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Overall aim
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Adaptive optics for optimisation

of laser processing

Development of adaptive optics technique for applica tion in
nanosecond laser machining

« Generation of custom beam shapes optimised on spatial beam profile at
focus and above all on intended machined feature

» Optimisation regarding each individual process and material
 Ability to select pre-optimised beam shapes ‘on-the-fly’

« Corrections for changes in the beam shape, e.g. due to fluctuations in the
laser

Improved process control o
‘on-the-fly’ switching between
different beam shapes
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Motivation

Adaptive optics for optimisation
of laser processing

Best laser machining performance not always achieved
using Gaussian beam shapes

* Flat top profiles beneficial e.g. for drilling applications

» Benefits for surface microstructuring due to more complex shaped
beams

e Drilling at shallow angles to surface: start with Gaussian beam and the
change e.g. to doughnut beam profile

Advantage of highly dynamic changes and possibility to
compensate for beam shape fluctuations with Adaptive Optics

accelerating decelerating
> >
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AO optimisation

Adaptive optics for optimisation

of laser processing

v closed loop control

polarizer & beamsplitter

”

flat mirror

19x telescope

CCD-camera
wavefront _ ._
modulator 5x telescope focussing

lens (f=1m)
Closed-loop control using Simulated Annealing Algor ithm

- Stochastic optimisation algorithm
- Optimising many variables at once (i.e. actuator voltages)

R. EI-Agmy et. al., Optics Express, 13(6), 6085-6091 (2005)
S. Campbell et. al. Journal of Optics A, 9(11), 1100-1104 (2007) 5
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Simulated Annealing (SA) Algorithm

Adaptive optics for optimisation
START

of laser processing
Definitions
- target size and shape
- initial voltages
- algorithm characteristics

4[ Send voltages to mirror ]
|

( Imageacquisiton | 1 Optimisation regarding
[ intensity distribution
[ Comparison with target ] j at or near focus

Depending on

[ Storage of voltages ] [ Boltzmann probability test] 2l gorithm temperature
[Decrease of algorithmJ o5 ley
temperature Keep voltages, Restore best
but don't store voltages

| I
- ‘ | Depending on
—_ Perturbation of voltages j > change factor
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Piezoelectric deformable mirror
(OKO Technologies)

Adaptive optics for optimisation
of laser processing

» 37 elements (in hexagonal array)

e Diameter 3=30mm

 Maximum stroke: 8 m at 400V

» High-reflectivity coating ( =1064nm)

Flexible faceplate (mirror coated)

* Frequency up to 1kHz
» Hysteresis ~10%

Piezoelectric

Base
Actuators

Interferograms of mirror shape: PDM 37 passport from OKO Technologies, NL 7
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Bimorph mirror (BAE Systems)

Adaptive optics for optimisation ———————

of laser processing =

37-element bimorph mirror

Full aperture: 18mm

Recommended active aperture: up to 7mm
Driving voltage: -30V ... +180V

Multi-layer dielectric coating for 1064nm
Hysteresis of actuators is reported <5%

Electrode pattern
Successfully applied intracavity for increasing far-field brightness of
laser (J. Beedell et. al, Proc. SPIE, Vol. 7338, 733805 (2009)); 8
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Comparison piezoelectric and bimorph mirrc

Adaptive optics for optimisation
of laser processing

Piezoelectric deformable mirror Bimorph mirror

Same voltage at
all actuators

100V added to
three actuators

Difference

=> zonal response => modal response

Height maps calculated based on 5-step phase stepping interferometry 9
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Beam shaping using PDM and SA

Adaptive optics for optimisation
of laser processing

Beam shaping results after 2000 iterations with simulated annealing alg.

Target radius 38px; M?=~1.6 Target radius 53px; M2= ~2.3

Reference with
optical flat mirror [ Target radius 45px; M*=~1.9 Target radius 60px; M2= ~2.7

M?=~1.4

“Variable homogenizer”

Trade off between beam quality and beam profile
10
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Beam shaping using PDM and SA

Adaptive optics for optimisation ———————

of laser processing =

Reference profile - £ orofil Beam shaping result
with optical flat mirror arget promie after 2000 iterations

.Refer_ence profi.le Target profile Beam shaping result
with optical flat mirror after 2000 iterations

Further improvements limited by number of actuators
and stiffness of mirror substrate

11
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ns laser machining results using PDM

Adaptive optics for optimisation

of laser processing

Laser system: Nd:YVO ,
- Pulse length: ~65ns

- Pulse rate: 15kHz

- Wavelength: 1064nm

50 m

50 m 200 m

Change between beam

shapes ‘on-the fly’

- Response of deformable
50 m mirror: ~1kHz 12
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Bimorph mirror from BAE Systems

Adaptive optics for optimisation

of laser processing

Possible application for
increased control of
pulse overlap when

Beam shaping results after 2000 iterations machining circular arcs

Flexibility due to circular symmetrical arrangement of actuators

Deformable mirror and scan head apertures of comparable size

- no need for additional telescope when illuminating recommended
7mm aperture 13
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Spatial Light Modulator (SLM)

Adaptive optics for optimisation ———————
of laser processing =

Holoeye LC-R 2500

* Reflective device

Active area: 19.5 x 14.6mm

Resolution: 1024 x 768pixels, addressed
through DVI interface as extended screen
Pixel pitch: 19 m

Fill factor: 93%

2 phase shift between 400 and 700nm
Average power damage threshold: 1-2W/cm?

Various applications:

« Laser beam shaping for optical tweezers or particle trapping using
Iterative Fourier Transform algorithm

e Optical metrology

* Programmable lenses and filters 14
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Spatial Light Modulator

Adaptive optics for optimisation
of laser processing

spatial light
modulator
\4&:—@\
v V CCD
Compensation for display curvature
5 m
0O m
Hzlhgor:,t,ir::; P Resulting beam Fresnel-lens for ~ Beam profile with
: rofile at focus ' compensation
SLM display P compensation p
15

E. Martin-Badosa et. al., J. Opt. A 9, 267-277 (2007)
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Closed-loop optimisations
with grouped pixels

Adaptive optics for optimisation m————————

of laser processing =

Background
compensation

Sum with periodic

Grouped h
rouped hexagons boundary conditions

Beam shape after Corresponding phase

Target profile 6000 iterations map on SLM 16



SLM experimental simulation of EEWATT
continuous surface of PDM

Adaptive optics for optimisation ———————

of laser processing =

Two fixed points 5
defining each actuator . Target profile
for the simulation ..

A For comparison:
Beam shape with real
PDM mirror after 2000
iterations

Beam shape after
2000 iterations

Constraints on maximum
slope of surface needs to be

Matlab: griddata v4 fit accounted for 17



HERIOT

Application for ns laser machining

Adaptive optics for optimisation

of laser processing

— @ Laser system: Nd:YVO,

e Ta e - Pulse length: ~65ns
- 7 K - Wavelength: 532nm

Copper
Block

Recommendation from Holoeye: max. average power 1-2W/cm?

SLM display attached to copper block
* providing possibility for water cooling
* maintains display at constant shape

» flatness of display optimized by adjusting 4 screws

Height map of display
mounted on Cu-block
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Testing of power threshold of display

Adaptive optics for optimisation
of laser processing

Recommendation from Holoeye: max. average power 1-2W/cm?

-
N\

Binary grating addressed to SLM Monitor variation in intensity of diffraction
display (phase difference slightly orders (CCD camera slightly off-focus)
less than )

Laser repetition rate: 30kHz

Average power: 14.7W (~5W/cm?)
Temperature at front surface of display: ~48<TC

Display tested for 60min @ 14.7W average
power without any significant changes of the

diffraction efficiency
19
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Application for ns laser machining

Adaptive optics for optimisation ———————

of laser processing =

 SLM used as adaptable diffraction grating
* Cylindrical lenses used to form lines on workpiece

Marking on stainless steel

8mnm

»

+ 1 and zero orders

20
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Summary and outlook

Adaptive optics for optimisation ———————

of laser processing =

Extra-cavity beam shaping demonstrated

Performance limited by number of actuators, stiffness of the
reflective surface and interaction between adjacent actuators
Spatial light modulator used for mimicking deformable mirrors
SLM can withstand laser powers suitable for nanosecond
machining

— however limited bandwidth

— also unsuitable for UV laser light

Experimental simulation of an increased number of actuators
and/or different arrangements of the actuators using SLM
Optimisations towards more complex beam shapes
Application for laser machining with ‘on-the-fly’ changes 21
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http://www.applied-optics-photonics.hw.ac.uk

22



