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LASER MACHINING DEVICE AND LASER MACHINING METHOD FOR
PROCESSING A WORKPIECE

The invention relates to a laser machining device for the laser machining of a workpiece, a laser

machining method for the laser machining of a workpiece and a computer program product.

Lasers, in particular solid-state lasers such as fibre lasers or disk lasers are increasingly being
used to machine metallic materials. Laser sources with powers of up to 50 kW and above are
used. Primary laser machining of metal materials includes cutting, welding, hardening and
additive manufacturing. For material machining, the laser radiation is guided to the machining
location, also called the process zone, on the workpiece and shaped for machining. In some laser
machining devices, the laser radiation is guided into a machining head of the laser machining
device via a transport fibre. The machining head is guided over the workpiece during machining
and typically undergoes large accelerations. A compact design of the machining head is therefore
desirable. In particular, in the direction of irradiation of the machining laser beam onto the
workpiece, the space available can be limited, for example by the height of the machine or a

machining cell.

The machining head is typically located near the hot process zone during machining of the
workpiece and is also constantly exposed to potential contamination from tiny dirt particles
resulting from the machining. On the other hand, the laser beam is shaped in the machining head
for the intended machining. This can typically be accomplished in a free beam, i.e. a beam
propagating in a gaseous environment or in a vacuum. A laser beam in a free beam with the
lenses usually used to shape the beam is particularly sensitive to contamination. Even the
slightest contamination on a lens surface can lead to the failure of a machining head due to the
high laser powers used. Contamination can come not only from the outside but also from inside
the machining head. If lenses or other optical elements are adjusted for focal position adjustment

or a changed magnification, contaminant abrasion can occur due to the mechanical movement.

In the present case, the term “magnification” means the optical magnification ratio between the
laser beam that leaves the machining head and the laser beam that enters the machining head.
If the laser beam is guided from the laser source to the machining head in an optical waveguide,
e.g. in a transport fibre, the diameter of the laser beam when it enters the machining head is equal
to the diameter of the light guide. In this case, the magnification of the machining head, i.e. the

magnification of the optical system of the machining head, describes the magnification ratio of the
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diameter of the laser beam at the outlet opening of the machining head to the diameter of the
optical waveguide.

A typical laser machining head 1 is shown schematically in figure 1, with a transport fibre 2,
displaceable lenses 5a, 5b, lens displacement mechanisms 3a, 3b, a laser beam 4, which is
provided as a free beam, the workpiece 12 to be machined, the outlet opening 8 and the
machining location 7. In some examples, the interior of the machining head 1 is shielded with an
optional replaceable protective glass 9. The protective glass protects the sensitive optical unit of
the machining head from contamination. The basic structure shown in figure 1 corresponds to a
typical and widely used machining head. The basic magnification setting is configured with the
focal length ratio of the focusing lens 5b to the collimating lens 5a. The ratio of the focal lengths
of the focusing lens 5b and the collimating lens 5a can be in the range of 2 to 3.4, for example.
By displacing the lenses 5a, 5b parallel to the direction of propagation of the laser beam 4, the
magnification and/or the focal position of the laser beam can be changed relative to the outlet
opening 8. Machining heads can comprise more than two lenses. In the case of machining heads
with which both the magnification and the focal position can be changed, at least two lenses are
typically designed to be displaceable. It should be mentioned that not all machining heads are
designed with an option for adjusting the magnification. On the other hand, a possibility for
adjusting the focal position is typically provided in machining heads. This is because the position
of the focus at the machining location 7 can influence or determine the process quality. Depending
on process parameters, such as the thickness or material of the workpiece or the composition of

the process gas, other focal positions are used.

A machining head as shown in figure 1 is disadvantageous in several respects. On the one hand,
mechanical abrasion is generated by moving or displacing optical elements, such as the lenses
5a and 5b. The abrasion can contaminate the optical surfaces. Furthermore, transmissive optical
elements, such as the lenses 5a and 5b, are particularly sensitive to contamination. This is
because contaminated areas on transmissive surfaces are locally very strongly heated due to the
radiation-absorbing contamination. This causes the refractive index to change significantly in this
area and creates a large refractive index gradient with respect to the surroundings. This locally
strongly changed light refraction can usually affect the laser beam shaping to such an extent that
the machining head can become unusable. Transmissive optical elements, in particular the often-
used quartz optical units, are difficult to cool and have low thermal conductivity, which is why

contamination heats up very strongly locally and scorching can occur in optical elements.

Therefore, attempts have been made to develop machining heads without displaceable lenses.
LaserMech has developed the FibreCut HR machining head, in which no transmissive optical

elements have to be moved to adjust the focal position; cf. FibreCUT® HR - Laser Mechanisms,
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Inc. The laser beam is directed via rigid, curved, water-cooled metallic mirrors. The focal position
of this head is adjusted by changing the distance between the outlet opening and the protective
glass of the machining head. A further example of a machining head without moving transmissive
optical elements is the FC4 laser cutting head from LT Ultra; cf. 2D (solid state) - LT Ultra
Precision Technology GmbH (It-ultra.com). This cutting head uses a mirror with variable mirror
curvature. However, the examples listed can only adjust the focal position of the machining laser
beam. Further examples in which transmissive optical units are preferably dispensed with are
known from EP3747588 A1 and EP3980216 A1, which disclose reflective optical units in a cutting
head. EP4144474 A1 relates to a method for dynamically adjusting a focus diameter of a laser
beam emitted from a laser processing head of a laser cutting machine, an adjustment module, a

computer program and a system.

The object is to provide a laser machining device and a laser machining method which enable a
modification of a focal position of the machining laser beam and a modification of a magnification

of the optical system while avoiding contamination.

This object is achieved by a laser machining device for the laser machining of a workpiece
according to claim 1, a laser machining method for the laser machining of a workpiece according

to claim 10, and a computer program product according to claim 15.

One embodiment relates to a laser machining device for the laser machining of a workpiece, in
particular for laser cutting, comprising a laser machining head with a housing that has an interface
for coupling a laser source for a machining laser beam and an outlet opening for the machining
laser beam; and an optical system for shaping the machining laser beam and guiding the
machining laser beam on an optical path having a total length between the interface and the outlet
opening; wherein the housing encloses the optical system and has a spatial extension parallel to
a central axis of the outlet opening; the optical system has a first stationary, deformable mirror
and a second stationary, deformable mirror, each of which is arranged and/or designed such that
they each deflect the machining laser beam at an angle; and the ratio of the overall length of the
optical path between the outlet opening and the interface for coupling the laser source to the
spatial extension of the housing parallel to the central axis of the outlet opening is in the range of
210 4.5, preferably 3 to 4.

Surprisingly, the above embodiment makes it possible to modify both the focal position of the
machining laser beam and the magnification of the optical system while avoiding contamination
of the machining head, in particular the optical system. The modification of both the focal position
of the machining laser beam and of the magnification of the optical system is carried out by means

of the first and second stationary, deformable mirrors without displacing optical elements and thus
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avoiding the resulting abrasion. At the same time, the machining laser beam can be flexibly
shaped by the first and second stationary, deformable mirrors. A relatively long optical path
between the interface for coupling the laser source and the outlet opening of the machining head
is compensated for by beam folding at the first and second deformable mirrors. Thus, the spatial
extension of the optical path of the machining laser beam parallel to the central axis of the outlet
opening can be small due to changes in the propagation direction of the machining laser beam.
This results in a compact machining head which has a small spatial extension, in particular parallel
to the central axis of the outlet opening. In some variations of the embodiment, the ratio of the
overall length of the optical path to the spatial extension of the housing parallel to the central axis
of the outlet opening can be more than 2, preferably in the range of 2.1 to 10.

In all embodiments, the first deformable mirror and/or the second deformable mirror may in each
case be a mirror with an adjustable radius of curvature, also called a mirror with a variable radius
of curvature or VRM. At least one mirror selected from the first deformable mirror, the second
deformable mirror and at least one further deformable mirror and/or their respective radius of
curvature can be dynamically deformable or adjustable at frequencies in the range of 20 to
100 Hz. The at least one mirror, in particular the first deformable mirror and/or the second
deformable mirror, can each be deformable or adjustable within a few milliseconds, for example
within 1 ms to 200 ms, preferably within 1 ms to 50 ms. A radius of curvature of the at least one
mirror can be in the range of -1.5 m to +1.5 m, preferably -2.8 m to +2.8 m, more preferably -3 m
to +3 m. For example, a full stroke from a -3 m radius of curvature to a +3 m radius of curvature
or vice versa can be accomplished in approximately 20 ms. With the deformable mirrors, in
particular with the mirrors with a variable radius of curvature, a low-aberration deflection of the

machining laser beam can be achieved.

In all embodiments, the overall length of the optical path can be in the range of 1000 mm to
2500 mm, preferably 1400 mm to 1900 mm. The spatial extension of the housing parallel to the
central axis of the outlet opening can be in the range of 300 mm to 700 mm, preferably 400 mm
to 600 mm. The portion of the optical path between the first and second deformable mirrors may
have a length of at least 300 mm, preferably in the range of 700 to 1100 mm. In variations of
embodiments, the portion of the optical path, in particular the minimum portion of the optical path,
between the first deformable mirror, the second deformable mirror and/or a further stationary,
deformable mirror can be between 280 mm and 350 mm, preferably between 150 mm and
450 mm.

In all embodiments, a radius of curvature of the first mirror and/or a radius of curvature of the
second mirror can be in the range of -1.5 m to +1.5 m, preferably -2.8 m to +2.8 m, more preferably

-3 m to +3 m. This is particularly advantageous if the first and/or the second mirror is/are each
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designed as a VRM, i.e. as a mirror with a variable radius of curvature, due to the mechanical
properties of the VRMSs, in particular elastic modulus and material fatigue. Furthermore, the angle
at which the first and/or the second mirror deflect(s) the machining laser beam can be an angle
less than 90°. The angle can be an acute angle in the range of 5.5° to 12.5°, preferably 7.5° to
10.5°. This enables low-aberration deflection. With an acute deflection angle, the mirror surface,
when deformed, can be deformed almost spherically without introducing large, undesirable

astigmatisms and/or aberrations into the machining laser beam.

The ratio of the spatial extension of the housing parallel to the central axis of the outlet opening
to the length of the portion of the optical path between the first and the second deformable mirror

can be in the range of 0.33 to 0.9, preferably 0.4 to 0.7.

The first and second deformable mirrors, in particular actuators of the first and second deformable
mirror, can be designed to be controllable individually and/or in a manner coordinated with one
another in order to adjust the radius of curvature. A control unit for controlling the first mirror and
second mirror, in particular for controlling the actuators of the first and second mirrors, can be
provided in the laser machining device. A memory apparatus, in particular a memory apparatus
for program modules of a computer program product, can be provided in the laser machining

device and/or in the control unit.

The first and/or the second deformable mirror may be deformable such that at least one element
selected from the divergence of the machining laser beam and the diameter of the machining
laser beam is changed. The housing can only comprise the optical system. The first and second
mirrors can further be designed to at least partially reflect and/or at least partially deflect the

machining laser beam.

At least one element selected from the optical system and the control unit can be designed such
that by adjusting at least one of the radii of curvature of the first and second deformable mirrors,
in particular exclusively by adjusting at least one of the radii of curvature of the first and second
deformable mirrors, a focal position of the machining laser beam and a magnification of the optical
system are modified. Furthermore, at least one element selected from the optical system and the
control unit can be designed such that a change in the curvature of the first and/or the second
mirror takes place at at least 2.3 (m s)-'. The curvature is defined in some embodiments as the
inverse of the radius of curvature, i.e. as 1/radius of curvature. For example, a full stroke can
occur from a curvature of -0.3 m-' up to a curvature of +0.3 m-' in less than 250 ms. This results

in a change in curvature of 2.4 (m s)'.
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At least one element selected from the optical system and the control unit can be designed such
that the focal position of the machining laser beam at the machining location is adjustable in a
range of -90 mm to +110 mm, preferably -40 mm to +40 mm, and/or the magnification of the

optical system is adjustable in a range of 1.4 to 4.8, preferably 1.7 to 3.8.

The optical system can only contain optical elements that are each stationary, in particular in the
propagation direction of the machining laser beam. The optical system may contain one or more
further optical elements selected from a mirror, an adaptive mirror, a deflection mirror, a lens and
a fibre end cap, each of which is stationary. At least one optical element selected from at least
one stationary planar mirror, at least one stationary adaptive mirror and at least one further
stationary, deformable mirror can be provided between the first mirror and the second mirror. The
portion of the optical path between the at least one further stationary, deformable mirror and at
least one adjacently arranged mirror selected from the first stationary deformable mirror, the
second stationary deformable mirror and another of the further stationary deformable mirrors can

have a length in the range of 150 mm up to 450 mm, preferably 280 mm to 350 mm, in each case.

By providing at least one stationary optical element between the first and the second mirror, the
optical path between the first and the second mirror can be divided into optical sub-paths. The
spatial extension of the optical path of the machining laser beam parallel to the central axis of the
outlet opening can be minimized in this way by additional repeated changes in the propagation
direction of the machining laser beam, i.e. by additional beam folding. As a result, despite the
large length of the optical path, a reduced overall height of the machining head can be achieved,
in particular a reduced spatial extension of the housing parallel and/or perpendicular to the central

axis of the outlet opening.

In some variations, a laser source for the machining laser beam can be coupled to the interface.
Furthermore, the housing can have further interfaces for coupling further components, in

particular a camera for process monitoring and/or a light source for an illuminating light.

A further embodiment relates to a laser machining method for the laser machining of a workpiece,
in particular for laser cutting, with a laser machining device according to the preceding
embodiment or variations thereof, comprising the steps:
generating a machining laser beam with a laser source coupled to the interface of the housing of
the laser machining head; shaping the machining laser beam and guiding the machining laser
beam with the optical system on the optical path with an overall length between the interface and
the outlet opening of the laser machining head; adjusting at least one of the radii of curvature of

the first stationary, deformable mirror and the second stationary, deformable mirror; deflecting the
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machining laser beam at an angle at each of the first deformable mirror and the second
deformable mirror; and machining the workpiece with the machining laser beam.

In the method, the ratio of the overall length of the optical path to the spatial extension of the
housing parallel to the central axis of the outlet opening can be in the range of 2 10 4.5, preferably
2.5 10 4. The portion of the optical path between the first and second deformable mirrors may
have a length of at least 300 mm, preferably in the range of 700 to 1100 mm. An acute angle in
the range of 5.5° to 12.5°, preferably 7.5° to 10.5°, can be selected or preconfigured as the angle

at which the first and/or the second mirror deflect the machining laser beam.

The first and second mirrors, in particular actuators of the first and second mirrors, can be
controlled individually and/or in a manner coordinated with one another, in particular with the
control unit, to adjust the radius of curvature. The first and/or the second deformable mirror can
be deformed such that at least one element selected from the divergence of the machining laser

beam and the diameter of the machining laser beam is changed.

By adjusting at least one of the radii of curvature of the first and second deformable mirrors, in
particular exclusively by adjusting at least one of the radii of curvature of the first and second
deformable mirrors, a focal position of the machining laser beam and a magnification of the optical
system can be modified. Furthermore, a change in the respective curvatures of the first and/or

the second mirror can take place at at least 2.3 (m s)'.

The focal position of the machining laser beam can be adjusted in a range of -90 mm to +110 mm,
preferably -40 mm to +40 mm. The magnification of the optical system can be adjusted in a range
of 1.4 to 4.8, preferably 1.7 to 3.8. The spatial extension of the optical path of the machining laser
beam parallel to the central axis of the outlet opening can be minimized by repeated changes in

the propagation direction of the machining laser beam.

One embodiment relates to a computer program product, comprising one or more program
modules that cause the device according to the preceding embodiment or variations thereof to
carry out the steps of the laser machining method according to the preceding embodiment or
modifications thereof, in particular when the program modules are loaded into a memory
apparatus of the device.

The embodiments or variations of the laser machining device can be used in the embodiments or
modifications of the method for the laser machining of a workpiece. The workpiece can contain
at least one metal, i.e. be metallic, and/or have the form of a metal sheet. With the preceding

embodiments of the device for the laser machining of a workpiece, the same advantages and
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functions can be realized as with the embodiments of the laser machining device, in particular
with identical and/or analogous features.

It is understood that the above-mentioned features and those to be explained below can be used
not only in the combinations indicated, but also in other combinations or on their own, without

departing from the scope of the present invention.

In the following, the invention is explained in more detail on the basis of exemplary embodiments
with reference to the accompanying drawings, which likewise disclose features that are essential
to the invention. These exemplary embodiments are used for illustration purposes only and are
not to be construed as limiting. For example, a description of an exemplary embodiment with a
large number of elements or components should not be interpreted to the effect that all of these
elements or components are necessary for implementation. Rather, other exemplary
embodiments can also contain alternative elements and components, fewer elements or
components, or additional elements or components. Elements or components of different
exemplary embodiments can be combined with one another, unless otherwise indicated.
Modifications and variations which are described for one of the exemplary embodiments can also
be applied to other exemplary embodiments. To avoid repetition, elements that are the same or
that correspond to one another are denoted by the same reference signs in different figures and

are not explained more than once. In the drawings:

Figure 1 schematically shows a typical laser machining head 1;

Figures 2a and 2b schematically show an exemplary deformable mirror in each case;

Figure 3a schematically shows a laser machining head 100 as an example;
Figure 3b schematically shows a laser machining device 10 as an example;
Figure 4 schematically shows a laser machining head 200 as an example;
Figure 5 schematically shows a laser machining head 300 as an example;
Figure 6 shows a region 116 in which the magnification and the position of the focus

can be adjusted with the laser machining head 100; and
Figure 7 shows regions 116a, 116b, 116¢ in which the magnification and the position

of the focus can be adjusted with a modified laser machining head 100.

In any embodiments, variations thereof or examples, the material of the workpiece may include
at least one metal. The workpiece can also be shaped as a metal sheet. The term “coupling a
laser source” may include direct coupling of the laser source or coupling of an optical transport
fibre and/or a fibre end cap of an optical transport fibre which are connected to the laser source.
The laser source can be designed to generate the machining laser beam with a wavelength in the
range of 400 nm to 1500 nm and/or with a power of at least 1 kW, preferably 1 to 50 kW. The first
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stationary, deformable mirror can be referred to synonymously as the first deformable mirror or
as the first mirror. The second stationary, deformable mirror can be referred to synonymously as
the second deformable mirror or as the second mirror. The term “deformable” can also be
synonymously referred to as "adjustable”. The term “machining head” is also used synonymously

for the term “laser machining head”.

Figures 2a and 2b show schematically, by way of example, a deformable mirror 21a, which can
be used as the first stationary, deformable mirror and/or the second stationary, deformable mirror.
Figure 3a schematically illustrates a laser machining head 100 as an example, which includes an
optical system 103 in which two stationary deformable mirrors 21a and 21b are provided. Figure
3b shows schematically a laser machining device 10 with the machining head 100, as an example.
The machining head 100 has a housing 102 in which an interface 107 for coupling a laser source
120 for a machining laser beam 104 and an outlet opening 108 for the machining laser beam 104
are provided. The interface 107 is located in the lateral region at an end of the housing 102

opposite the outlet opening 108.

In the present example, the first and second mirrors 21a, 21b are each designed as a VRM 214,
21b, i.e. each as a mirror with a variable radius of curvature. Figures 2a and 2b each show the
VRM 21a as a schematic representation. The VRM 21b is of the same design. The mirror 21a
has a movable surface 25, which is designed as a membrane 26 and which deflects the incident
machining laser beam 104. In addition, the mirror 21a can change the beam divergence of the

machining laser beam 104.

The curvature of the surface 25 of the VRM 21a is changed, for example, by a liquid or gaseous
fluid which is applied to the back of the membrane 26. An actuator 28 is provided for this purpose.
The actuator 28 can, for example, be a pump that can be controlled by a control unit 29 of the
machining head 100 for regulating the pressure of the fluid in a fluid space 27 of the mirror 21a
which adjoins the membrane of the surface 25. Furthermore, a fluid reservoir (not shown) can be
connected to the pump. The mirror curvature, i.e. the curvature of the membrane 26 and thus the
radius of curvature of the surface 25 can be changed dynamically by means of the actuator 28
with frequencies in the range of 20 to 100 Hz. Figure 2a shows the mirror 21a with a concave
curvature of the surface 25, and figure 2b shows the mirror 21a with a convex curvature of the
surface 25. The control unit 29 can be a central control unit of the laser machining device 10,
which is connected to all controllable components in a data-conducting manner, or can be

contained in the central control unit.

In the example of the VRM 21a shown in figures 2a and 2b, the machining laser beam 104 is

deflected at the surface 25 with a small angle al, in particular with an acute angle a1. At the VRM
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21b, the machining laser beam 104 is deflected at a small, in particular acute, angle a2. This is
advantageously accompanied by the fact that the machining head 100 shown in figure 3a, which
can have a long optical path 30 as a beam path due to the limited curvature capability of the
VRMs 21a and 21b, can be built compactly. Owing to the small, in particular acute, angles a1 and
a2 between the incident and output laser beams, the machining head 100 has a compact design
and a low overall height. This means that the machining head 100 has a small spatial extension
D, shown in figure 3a with an arrow, parallel to a central axis A of the outlet opening 108, despite
a long optical path between the interface 107 and the outlet opening 108. By deforming the
surface 25 of the VRMs 21a and 21b, i.e. by changing the radius of curvature of the VRM 21a
and/or the VRM 21b, the magnification of the optical system 103 of the machining head 100 can
be changed in a range around a basic magnification setting. In this example, the optical imaging
is substantially determined by the length of the portion of the optical path 30 between the two
VRMs 21a, 21b.

In a variation of the example, as shown in figure 3b, the machining head 100 has transmissive
optical elements, namely a fibre end cap 110 of a transport fibre 111, which is connected to the
laser source 120 of the laser machining device 10, a collimating lens 105a and a focusing lens
105b, which are each stationary and also immovable. Furthermore, a stationary, immovable
deflection mirror 112 and a protective glass 109 are provided. In this variation, the two VRMs 21a
and 21b are arranged in the free machining laser beam 104 between the collimating lens 105a
and the focusing lens 105b. For the optical imaging of the optical system 103, in this variation of
the machining head 100, both the ratio of the lens focal lengths, namely the ratio of the focal
length of the focusing lens 105b to the focal length of the collimating lens 105a, as well as the
length of the portion of the optical path 30 between the two VRMs 21a and 21b, are determinant.
A basic magnification setting is configured with the focal length ratio of the lenses 105a,
105b. A focus 104a of the machining laser beam 104 is shown in figure 3b, by way of example,

arranged in the region of the outlet opening 108.

In the example of figures 3a and 3b, the VRMs 21a and 21b can change up to a minimum radius
of curvature R of #3 m A length AL of the portion of the optical path 30 between the first
deformable mirror 21a and the second deformable mirror 21b is at least 300 mm, shown in figure
3b with a dashed arrow. By appropriately preconfiguring the length AL in the region of at least
300 mm, the magnification and the position of the focus 104a, for example on the axis A, can be
advantageously changed. The position of the focus 104a is also called the focal position. For
example, in the case of laser beam cutting, a magnification range of more than approximately 1.7,
for example approximately 1.7 to approximately 3.8, and an adjustment range of the focal position

of approximately 40 mm is configured.



10

15

20

25

30

35

WO 2024/256550 PCT/EP2024/066390

19 -

In the examples of figures 3a and 3b, the collimating lens 105a has a focal length of 100 mm and
the focusing lens 105b has a focal length of 250 mm, which leads to a basic magnification setting
of 2.5. The result of a length AL of 900 mm is an adjustment range of magnification of 1.8 to 3.7
with an average adjustment range of the focal position of -20 mm from the outlet opening 108
upwards to +60 mm from the outlet opening 108 downwards. A region 116 in which the
magnification and the position of the focus 104a can be adjusted is shown in figure 6 for the
present example. The region 116 is a parameter region. Depending on the magnification setting,
slightly different focal positions can be achieved. In the present example, the adjustment range
of the focal position is large enough for each magnification between 1.8 and 3.7 so that the

thicknesses of a workpiece 12 formed as sheet metal under 200 mm can be easily cut.

The overall length of the optical path 30 from the interface 107 to the outlet opening 108, also
called the laser path length, is 1500 mm in the examples in figures 3a and 3b. Despite this
considerable overall length, the extension D of the housing 102 of the machining head 100 parallel
to the central axis A of the outlet opening 108 is less than 400 mm. The ratio of the laser path
length to the extension D is therefore an advantageous 3.75. The angles a1 and a2 are each

between 7.5° and 10.5°. The ratio of the extension D to the length AL is approximately 0.44.

The laser machining head 100 of figures 3a, 3b can optionally be equipped with different pairs of
lenses 105a, 105b, i.e. with different basic magnification settings. The parameter region in which
the magnification and the position of the focus 104a can be adjusted depends on the lens
combination, i.e. on the basic magnification setting. A changed basic magnification setting, i.e. a
changed pair of lenses 105a, 105b and therefore a changed ratio of the focal length of the lens
105b to the focal length of the lens 105a, modifies this region. Alternative regions 116a, 116b,
116¢ in which the magnification and the position of the focus 104a can be adjusted are shown in
figure 7. Shown is a region 116a for a basic magnification setting of 1.5 (solid line), a region 116b
for a basic magnification setting of 2.6 (dashed line), and a region 116c for a basic magnification
setting of 3.6 (dotted line). The larger the basic magnification setting, the larger the region in which

the magnification and the position of the focus 104a can be adjusted.

The planar deflection mirror 112 only serves to guide the machining laser beam 104 to the outlet

opening 108 and has no influence on the beam shaping of the machining laser beam 104.

As a further example, a laser machining head 200 is shown in figure 4. In this example, two
stationary planar deflection mirrors 23a and 23b arranged one behind the other in the propagation
direction of the machining laser beam 104 are provided between the first mirror 21a and the
second mirror 21b. As a result, the optical path 30 between the first and second mirrors 21a and
21b is divided into optical sub-paths 230a, 230b, 230c. Dividing the optical path 30 into such sub-
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paths means that the laser machining head 200 can also be built compactly in an extension
perpendicular to the extension D, without having to shorten the part of the optical path 30 that the
machining laser beam 104 travels between the VRMs 21a and 21b. The planar deflection mirrors
23a and 23b only change the propagation direction of the machining laser beam 104. The beam
profile, the beam shape and the beam divergence of the machining laser beam 104 remain
unchanged when reflected on the deflection mirrors 23a and 23b. Even with the design of the
laser machining head 200, the extension D is less than 500 mm. The ratio of the laser path length
to the extension D is therefore approximately 3. Furthermore, the ratio of the extension D to the
length AL is 0.55.

A laser machining head 300 is shown in figure 5 as a further example. In contrast to the examples
described above, the interface 107 is located in a lateral region of the housing 102 adjacent to
the outlet opening 108. In this example, the optical path 30 between the first mirror 21a and the
second mirror 21b is divided into optical sub-paths 330a, 330b and 330c. This is done by
arranging the two flat deflection mirrors 23a and 23b one behind the other in the optical path 30
between the VRMs 21a and 21b. This also results in a compact design of the machining head
300. It is notable here that portions of the optical path 30 of the machining laser beam 104
intersect. The advantage of this example is that the planar mirror 112, which can be transparent
to observation light, is easily accessible for process monitoring. An optional process monitoring
unit 17, shown in dashed lines in figure 5, can, for example, consist of a camera and/or a
photodiode and be provided at a further interface 106 of the housing 102. The optical path 30
between the interface 107 and the outlet opening 108 is 1700 mm in this example. Even with this
design of the machining head 300, the extension D of the housing 102, i.e. without the process
monitoring unit 17, is less than 500 mm. The ratio of the overall length to the extension D parallel
to the central axis A of the outlet opening 108 is therefore 3.4. Here too, the ratio of the extent D

to the length AL is approximately 0.55.

The imaging properties of the machining heads 200 and 300 in figures 4 and 5 correspond to the

imaging properties of the machining head 100 in figures 3a and 3b.

Finally, it should be mentioned that the examples of the machining heads 100 to 300 in figures
3ato 5, in which the adaptive VRMs 21a and 21b are used instead of lenses that are displaceable
parallel to the machining laser beam 104, have the further advantage that the focal position and
the magnification of the machining laser beam 104 can be changed significantly more quickly. By
changing the curvature and thus the radius of curvature of a VRM, the focal position and the
magnification can be changed significantly more quickly than by displacing a transmissive optical
element, such as a lens, parallel to the machining laser beam 104. A full stroke of a VRM, i.e. a

change of the radius of curvature from -3 m to +3 m, takes less than 30 ms. This means that a
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change in magnification from 1.8 to 3.7 can be carried out within 30 ms. The focal position can
also be changed from -20 mm to +60 mm within 30 ms. A machining head with lenses that are
displaceable parallel to the machining laser beam, on the other hand, takes up to 8 to 10 times

longer to make such changes.

In further variations of the above examples, additional VRMs can be provided as further stationary
deformable mirrors between the VRMs 21a and 21b.In such variations including more than two
VRMs, the portion of the optical path 30 between the VRMs 21a and 21b can be further shortened,
and greater compactness of the machining head can be achieved. In these variations, the portion
of the optical path 30 between adjacently arranged VRMs can have a length in the range of

150 mm to 450 mm, preferably 280 mm to 350 mm, in each case.
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List of reference signs

Laser machining head
Transport fibre

Lens displacement mechanism
Laser beam
Collimating lens
Focusing lens
Machining location
Outlet opening
Protective glass

Laser machining device
Workpiece

Process monitoring unit
Deformable mirror, VRM
Deformable mirror, VRM
Surface

Membrane

Fluid space

Actuator

Control unit

Optical path

Laser machining head
Housing

Optical system
Machining laser beam
Focus

Collimating lens
Focusing lens
Interface

Outlet opening
Protective glass

Fibre end cap
Transport fibre
Deflection mirror
Region

Region

Region
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Claims

A laser machining device for the laser machining of a workpiece (12), in particular for
laser cutting, comprising a laser machining head (100; 200; 300) with

- a housing (102) that has an interface (107) for coupling a laser source for a machining
laser beam (104) and an outlet opening (108) for the machining laser beam (104); and

- an optical system (103) for shaping the machining laser beam and guiding the
machining laser beam on an optical path (30) having a total length between the interface
(107) and the outlet opening (108);

wherein

the housing (102) encloses the optical system (103) and has a spatial extension (D)
parallel to a central axis (A) of the outlet opening (108); and

the optical system (103} has a first stationary, deformable mirror (21a) and a second
stationary, deformable mirror (21b), which are each arranged such that they each deflect
the machining laser beam at an angle (a1, a2);

characterized in that

the ratio of the overall length of the optical path (30) between the outlet opening (108)
and the interface (107) for coupling the laser source to the spatial extension (D) of the
housing (102) parallel to the central axis (A) of the outlet opening (108) is in the range of
2t04.5.

The device according to claim 1,

wherein the overall length of the optical path (30) is in the range of 1000 mm to 2500 mm,
preferably 1400 mm to 1900 mm; and/or

wherein the spatial extension (D) of the housing (102) parallel to the central axis (A) of
the outlet opening (108) is in the range of 300 mm to 700 mm, preferably 400 mm to

600 mm; and/or

wherein a radius of curvature of the first mirror (21a) and/or a radius of curvature of the
second mirror (21b) is in the range of -1.5 m to +1.5 m; and/or

wherein the portion of the optical path (30) between the first deformable mirror and the
second deformable mirror has a length (AL) of at least 300 mm, preferably in the range of
700 mm to 1100 mm; and/or

wherein the angle (a1, 02) is an acute angle in the range of 5.5° to 12.5°.
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The device according to any one of the preceding claims,
wherein the ratio of the spatial extension (D) of the housing (102) parallel to the central
axis (A) of the outlet opening (108) to the length (AL) of the portion of the optical path (30)

between the first and second deformable mirrors (21a, 21b) is in the range of 0.33 to 0.9.

The device according to any one of the preceding claims,

wherein the first and second deformable mirrors (21a, 21b), in particular actuators (28) of
the first deformable mirror and of the second deformable mirror, are designed to be
controllable individually and/or in manner coordinated with one another in order to adjust
the radius of curvature; and/or

wherein the first and/or the second deformable mirror (21a, 21b) is/are deformable such
that at least one element selected from the divergence of the machining laser beam and

the diameter of the machining laser beam is changed.

The device according to any one of the preceding claims,

wherein at least one element selected from the optical system (103) and a control unit
(29) of the laser machining head is designed such that by adjusting at least one of the
radii of curvature of the first deformable mirror and of the second deformable mirror, in
particular exclusively by adjusting at least one of the radii of curvature of the first
deformable mirror and of the second deformable mirror, a focal position of the machining
laser beam and a magnification of the optical system (103) are modified; and/or

wherein at least one element selected from the optical system (103) and the control unit
(29) is designed such that a change in the curvature of the first and/or the second mirror

(21a, 21b) takes place at at least 2.3 (m s)'.

The device according to any one of the preceding claims,

wherein at least one element selected from the optical system (103) and the control unit
(29) is designed such that the focal position of the machining laser beam at the
machining location (7) is adjustable in a range of -90 mm to +110 mm, preferably -40 mm
to +40 mm, and/or the magnification of the optical system is adjustable in a range of 1.4
to 4.8, preferably 1.7 to 3.8.

The device according to any one of the preceding claims,

wherein the optical system (103) contains exclusively optical elements, which are each
stationary, in particular in the propagation direction of the machining laser beam; and/or
wherein the optical system (103) contains one or more further optical elements selected
from a mirror, an adaptive mirror, a deflection mirror (112), a lens (105a, 105b) and a

fibre end cap, each of which is stationary; and/or
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wherein at least one optical element selected from at least one stationary planar mirror, at
least one stationary adaptive mirror and at least one further stationary, deformable mirror
is provided between the first and second mirrors (21a, 21b); and/or

wherein the portion of the optical path (30) between the at least one further deformable
mirror and at least one adjacently arranged mirror selected from the first deformable
mirror, the second deformable mirror and another of the further deformable mirrors has a

length in the range of 150 mm to 450 mm in each case.

The device according to any one of the preceding claims,

wherein by providing at least one stationary optical element between the first and the
second mirror (21a, 21b), the optical path (30) between the first and the second mirror is
divided into optical sub-paths (230a, 230b, 230c; 330a, 330b, 330c).

The device according to any one of the preceding claims,

wherein a laser source (120) for the machining laser beam is coupled to the interface
(107); and/or

wherein the housing (102) has further interfaces (106) for coupling further components, in

particular a camera for process monitoring and/or a light source for an illuminating light.

A laser machining method for the laser machining of a workpiece (12), in particular for
laser cutting, with a laser machining device according to any one of the preceding claims,
comprising the steps:

generating a machining laser beam (104) with a laser source (120) coupled to the
interface (107) of the housing (102) of the laser machining head (100; 200; 300);
shaping the machining laser beam (104) and guiding the machining laser beam with the
optical system (103) on the optical path (30) with an overall length between the interface
(107) and the outlet opening (108) of the laser machining head;

adjusting at least one of the radii of curvature of the first stationary, deformable mirror
(21a) and the second stationary, deformable mirror (21b};

deflecting the machining laser beam (104) at an angle (a1, a2} at each of the first
deformable mirror and the second deformable mirror; and

machining the workpiece (12) with the machining laser beam (104).

The laser machining method according to claim 10,

wherein the ratio of the overall length of the optical path to the spatial extension (D) of the
housing (102) parallel to the central axis (A) of the outlet opening (108) is in the range of
210 4.5, preferably 2.5 to 4; and/or

wherein the portion of the optical path (30) between the first deformable mirror and the
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second deformable mirror has a length (AL) of at least 300 mm, preferably in the range of
700 to 1100 mm; and/or
wherein an acute angle in the range of 5.5° to 12.5°, preferably 7.5° to 10.5°, is selected

or preconfigured as the angle (a1, a2).

The laser machining method according to claim 10 or 11,

wherein the first and second mirrors (21a, 21b}, in particular actuators (28) of the first
mirror and the second mirror, are controlled individually and/or in a manner coordinated
with one another, in particular with the control unit (29), in order to adjust the radius of
curvature; and/or

wherein the first deformable mirror and/or the second deformable mirror is/are deformed
such that at least one element selected from the divergence of the machining laser beam

and the diameter of the machining laser beam is changed.

The laser machining method according to any one of claims 10 to 12,

wherein by adjusting at least one of the radii of curvature of the first and second
deformable mirrors (21a, 21b), in particular exclusively by adjusting at least one of the
radii of curvature of the first deformable and the second deformable mirror, a focal
position of the machining laser beam (104) and a magnification of the optical system
(103) are modified; and/or

wherein a change in the respective curvatures of the first and/or the second mirror (21a,

21b) occurs at at least 2.3 (ms)-'.

The laser machining method according to any one of claims 10 to 13,
wherein the focal position of the machining laser beam (104) is adjusted in a range of -
90 mm to +110 mm, preferably -40 mm to +40 mm, and/or the magnification of the optical

system (103) is adjusted in a range of 1.4 to 4.8, preferably 1.7 10 3.8.

A computer program product comprising one or more program modules, which cause the
device according to any one of claims 1 to 9 to carry out the steps of the laser machining
method according to any one of claims 10 to 14, in particular when the program modules

are loaded into a memory apparatus of the device.
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AMENDED CLAIMS

received by the International Bureau on 23 October 2024 (23.10.2024)

Claims

A laser machining device for the laser machining of a workpiece (12), in particular for
laser cutting, comprising a laser machining head (100; 200; 300) with

- a housing (102) that has an interface (107) for coupling a laser source for a machining
laser beam (104) and an outlet opening (108) for the machining laser beam (104); and

- an optical system (103) for shaping the machining laser beam and guiding the
machining laser beam on an optical path (30) having a total length between the interface
(107) and the outlet opening (108);

wherein

the housing (102) encloses the optical system (103) and has a spatial extension (D)
parallel to a central axis (A) of the outlet opening (108); and

the optical system (103} has a first stationary, deformable mirror (21a) and a second
stationary, deformable mirror (21b), which are each arranged such that they each deflect
the machining laser beam at an angle (a1, a2);

characterized in that

the ratio of the overall length of the optical path (30) between the outlet opening (108)
and the interface (107) for coupling the laser source to the spatial extension (D) of the
housing (102) parallel to the central axis (A) of the outlet opening (108) is in the range of
2t04.5.

The device according to claim 1,

wherein the overall length of the optical path (30) is in the range of 1000 mm to 2500 mm,
preferably 1400 mm to 1900 mm; and/or

wherein the spatial extension (D) of the housing (102) parallel to the central axis (A) of
the outlet opening (108) is in the range of 300 mm to 700 mm, preferably 400 mm to

600 mm; and/or

wherein a radius of curvature of the first mirror (21a) and/or a radius of curvature of the
second mirror (21b) is in the range of -1.5 m to +1.5 m; and/or

wherein the portion of the optical path (30) between the first deformable mirror and the
second deformable mirror has a length (AL) of at least 300 mm, preferably in the range of
700 mm to 1100 mm; and/or

wherein the angle (a1, 02} is an acute angle in the range of 5.5° to 12.5°.

AMENDED SHEET (ARTICLE 19)
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The device according to any one of the preceding claims,
wherein the ratio of the spatial extension (D) of the housing (102) parallel to the central
axis (A) of the outlet opening (108) to the length (AL) of the portion of the optical path (30)

between the first and second deformable mirrors (21a, 21b) is in the range of 0.33 to 0.9.

The device according to any one of the preceding claims,

wherein the first and second deformable mirrors (21a, 21b), in particular actuators (28) of
the first deformable mirror and of the second deformable mirror, are designed to be
controllable individually and/or in manner coordinated with one another in order to adjust
the radius of curvature; and/or

wherein the first and/or the second deformable mirror (21a, 21b) is/are deformable such
that at least one element selected from the divergence of the machining laser beam and

the diameter of the machining laser beam is changed.

The device according to any one of the preceding claims,

wherein at least one element selected from the optical system (103) and a control unit
(29) of the laser machining head is designed such that by adjusting at least one of the
radii of curvature of the first deformable mirror and of the second deformable mirror, in
particular exclusively by adjusting at least one of the radii of curvature of the first
deformable mirror and of the second deformable mirror, a focal position of the machining
laser beam and a magnification of the optical system (103) are modified; and/or

wherein at least one element selected from the optical system (103) and the control unit
(29) is designed such that a change in the curvature of the first and/or the second mirror

(21a, 21b) takes place at at least 2.3 (m s)'.

The device according to any one of the preceding claims,

wherein at least one element selected from the optical system (103) and the control unit
(29) is designed such that the focal position of the machining laser beam at the
machining location (7) is adjustable in a range of -90 mm to +110 mm, preferably -40 mm
to +40 mm, and/or the magnification of the optical system is adjustable in a range of 1.4
to 4.8, preferably 1.7 to 3.8.

The device according to any one of the preceding claims,

wherein the optical system (103) contains exclusively optical elements, which are each
stationary, in particular in the propagation direction of the machining laser beam; and/or
wherein the optical system (103) contains one or more further optical elements selected

from a mirror, an adaptive mirror, a deflection mirror (112), a lens (105a, 105b) and a
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fibre end cap, each of which is stationary; and/or

wherein at least one optical element selected from at least one stationary planar mirror, at
least one stationary adaptive mirror and at least one further stationary, deformable mirror
is provided between the first and second mirrors (21a, 21b); and/or

wherein the portion of the optical path (30) between the at least one further deformable
mirror and at least one adjacently arranged mirror selected from the first deformable
mirror, the second deformable mirror and another of the further deformable mirrors has a

length in the range of 150 mm to 450 mm in each case.

The device according to any one of the preceding claims,

wherein by providing at least one stationary optical element between the first and the
second mirror (21a, 21b), the optical path (30) between the first and the second mirror is
divided into optical sub-paths (230a, 230b, 230c; 330a, 330b, 330c).

The device according to any one of the preceding claims,

wherein a laser source (120) for the machining laser beam is coupled to the interface
(107); and/or

wherein the housing (102) has further interfaces (106) for coupling further components, in

particular a camera for process monitoring and/or a light source for an illuminating light.

A laser machining method for the laser machining of a workpiece (12), in particular for
laser cutting, with a laser machining device according to any one of the preceding claims,
comprising the steps:

generating a machining laser beam (104) with a laser source (120) coupled to the
interface (107) of the housing (102) of the laser machining head (100; 200; 300);
shaping the machining laser beam (104) and guiding the machining laser beam with the
optical system (103) on the optical path (30) with an overall length between the interface
(107) and the outlet opening (108) of the laser machining head;

adjusting at least one of the radii of curvature of the first stationary, deformable mirror
(21a) and the second stationary, deformable mirror (21b});

deflecting the machining laser beam (104) at an angle (a1, a2) at each of the first
deformable mirror and the second deformable mirror; and

machining the workpiece (12) with the machining laser beam (104).
The laser machining method according to claim 10,

wherein the ratio of the overall length of the optical path to the spatial extension (D) of the

housing (102) parallel to the central axis (A) of the outlet opening (108) is in the range of
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2 1o 4.5, preferably 2.5 to 4; and/or

wherein the portion of the optical path (30) between the first deformable mirror and the
second deformable mirror has a length (AL) of at least 300 mm, preferably in the range of
700 to 1100 mm; and/or

wherein an acute angle in the range of 5.5° to 12.5°, preferably 7.5° to 10.5°, is selected

or preconfigured as the angle (a1, a2).

The laser machining method according to claim 10 or 11,

wherein the first and second mirrors (21a, 21b}, in particular actuators (28) of the first
mirror and the second mirror, are controlled individually and/or in a manner coordinated
with one another, in particular with the control unit (29), in order to adjust the radius of
curvature; and/or

wherein the first deformable mirror and/or the second deformable mirror is/are deformed
such that at least one element selected from the divergence of the machining laser beam
and the diameter of the machining laser beam is changed.

The laser machining method according to any one of claims 10 to 12,

wherein by adjusting at least one of the radii of curvature of the first and second
deformable mirrors (21a, 21b}, in particular exclusively by adjusting at least one of the
radii of curvature of the first deformable and the second deformable mirror, a focal
position of the machining laser beam (104) and a magnification of the optical system
(103) are modified; and/or

wherein a change in the respective curvatures of the first and/or the second mirror (21a,
21b) occurs at at least 2.3 (ms)-'.

The laser machining method according to any one of claims 10 to 13,

wherein the focal position of the machining laser beam (104) is adjusted in a range of -
90 mm to +110 mm, preferably -40 mm to +40 mm, and/or the magnification of the optical
system (103) is adjusted in a range of 1.4 to 4.8, preferably 1.7 to 3.8.

AMENDED SHEET (ARTICLE 19)
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