
of photons and electrons with such surfaces. In Fig. 2 (a), low-
resolution secondary electron SEM images of laser-treated
copper surfaces at a primary electron energy of 5 keV are
shown. The low-resolution SEM images qualitatively include 
information about the secondary electron emission yield, where 
the greyscale of the images is representative for the number of
emitted secondary electrons (black: low emission, white: high
emission) for the actual acceleration voltage. The SEY at 5 keV 
depends in general on the accumulated fluence, but in more 
detail the specific processing parameters scanning speed and
laser power need to be considered.
The secondary emission is distinctly lower compared to the
untreated surface for low scanning speed and high laser power,
which is correlated with the existence of compact
nanostructures (type I, red marked). The regions which can be 
correlated to the formation of LIPSS (type II, green marked)
show a higher secondary electron emission than the pristine
surface at 5 keV. In type III–regions (blue) a slightly higher
secondary electron emission compared to the untreated surface
is found.
The optical properties – reflectivity for visible light (see Fig. 2
(b)) – of the laser-treated copper surface vary in dependence of
the laser processing parameters as well. In general, a strong
reflectivity reduction with increasing accumulated fluence is
observed. A very low optical reflection is evident for type I (red
marked region) morphologies that are dominated by compact
nanostructures. Both, the nanostructured surface as well as the 
microscopic structures (grooves from ablation see e.g. [24]) 
cause strong scattering effects of the visible light, resulting in
the black appearance. Obviously, the nanostructures as well as 
the microtopography form light trapping surfaces.
Type II patterns (LIPSS, green marked region) lead to a 
colorful surface. The colors are mainly induced by interference
of the illuminating white light (white LED) at the periodic 
LIPSS features but can be also influenced by the formation of
an oxide film.
The reason for the higher reflectivity of type III surfaces (blue 
marked region) are neither of topographical nor of 
morphological cause, but can be related to modifications of the 
near surface region, i.e. chemical alterations (cleaning and

passivation) or laser-induced material modifications below the
ablation threshold (incubation processes).

Fig. 2. (a) (left) Low resolution SEM image at a primary electron energy
of 5 keV at different scanning speed and laser power
(b) optical image of laser treated copper surface at different scanning
speed and laser power (y = 50 µm). The SEM parameters during
scanning were kept constant.
(c) Accumulated laser fluence acc (based on Eq. 3) dependent on the
laser power and scanning speed.

The low-resolution SEM images already highlight the 
dependence of the SEY at 5 keV on the laser processing
parameters. For further analysis, the SEY was determined as a 
function of the primary electron energy between 50 and
1800 eV for the different laser-modified copper surfaces. In
Figure 3 (a), exemplary secondary electron yield curves for
different laser parameters are shown. The pristine copper
surface (Fig. 3 (a), orange) exhibits a maximum secondary
electron yield max around 2.1 at a primary electron energy Ep
of 250 eV. The laser treatment results in the modification of the 
shape of the SEY curve as well as in a reduction of the SEY.
For example, at acc = 45 J/cm² (Fig. 3 (a) blue curve) the
formation of a weakly modified surface results in a SEY 
maximum max = 1.54 eV at Ep = 1200 eV. At acc = 225 J/cm²
(Fig. 3 (a) green) the formation of LIPSS results in max = 0.91
at Ep = 1800 eV. At acc =3500 J/cm² (Fig. 3 (a) red) the 
formation of compact nanostructures results in max = 0.77 at
Ep = 1600 eV. The maximum secondary electron yield max in
dependence on the accumulated laser fluence acc is
summarized in Fig. 3 (b). In general, the max decreases with
increasing acc and the dependency can be empirically fitted
by:
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚,𝑡𝑡ℎ +

𝐴𝐴
(1+𝐵𝐵∙Φ𝑎𝑎𝑎𝑎𝑎𝑎)𝐶𝐶

(3)

with max,th = 0.77, A = 15856, B = 2115 (J/cm²)-1 and
C = 0.87 (see Fig. 3 (b) grey line).
In disagreement with the formation of the different surface
structures which are dependent on the two-dimensional
parameter range (P,v), the maximum secondary electron yield
presented a correlation to the accumulated laser fluence above 
100 J/cm². The reason is probably the increase of the amount 
of ablated and redeposited material with higher accumulated
laser fluences [19]. These redeposits, that are partially modified
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solution. The copper samples were mounted onto a computer-
controlled x-y stage. The laser beam (wavelength  = 532 nm,
pulse duration tp = 12 ps, repetition rate frep = 100 kHz) was 
focused by a f-theta lens with a focal length of 165 mm onto
the sample surface. A galvo scanner was used for the computer-
controlled movement of the laser spot over the sample surface.
The laser spot was scanned in parallel lines with a scanning
speed ranging from 1 to 200 mm/s and a line distance of
y = 50 µm. The scanning procedure is described in detail in
[19]. The laser spot had a Gaussian radius of
0 = (6.4 ± 2.6) µm as determined by Liu’s method [26]. The
number of laser pulses for a point of the scanned area can be 
calculated by:

𝑁𝑁𝑎𝑎 = 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙2𝜔𝜔²
𝐯𝐯∙∆𝑦𝑦 (1)

and the accumulated laser fluence can be estimated by:

𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑁𝑁𝑎𝑎 ∙ 𝑃𝑃
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟∙𝜋𝜋∙𝜔𝜔0

2 = 𝑃𝑃
v∙∆𝑦𝑦 (2)

The surface topography/morphology of the laser-treated copper
surfaces was analysed by scanning electron microscopy 
(SEM). The secondary electron yield (SEY) was measured on
homogenously laser-treated copper samples for primary
electron energies between 50 and 1800 eV. More characteri-
zation details are described in Ref. [27].

3. Results and Discussion

The morphological characteristics of the laser-exposed,
nanostructured copper surface depend on the laser parameters
as seen in Fig. 1. The SEM images of the laser-treated surfaces
are arranged orthogonally in dependence on the scanning speed
v and laser power P. Three different kinds of surface structures
dependent on the laser parameter can be distinguished:
(I) Compact nanostructures can be found for the combination
of low scanning speed and high or moderate laser power (see 
Fig. 1 red-marked region). In this case, the accumulated laser
fluence is relatively high 3280 – 300 J/cm². Similar compact 
nanostructures can be produced in experiments with different 
laser wavelengths [13, 28]. The compact nanostructures can
most likely be explained in relation to the redeposition
processes of the ablated material. 
(II) At moderate scanning speed and moderate laser power (see
Fig. 1 green-marked region) the formation of two different 
kinds of laser-induced periodic surface structures (LIPSS) were 
detected. LIPSS with a periodicity of ~ 335 nm are almost
perpendicular to the laser polarization and LIPSS with a 
periodicity of ~ 167 nm almost parallel to the laser polarization. 
The LIPSS structures were found at low accumulated laser
fluences in the range between 344 and 48.4 J/cm². The origin
of the LIPSS at ~ 335 nm can be explained by the formation of
a surface plasmon polariton (SPP) that causes a LIPSS period
of (360 ± 20) nm [29]. These structures are oriented
perpendicular to the laser polarization. Further, the LIPSS
structures are partially covered with sub-µm droplets. The 
LIPSS at ~167 nm correlated with high spatial frequency laser-
induced periodic surface structures (HSFL). The ultra-short
pulse laser-induced HSFL was already detected on different 
metal surfaces [30, 31].

Fig. 1. (a) High-resolution SEM images of copper surface after laser 
treatment using different laser power P and scanning speed v
(I): red marked region, compact nanostructures
(II) green marked region, laser-induced periodic surface structures
(III) blue marked region, minor modified surface

(III) At higher scanning speeds, generally lower laser powers, 
and consequently low accumulated laser fluence (between 440
and 2.2 J/cm²), minor modifications like resolidified structures
without LIPSS were detected (see Fig. 1 blue-marked region).
In conclusion, the parameters laser power and scanning speed
strongly influence the resulting surface morphology. The
accumulated laser fluence as reference indicates the possible 
surface topography: with increasing accumulated laser fluence
the morphology changes from minor modifications, to LIPSS 
and to compact nanostructures as long as the ablation threshold
fluence is surpassed. According to Calatroni et al. [24] the
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multipulse ablation threshold for Cu is 0.42 J/cm² at = 532 nm 
and tp = 10 ps. When varying the scanning speed, both, the 
number of pulses per unit area and the effective ablation 
threshold fluence, undergo changes. This effect known as 
incubation as well as other occurring effects limit the 
projection of the accumulated fluence to the achievable surface 
morphology. That means, the resultant surface morphology 
depends complexly on the laser parameter as summarized in 
Tab. 1. 

Table 1. Observed Cu surface structures in dependence on the laser 
parameters. 
Type high- 

lighted 
structures acc 

[J/cm²] 
v 

[mm/s] 
P 

[W] 

(I) red Compact 
nanostructures 3280 – 300 1 – 10 1.64 – 0.51 

(II) green LIPSS 344 – 48.4 5 – 50 1.5 – 0.51 

(III) blue Minor modified 
surfaces 440 – 2.2 1 – 200 1.64 – 0.22 

The laser-induced morphological, structural, and chemical 
surface modifications result in an alteration of the interaction 
of photons and electrons with such surfaces. In Fig. 2 (a), low-
resolution secondary electron SEM images of laser-treated 
copper surfaces at a primary electron energy of 5 keV are 
shown. The low-resolution SEM images qualitatively include 
information about the secondary electron emission yield, where 
the greyscale of the images is representative for the number of 
emitted secondary electrons (black: low emission, white: high 
emission) for the actual acceleration voltage. The SEY at 5 keV 
depends in general on the accumulated fluence, but in more 
detail the specific processing parameters scanning speed and 
laser power need to be considered. 
The secondary emission is distinctly lower compared to the 
untreated surface for low scanning speed and high laser power, 
which is correlated with the existence of compact 
nanostructures (type I, red marked). The regions which can be 
correlated to the formation of LIPSS (type II, green marked) 
show a higher secondary electron emission than the pristine 
surface at 5 keV. In type III–regions (blue) a slightly higher 
secondary electron emission compared to the untreated surface 
is found. 
The optical properties – reflectivity for visible light (see Fig. 2 
(b)) – of the laser-treated copper surface vary in dependence of 
the laser processing parameters as well. In general, a strong 
reflectivity reduction with increasing accumulated fluence is 
observed. A very low optical reflection is evident for type I (red 
marked region) morphologies that are dominated by compact 
nanostructures. Both, the nanostructured surface as well as the 
microscopic structures (grooves from ablation see e.g. [24]) 
cause strong scattering effects of the visible light, resulting in 
the black appearance. Obviously, the nanostructures as well as 
the microtopography form light trapping surfaces. 
Type II patterns (LIPSS, green marked region) lead to a 
colorful surface. The colors are mainly induced by interference 
of the illuminating white light (white LED) at the periodic 
LIPSS features but can be also influenced by the formation of 
an oxide film. 
The reason for the higher reflectivity of type III surfaces (blue 
marked region) are neither of topographical nor of 
morphological cause, but can be related to modifications of the 
near surface region, i.e. chemical alterations (cleaning and 

passivation) or laser-induced material modifications below the 
ablation threshold (incubation processes). 

Fig. 2. (a) (left) Low resolution SEM image at a primary electron energy 
of 5 keV at different scanning speed and laser power  
(b) optical image of laser treated copper surface at different scanning 
speed and laser power (y = 50 µm). The SEM parameters during 
scanning were kept constant.
(c) Accumulated laser fluence acc (based on Eq. 3) dependent on the 
laser power and scanning speed.

The low-resolution SEM images already highlight the 
dependence of the SEY at 5 keV on the laser processing 
parameters. For further analysis, the SEY was determined as a 
function of the primary electron energy between 50 and 
1800 eV for the different laser-modified copper surfaces. In 
Figure 3 (a), exemplary secondary electron yield curves for 
different laser parameters are shown. The pristine copper 
surface (Fig. 3 (a), orange) exhibits a maximum secondary 
electron yield max around 2.1 at a primary electron energy Ep 
of 250 eV. The laser treatment results in the modification of the 
shape of the SEY curve as well as in a reduction of the SEY. 
For example, at acc = 45 J/cm² (Fig. 3 (a) blue curve) the 
formation of a weakly modified surface results in a SEY 
maximum max = 1.54 eV at Ep = 1200 eV. At  acc = 225 J/cm² 
(Fig. 3 (a) green) the formation of LIPSS results in max = 0.91 
at Ep = 1800 eV. At acc =3500 J/cm² (Fig. 3 (a) red) the 
formation of compact nanostructures results in max = 0.77 at 
Ep = 1600 eV. The maximum secondary electron yield max in 
dependence on the accumulated laser fluence acc is 
summarized in Fig. 3 (b). In general, the max decreases with 
increasing acc and the dependency can be empirically fitted 
by: 
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 = 𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚,𝑡𝑡ℎ +

𝐴𝐴
(1+𝐵𝐵∙Φ𝑎𝑎𝑎𝑎𝑎𝑎)𝐶𝐶

                         (3) 

with max,th = 0.77, A = 15856, B = 2115 (J/cm²)-1 and 
C = 0.87 (see Fig. 3 (b) grey line). 
In disagreement with the formation of the different surface 
structures which are dependent on the two-dimensional 
parameter range (P,v), the maximum secondary electron yield 
presented a correlation to the accumulated laser fluence above 
100 J/cm². The reason is probably the increase of the amount 
of ablated and redeposited material with higher accumulated 
laser fluences [19]. These redeposits, that are partially modified 
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by the ongoing laser irradiation, can be considered as the 
dominating reason for the SEY reduction. 

(a) 

(b) 
Fig. 3. (a) Secondary electron yield SEY in dependence of the primary 
electron energy Ep at different laser parameters: 
(1) untreated, max = 2.09 at E = 250 eV
(2) (blue) acc = 45 J/cm², v = 15.55 mm/s, y = 50 µm, 

 max = 1.54 at E = 1200 eV 
(3) (green) acc = 225 J/cm², v = 3.11 mm/s, y = 50 µm, 

 max = 0.91 at E = 1800 eV 
(4) (red) acc =3500 J/cm², v = 1 mm/s, y = 10 µm, 

 max = 0.77 at E = 1600 eV 
(b) Maximum secondary electron yield max in dependence dependent of 
the accumulated laser fluence acc (blue/green/red dots: correspond to max
of the SEY curves summarized in Fig. 4 (a)). Grey curve: data fit using 
Eq. 3.

4. Conclusion and Outlook

The ps laser ablation of polycrystalline copper surfaces with a 
laser wavelength of  = 532 nm leads to the formation of 
specific surface morphologies that can alter interactions with 
impinging photons and electrons. Three different kinds of 
surface nanostructures dependent on the laser parameter were 
detected: (I) Compact nanostructures induced by a redeposition 
process were formed at a combination of low scanning speed 
and high/moderate laser power. (II) LIPSS were formed at 
moderate scanning speed and moderate laser power induced by 
self-organized processes. (III) Minor modified surfaces were 
formed at generally low accumulated laser fluence and induced 
likely by resolidification processes of the laser melted surface. 
Specific technical applications call for surface engineering with 
the goal to reduce the maximum secondary electron yield max. 
The secondary electron yield reduction with increasing 
accumulated laser fluence was found as a general trend. At low 
scanning speed (1 – 10 mm/s) and “high” laser power (~ 1 W), 
compact nanostructures with a very low SEY maximum of 0.7 
are formed. The laser-based engineering of surface properties, 
here shown for SEY reduction of copper, shows excellent 
potential in a wide range of applications, and can be extended 
to other materials such as stainless steel and aluminum. 
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by the ongoing laser irradiation, can be considered as the
dominating reason for the SEY reduction.

(a)

(b)
Fig. 3. (a) Secondary electron yield SEY in dependence of the primary
electron energy Ep at different laser parameters:
(1) untreated, max = 2.09 at E = 250 eV
(2) (blue) acc = 45 J/cm², v = 15.55 mm/s, y = 50 µm,

max = 1.54 at E = 1200 eV
(3) (green) acc = 225 J/cm², v = 3.11 mm/s, y = 50 µm,

max = 0.91 at E = 1800 eV
(4) (red) acc =3500 J/cm², v = 1 mm/s, y = 10 µm,

max = 0.77 at E = 1600 eV
(b) Maximum secondary electron yield max in dependence dependent of 
the accumulated laser fluence acc (blue/green/red dots: correspond to max
of the SEY curves summarized in Fig. 4 (a)). Grey curve: data fit using
Eq. 3.

4. Conclusion and Outlook

The ps laser ablation of polycrystalline copper surfaces with a 
laser wavelength of  = 532 nm leads to the formation of 
specific surface morphologies that can alter interactions with
impinging photons and electrons. Three different kinds of
surface nanostructures dependent on the laser parameter were 
detected: (I) Compact nanostructures induced by a redeposition
process were formed at a combination of low scanning speed
and high/moderate laser power. (II) LIPSS were formed at 
moderate scanning speed and moderate laser power induced by
self-organized processes. (III) Minor modified surfaces were 
formed at generally low accumulated laser fluence and induced
likely by resolidification processes of the laser melted surface.
Specific technical applications call for surface engineering with
the goal to reduce the maximum secondary electron yield max.
The secondary electron yield reduction with increasing
accumulated laser fluence was found as a general trend. At low
scanning speed (1 – 10 mm/s) and “high” laser power (~ 1 W),
compact nanostructures with a very low SEY maximum of 0.7
are formed. The laser-based engineering of surface properties,
here shown for SEY reduction of copper, shows excellent 
potential in a wide range of applications, and can be extended 
to other materials such as stainless steel and aluminum.
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