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W riting the so-called ’HDR’ manuscript (standing for the french ’Habilitation à

Diriger la Recherche’) is a somewhat frightening exercise. It is naturally dif-

ficult to look back and try to summarize years of research and collaborations.

More delicate is to present the advances in the frame of the most recent scientific and

technological results while trying to correctly describe the state of the art. Anticipating

the next developments of a fast-evolving field of research such as ultrafast laser ma-

chining is not an easier task either. However, this step appears to be indispensable in

a researcher’s career when the time comes to choose the next research efforts to be

conducted. I would like here to use once and only once the famous sentence that this

manuscript is written "to the best of my knowledge", hoping this will excuse any short-

comings andmistakes in describing the state of the art of ultrafast laser micromachining

and how my work stands in this international context. Let me clarify straight away the

unclear expression "my work". Behind this, one has to realize that this involve far more

than what my brain alone could have ever produce, even under the most efficient drugs.

Indeed, a very large group of people including patient and passionate PhD supervisors

and co-supervisors, friendly and hard-working colleagues, long-suffering PhD students

and postdocs altogether with an enthusiastic and caring community has to be recognized

here. I also want to add on the list the many people from other scientific and research

communities. It is puzzling how multi disciplinary approaches can bring together the

right people at the right moment, creating the appropriate frame for breakthroughs and

innovative work. I will try to give some examples of this fact that I had the chance to

notice during my career. Ultrafast laser pulses have also this unique property to trigger

a deep curiosity in anyone who comes to deal with them. Sometimes appearing as a

’magical solution’ but still being in competition with much more experienced and mas-

tered processes, this short wavepackets of light have not ceased to surprise the world

and find more and more applications, not to mention here the 2018’s Nobel Prize rec-

ognizing as a major breakthrough the possibility to amplify these pulses. I hope that

this manuscript, with the efforts made to render the reading accessible and the concepts

easily understandable, can trigger such interest to the largest possible audience.
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Colombier (2019c). “Self-organization of surfaces on the nanoscale by topography-
mediated selection of quasi-cylindrical and plasmonic waves”. In: Nanophotonics 8.3,
pp. 459–465. issn: 2192-8614. doi: 10.1515/nanoph- 2018- 0206. url: https:

//www.degruyter.com/view/j/nanoph.ahead-of-print/nanoph-2018-0206/nanoph-

2018-0206.xml (visited on 05/21/2019)
38. A. Rudenko, C. Mauclair, F. Garrelie, R. Stoian, and J. P. Colombier (2019a). “Light

absorption by surface nanoholes and nanobumps”. In: Applied Surface Science 470,
pp. 228–233. issn: 0169-4332. doi: 10.1016/j.apsusc.2018.11.111. url: http:
//www.sciencedirect.com/science/article/pii/S0169433218331908 (visited on
05/21/2019)

39. X. Sedao, M. Lenci, A. Rudenko, N. Faure, A. Pascale-Hamri, J. P. Colombier, and C.
Mauclair (2019). “Influence of pulse repetition rate on morphology and material removal
rate of ultrafast laser ablated metallic surfaces”. In: Optics and Lasers in Engineering

116, pp. 68–74. issn: 0143-8166. doi: 10.1016/j.optlaseng.2018.12.009. url:
http://www.sciencedirect.com/science/article/pii/S0143816618312855 (visited
on 04/03/2019)

2.2 Contributions to conferences

2.2.1 International conferences with proceedings

1. Razvan Stoian, Alexandre Mermillod-Blondin, Cyril Mauclair, Nicolas Huot, Eric Au-
douard, Igor M Burakov, Nadezhda M Bulgakova, YP Meschcheryakov, Arkadi Rosenfeld,
Anton Husakou, et al. (2008). “Designing laser-induced refractive index changes in"
thermal" glasses”. In: High-Power Laser Ablation VII. vol. 7005. International Society for
Optics and Photonics, p. 700518

2. Razvan Stoian, Alexandre Mermillod-Blondin, Cyril Mauclair, Nicolas Huot, Eric Au-
douard, Igor M Burakov, Nadezhda M Bulgakova, Yuryi P Meschcheryakov, Arkadi Rosen-
feld, and Ingolf V Hertel (2009b). “Optimizing laser-induced refractive index changes in
“thermal” glasses”. In: Ultrafast Phenomena XVI. Springer, Berlin, Heidelberg, pp. 970–
972

3. C. Mauclair, G. Cheng, N. Huot, E. Audouard, A. Rosenfeld, I. Hertel, and R. Stoian
(2009a). “Dynamic ultrafast laser beam tailoring for multispot photo-inscription of
photonic devices in bulk transparent materials”. In: Proc. SPIE 7205, pp. 720512–
720512–10. doi: 10.1117/12.808798. url: http://dx.doi.org/10.1117/12.808798
1

4. Cyril Mauclair, Razvan Stoian, Jörn Bonse, Alexandre Mermillod-Blondin, Arkadi Rosen-
feld, and Ingolf V Hertel (2009b). “Direct time resolved observation of energy deposition
by ultrashort laser pulses in fused silica”. In: Proc. LAMP the 5th International Congress

on Laser Advanced Materials Processing.(2009)

1Selected by Research Highlights of Nature Photonics 3 5/242-243 (May 2009)
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5. Razvan Stoian, Alexandre Mermillod-Blondin, Cyril Mauclair, Guanghua Cheng, Kon-
stantin Mishchik, Arkadi Rosenfeld, Nadezhda M Bulgakova, Yuri Meshcheryakov, and
Ingolf V Hertel (2009a). “Adaptive spatio-temporal techniques for smart ultrafast laser
processing of optical glasses”. In: The International Congress on Applications of Lasers &

Electro-Optics, ICALEO 2009 ICALEO Proceedings

6. Cyril Mauclair, Konstantin Mishchik, Alexandre Mermillod-Blondin, Jörn Bonse, Arkadi
Rosenfeld, Ingolf V Hertel, Eric Audouard, and Razvan Stoian (2010). “Time-resolved
observation of energy deposition in fused silica by utrashort laser pulses in single and
cumulative regime”. In: Lasers and Electro-Optics (CLEO) and Quantum Electronics and

Laser Science Conference (QELS), 2010 Conference on. IEEE, pp. 1–2
7. Konstantin Mishchik, Guanghua Cheng, Cyril extbfMauclair, Eric Audouard, Aziz Bouken-

ter, Youcef Ouerdane, and Razvan Stoian (2010b). “Ultrafast Laser Photoinscription of
Polarization Sensitive Devices in Bulk Silica Glass”. In: Bragg Gratings, Photosensitivity,

and Poling in Glass Waveguides. Optical Society of America, BThD1
8. Alexandre Mermillod-Blondin, Cyril Mauclair, A Rosenfeld, Jörn Bonse, Razvan Stoian,

and Eric Audouard (2011a). “Time-resolved imaging of bulk a-SiO 2 upon various
ultrashort excitation sequences”. In: Frontiers in Ultrafast Optics: Biomedical, Scientific,

and Industrial Applications XI. vol. 7925. International Society for Optics and Photonics,
79250R

9. Razvan Stoian, G Cheng, C Mauclair, A Mermillod-Blondin, K Mishchik, E Audouard,
A Rosenfeld, and IV Hertel (2011). “3D adaptive spatio-temporal control of laser-induced
refractive index changes in optical glasses”. In: Laser-based Micro-and Nanopackaging

and Assembly V. vol. 7921. International Society for Optics and Photonics, 79210H
10. Konstantin Mishchik, Cyril Mauclair, Guanghua Cheng, Youcef Ouerdane, Aziz Boukenter,

and Razvan Stoian (2011). “Structural modifications in bulk fused silica after interaction
with ultrashort laser pulses”. In: Advanced Laser Technologies

11. Cyril Mauclair, Sébastien Landon, David Pietroy, Emmanuel Baubeau, Razvan Stoian,
and Eric Audouard (2012b). “Ultrafast Laser Machining of Micro Grooves in Metals with
Spatially Optimized Intensity Distribution”. In: The 13th international conference on laser

precision microfabrication, p85
12. Razvan Stoian, Konstantin Mishchik, Cyril Mauclair, Jean-Philippe Colombier, Marian

Zamfirescu, and Guanghua Cheng (2012). “Investigation and control of ultrafast laser-
induced nanoscale patterns in bulk dielectric materials”. In: Advanced Laser Technologies

ALT

13. Konstantin Mishchik, Andres Ferrer, A Ruiz de la Cruz, Alexandre Mermillod-Blondin,
Cyril Mauclair, Youcef Ouerdane, Aziz Boukenter, Javier Solis, and Razvan Stoian (2013a).
“Photoinscription domains for ultrafast laser writing of refractive index changes in BK7
borosilicate crown optical glass”. In: Optical Materials Express 3.1, pp. 67–85

14. Cyril Mauclair, David Pietroy, Emmanuel Baubeau, Razvan Stoian, and Eric Audouard
(2013b). “Spatial shaping of femtosecond laser beam for high speed multi-scale surface
structuring of materials”. In: The 6th International Congress on Laser Advanced Materials

Processing LAMP2013 July 23-26, 2013 Toki Messe, Niigata, Japan

15. Clothile Jumelle, Nelly Campolmi, Aurélien Bernard, Simone Piselli, Emmanuel Baubeau,
Cyril Mauclair, J Granier, Gregory Egaud, P Gain, and G Thuret (2013). “Improve-
ment of delivery of molecules into corneal endothelium using nanoparticles activated by
femtosecond laser pulses”. In: Acta Ophthalmologica 91.s252, pp. 0–0

16. Aurélien Bernard, Cyril Mauclair, Emmanuel Baubeau, J Granier, Gregory Egaud, Z He,
N Campolmi, S Piselli, F Forest, M Peoc’h, et al. (2013). “Endothelial graft precutting
from the epithelial and endothelial side with the femtosecond laser, on cornea stored in
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a new corneal bioreactor”. In: Acta Ophthalmologica 91.s252, pp. 0–0
17. Razvan Stoian, Konstantin Mishchik, Cyril Mauclair, Jean-Philippe Colombier, Marian

Zamfirescu, and Guanghua Cheng (2013a). “Control of ultrafast laser-induced nanopat-
terns in bulk silica glass”. In: EUROMAT 2013

18. Razvan Stoian, Konstantin Mishchik, Guanghua Cheng, M Zamfirescu, C Mauclair, and
C d’Amico (2013c). “Investigation and Control of Ultrafast Laser-Induced Nanoscale
Patterns in Bulk Fused Silica”. In: MATEC Web of Conferences. Vol. 8. EDP Sciences,
p. 03007

19. Praveen Kumar Velpula, Manoj Bhuyan, Cyril Mauclair, Jean-Philippe Colombier, and
Razvan Stoian (2013). “Time-resolved dynamics of ultrafast Bessel and Gaussian beam
propagation and energy deposition in transparent materials”. In: EUROMAT 2013

20. Praveen Kumar Velpula, Manoj Bhuyan, Cyril Mauclair, Jean-Philippe Colombier, and
Razvan Stoian (2014d). “Ultrafast imaging of free carriers: a controlled dynamics with
chirped nondiffractive Bessel beams”. In: SPIE Proceedings Series. Vol. 8967. SPIE,
p. 896711

21. PK Velpula, MK Bhuyan, C Mauclair, JP Colombier, and R Stoian (2014a). “Ultrafast
imaging of free carriers: controlled excitation with chirped ultrafast laser Bessel beams”.
In: Laser Applications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XIX.
vol. 8967. International Society for Optics and Photonics, p. 896711

22. Julien Zelgowski, Frédéric Mermet, Frédéric Antoni, Cyril Mauclair, Eric Fogarassy, and
Eric Mottay (2014). “Novel industrial laser etching technics for sensors miniaturization
applied to biomedical: a comparison of simulation and experimental approach”. In: Laser
Applications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XIX. vol. 8967.
International Society for Optics and Photonics, 89670U

23. Alberto Aguilar, Abundio Davila, Jorge Garcia-Marquez, and Cyril extbfMauclair (2014).
“Phase extraction through multistep vortex filtering.” In: 9ème édition des Journées" IM-

AGERIE OPTIQUE NON CONVENTIONNELLE" 19 et 20 mars 2014, ESPCI, 10 rue Vauquelin,

Paris Amphithéâtre Langevin

24. Praveen Kumar Velpula, MK Bhuyan, Cyril Mauclair, Jean-Philippe Colombier, and Razvan
Stoian (2014b). “High aspect ratio submicron fabrication in bulk dielectrics with non-
diffractive ultrafast Bessel beams; dynamics and interaction regimes”. In: Laser Precision
Microfabrication

25. Sabrina Hammouti, Cyril Mauclair, Alina Hamri, and Stéphane Valette (2014). “Elabo-
ration of submicron periodic structures on polymer surfaces by femtosecond laser”. In:
LPM 2014

26. Clothile Jumelle, Aurélien Bernard, Cyril Mauclair, N Campolmi, J Granier, Gregory
Egaud, Odile Sabido, Philippe Gain, and Gilles Thuret (2014). “Femtosecond laser
activated carbon nanoparticles for corneal gene therapy”. In: LPM 2014

27. Cyril Mauclair, David Pietroy, Emmanuel Baubeau, and Razvan Stoian (2014). “Distortion
of the intensity profile at the processing image plane of a focused femtosecond laser
beam”. In: LPM 2014

28. Cyril Mauclair (2014). “Ultrafast laser beam tailoring for efficient surface and bulk
processing”. In: Laser and Focused Ion Beam (LFIB) technologies for photonics collocated

with the Euro-Asian conference on Integrated and Micro optics, namely, the European

Conference on Integrated Optics (ECIO 17th) and the Asian MicroOptics Conference (MOC

19th) 2

29. Razvan Stoian, Konstantin Mishchik, Cyril Mauclair, Praveen K Velpula, Manoj Bhuyan,

2Invited conference
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Jean-Philippe Colombier, Ciro D’Amico, Marian Zamfirescu, and Guanghua Cheng (2014a).
“Control of Ultrafast Laser Nanostructuring of Glasses using Temporal and Spatial Pulse
Design”. In: Bragg Gratings, Photosensitivity, and Poling in Glass Waveguides. Optical
Society of America, BW2D–6

30. Clothile Jumelle, Cyril Mauclair, Julien Houzet, Aurelien Bernard, Zhiguo He, Simone
Piselli, Ch Perrache, Gregory Egaud, Emmanuel Baubeau, Philippe Gain, et al. (2015a).
“Pore size assessment during corneal endothelial cells permeabilization by femtosecond
laser activated carbon nanoparticles”. In: European Conference on Biomedical Optics.
Optical Society of America, 95420W

31. Cyril Mauclair, Alberto Aguilar, J-P Colombier, Razvan Stoian, and Abundio Davila
(2015a). “In-Situ Observation of Ultrafast Laser Induced Periodic Surface Structures on
Metals by Optical Microscopy”. In: The European Conference on Lasers and Electro-Optics.
Optical Society of America, CM_2_4

32. Clothile Jumelle, Cyril Mauclair, Julien Houzet, A Barnard, Zhiguo He, Simone Piselli,
Ch Perrache, Philippe Gain, and Gilles Thuret (2015b). “Transfer of molecules into
the endothelial cells of whole human corneas using carbon nanoparticles activated by
femtosecond laser”. In: Acta Ophthalmologica 93

33. Cyril Mauclair and Julien Houzet (2016). “Ultrafast laser spatial beam shaping using an
optically addressed liquid crystal optical valve”. In: Nice Optics, p2 3

34. Cyril Mauclair, Alexandre Mermillod-Blondin, K Mishchik, Jörn Bonse, Arkadi Rosenfeld,
Jean-Philippe Colombier, and Razvan Stoian (2016). “Excitation and relaxation dynamics
in ultrafast laser irradiated optical glasses”. In: High Power Laser Science and Engineering

4
35. Cyril Mauclair, Nicolas Faure, and Julien Houzet (2016). “Towards top-hat spatial shaping

of ultrafast laser beam based on Zernike polynomials”. In: Laser Sources and Applications

III. vol. 9893. International Society for Optics and Photonics, p. 989312
36. V Belaud, S Benayoun, K Anselme, C Mauclair, and C Donnet (2016). “Influence of

multiscale and curved structures on the behavior stem cells and macrophages”. In:
European Material Research Society, E-MRS 2016, Fall Meeting

37. Alberto Aguilar, Jean-Philippe Colombier, Razvan Stoian, and Cyril Mauclair (2017b).
“In situ observation of ultrafast laser induced micro nano structures using structured light
illumination”. In: Laser-based Micro-and Nanoprocessing XI. vol. 10092. International
Society for Optics and Photonics, p. 1009220

38. P Gain, C Jumelle, A Hamri, G Egaud, C Mauclair, S Reynaud, S Dumas, S Pereira, and G
Thuret (2017). “Comparison of four technics of surface roughness assessment of corneal
lamellar cuts”. In: Acta Ophthalmologica 95.S259

39. Rudenko Anton, Anthony Abou Saleh, X Sedao, Cyril Mauclair, Razvan Stoian, Tatiana
Itina, Florent Pigeon, Florence Garrelie, and Jean-Philippe Colombier (2018). “Electro-
magnetic roughness-driven mechanisms of ultrashort laser-induced ripple formation on
metal and dielectric surfaces”. In: 8th international workshop on Laser Induced Periodic

Surface Structures. Bochum, Germany. url: https://hal.archives-ouvertes.fr/hal-
02025834 (visited on 05/21/2019)

40. Jean-Philippe Colombier, Anton Rudenko, Hao Zhang, Cyril Mauclair, Tatiana Itina,
Florence Garrelie, and Razvan Stoian (2018). “Ultrafast Laser-Induced Surface and
Bulk Nanostructuring: Similarities Revealed by Electromagnetic Modeling”. en. In: url:
https://hal-ujm.archives-ouvertes.fr/ujm-02018947 (visited on 05/21/2019)

41. Anton Rudenko, Cyril Mauclair, Florence Garrelie, Razvan Stoian, and Jean-Philippe

3Invited conference
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Colombier (2019b). “Multipulse dynamics of ultrashort laser interaction with metal
targets by coupled electromagnetic and hydrodynamic simulations (Conference Pre-
sentation)”. In: Laser-based Micro- and Nanoprocessing XIII. vol. 10906. International
Society for Optics and Photonics, 109060B. doi: 10.1117/12.2507222. url: https://
www.spiedigitallibrary.org/conference-proceedings-of-spie/10906/109060B/

Multipulse-dynamics-of-ultrashort-laser-interaction-with-metal-targets-

by/10.1117/12.2507222.short (visited on 05/21/2019)

2.2.2 Invited talks (international conferences)

1. "Spatial Beam Shaping" UltraShort an Intense Laser Technology and Metrology (USIL)

intensive program (ERASMUS) Bordeaux, France, 2009
2. "Ultrafast laser tailoring for bulk photoinscription of photonic devices", LASINOF workshop

(Laser Interaction and new optical functionality) Bordeaux, France, 2009
3. "Spatial Beam Shaping" and "Spatial Beam Metrology" UltraShort and Intense Laser

Technology and Metrology (USIL) intensive program (ERASMUS) Bordeaux, France, 2010
4. "Spatial Beam Shaping" and "Spatial Beam Metrology" UltraShort and Intense Laser

Technology and Metrology (USIL) intensive program (ERASMUS) Bordeaux, France, 2011
5. "Increasing speed and flexibility of ultrafast laser micromachining with spatial beam

shaping", FemtoMat, Austria, 2013
6. "Maîtrise de la lubrification et du frottement par microstructuration laser des surfaces",

ASRH, Neuchatel, Swiss, 2015
7. "Ultrafast laser surface structuring : the role of spatial beam control and in-situ charac-

terization for process optimization", Femtomat 2019, Mauterndorf, Austria.

2.2.3 Invited talks (national conferences)

1. "Ultrafast laser beam tailoring for efficient surface and bulk tailoring", LIFBT Nice, Nice,
France, 2014

2. "Contrôle de faisceau laser ultrabref pour la fonctionnalisation de surface à cadences
industrielles", Intersurfaces, St-Etienne, France, 2015

3. "Contrôle de laser ultrabref pour le micro usinage de surface à hautes cadences", JTT,
Clermont-Ferrand, France, 2016

4. "Mise en forme laser spatiale et temporelle", Journée thématique Réseau Femto, Paris,
France, 2016

5. "Ultrafast laser spatial beam shaping using an optically addressed liquid crystal optical
valve", Nice Optics, Nice, France, 2016

2.2.4 Conference organization participation

1. FemtoMat Mauterndorf Austria 2013
2. Journée Thématique du pôle Optique Rhône Alpes sur le thème Fonctionnalisation de

Surfaces et Caractérisation, Saint-Etienne, France, 2014

2.3 Books and contribution to collective textbooks

1. Results from my research activity have also been reported in the following book chapter:
R. Stoian, M. Wollenhaupt, T. Baumert, I. V. Hertel Pulse shaping in laser material process-
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ing 2008 in Laser Precision Microfabrication, Springer Series in Optical Sciences, Sugioka
K., Meunier M., Pique A. Eds. (Springer Verlag, Heidelberg, in press)

2. Razvan STOIAN and Cyril MAUCLAIR (2018). Photoinscription par laser à impulsions ultra-

brèves pour des systèmes optiques 3D. fr. Text. url: https://www.techniques-ingenieur.
fr / base - documentaire / electronique - photonique - th13 / materiaux - pour - l -

optique - 42450210 / photoinscription - par - laser - a - impulsions - ultrabreves -

pour-des-systemes-optiques-3d-e6312/ (visited on 05/21/2019)

2.3.1 PhD Thesis

1. Cyril Mauclair (2010). “Spatio-temporal ultrafast laser tailoring for bulk functionalization
of transparent materials”. PhD thesis. Saint Etienne

2.3.2 Projects reports

1. 1 rapport final ANR Nanomorphing ANR-07-BLANC-0301 (coord. LaHC, E. Audouard)
2011.

2. 5 rapports d’étapes clefs, Programme Innovation Stratégique Industrielle ISI-OSEO, projet
ARTEMIS, 2010-2014.

3. 1 rapport à mi-parcours et 1 rapport final projet ANR Matetpro Topo INJECTION 2013-
2016.

4. 1 rapport final projet Labex Manutech-Sise 2S-BIOLASE 2013-2016.
5. 1 rapport final projet Labex Manutech-Sise SERMONIS 2016-2017.
6. 1 rapport final projet Labex Manutech-Sise ICRAM 2015-2017.

2.4 Supervision and patents

2.4.1 PhD thesis

1. Interaction laser femtoseconde et tissu cornéen : application à la découpe des greffons
cornéens humains. (A. Bernard - 2013 – collaboration BIIGC Pr. Gain et Pr. Thuret.
Supervision 33%

2. Étude et optimisation des effets dynamiques des procédés d’ablation laser en régime
ultracourt pour l’industrialisation, application à la découpe de PZT (Y. Di Maïo - 2013 –
convention CIFRE SAGEM ) Supervision 45%

3. Novel industrial laser etching technics for sensors miniaturization applied to biomedical
(J. Zelgowski - 2014 – convention CIFRE IREPA Laser et collaboration Telecom Physique
Strasbourg Pr. Fogarassy). Supervision 30%

4. Delivery of molecule into human endothelial cells by nanoparticles activated by fs laser
(C. Jumelle - 2015 – collaboration BIIGC Pr. Gain et Pr. Thuret Encadrement 33%

5. Elaboration of submicron periodic structures on polymer by femtosecond laser (S. Ham-
mouti - 2015 – collaboration LTDS Lyon, MCF HDR S. Valette) Supervision 40%

6. Detection and in situ characterization of ripples with super resolution microscopy. (A.
Aguilar Lab-H. Curien + CIO Mexique, 2016). Supervision 50%
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2.4.2 Postdoctoral

1. Spatial beam shaping applied to laser surface structuring of steel for reduced friction
in lubricated contact (D. Pietroy june-dec 2012) – project OSEO Artemis (collaboration
IREIS). Supervision 100%

2. Development of an efficient femtosecond laser micro and nano-machining system for rapid
texturation of injection mold (J. Houzet 2014-2015) – project ANRMatetpro Topoinjection
(collaboration LTDS) Supervision 100%

3. In-situ characterization fo LIPSS with Structured Illumination Mcroscopy. (A. Aguilar
2016-2017) - Project SERMONIS. Supervision 100%

4. Optimization of ultrafast laser matter interaction for additive manufacturing (Dat Nguyen
2017-2019) – project FUI 3D Hybride. Supervision 50%

5. Ultrafast laser structuring of polymers for liquid repellant applications (Hyeon Jin Jung
2018-2019) - Project FUI Deperflex. Supervision 50%

2.4.3 Masters

1. Internship Master 1: Spatial beam shaping with Zernike Polynomials (Kassem Saab,
01/04/2013-01/08/2013). Supervision 100%

2. Internship Master 2: LIPSS detection with far field diffraction . (M. Royon, 01/04/2013-
01/09/2013). Supervision 70%

3. Engineer: Optimization of scanning dynamics of ultrashort pulse structuring for industrial
transfer (N. Compère 01/01/2013-01/07/2013). Supervision 100%

2.4.4 Patents

1. Aurelien Bernard, Philippe Gain, Cyril extbfMauclair, and Gilles Thuret (2017). Device
and method for cutting a cornea or crystalline lens. US Patent App. 15/517,480

2. FR-3049853-A1 and FR-3049847-A1, F. Romano, A. Bernard, C. Mauclair (2017)
3. EP-3439593-A1, F. Romano, A. Bernard, C. Mauclair, E. Baubeau (2019)
4. Dispositif permettant un traitement photonique de la cornée ex vivo par les 2 faces

(Biface), submitted (SATT). Philippe Gain, Gilles Thuret, Cyril Mauclair, Clotilde Jumelle,
Gregory Egaud.

2.5 International and national projects with financial sup-

port

2.5.1 Project correspondant for the laboratoire H. Curien

1. Programme Innovation Stratégique Industrielle ISI-OSEO, projet ARTiculation Elaborée
grâce à la Maîtrise de l’Ingénierie des Surface (ARTEMIS), academic partners : ENISE,
ENSMSE, USTL et CETIM, industrial partners : LIFCO, PHYMAT, IMPULSION. Porteur :
société IREIS (HEF). Laser surface texturing for reduction of friction coefficients. 2010-
2014. Grant: 4 M€

2. Project MicroOSTEO Laboratory Equipment St-Etienne Métropole, collaboration ENISE
Multiscale laser surface texturing for biomaterials. 2011-2012. Grant : 25k€
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3. Project ANR Matetpro Topo INJECTION with LTDS, IREIS, ITECH, BD, CEMEF, Heyr-
Moules, Multiscale texturation of polymers by laser surface processing of molds 2013-
2016. Grant : 1M€

4. Project Labex Manutech-Sise 2S-BIOLASE with LTDS, Biomaterials surface structuring
with femtosecond laser pulses. 2013-2016. Grant 67k€

5. Project Labex Manutech-Sise SERMONIS with LTDS Super resolution microscopy for
characterization of surface micro-nanostructures induced by lasers. 2016-2017. Grant
66k€

6. Project Labex Manutech-Sise ICRAM Investigation of accumulation effects in ultrafast
laser surface ablation 2015-2017. Grant 17k€

7. Project PEPS-DGA RugoMicro3D Roughness characterization during SLM-based manu-
facturing 2017-2019. Grant 19k€

8. Project FUI DEPERFLEX with LTDS, ICBMS, Manutech-USD, Sofileta, Sci & Surf, PROTEX,
ALPEX, DEveloppement de traitements dePERlants sans FLuor pour le domaine tEXtile,
2018-2022. grant 120k€.

9. Project EUR Sleight Eagle Eye Anterior Segment Engineering with BIIGC, Manutech-USD
and Kejako, 2019-2020. grant 92k€.

2.5.2 Also involved in :

1. ANR Nanomorphing ANR-07-BLANC-0301 (coord. LaHC, E. Audouard) with CNRS CEA
Ecole Polytechnique 2007-2011.

2. ANR Equipex Manutech-USD. (http://www.manutech-usd.fr).
3. ANR Nanoflam SIMI 4 (coord. LaHC, R. Stoian) with FemtoST, CPTH Ecole Polytechnique

2011-2014.
4. ANR SMARTLASIR (coord. LaHC, R. Stoian) with EVC-Rennes, IPAG Grenoble, FemtoST.

2011-2014
5. ANR France-Roumanie DYLIPSS (coord. J.P. Colombier), with NILPRP Bucarest 2012-

2015
6. ANR Innovation Biomédicale SUPCO (BIIGC, GIE Manutech-USD), Femtosecond laser

cutting and surfacing of carriers for corneal bioengineering. 2014-2018
7. ADEME Project IMOTEP (coord. LaHC, F. Garrelie) Innovation Moteur Propre with LTDS,

IREIS, TOTAL, PSA, 2017-2022.
8. FUI Project 3D-Hybride (coord. LaHC, R. Stoian) Building of a Hybrid machine combining

additive manufacturing (selective laser melting -SLM) and ultrafast laser substractive
machining 2017-2021.
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2.6 Communications overview

Year Conferences Publications PhD Cosupervision PhD defenses Postdoc.
2010 2 1
2011 2 4 2
2012 2 1 3 1
2013 2 4 5 3
2014 6 3 4 1 1
2015 6 6 3 2 1
2016 6 5 1 1 1
2017 4 3 2
2018 2 2 2
2019 1 3 2(+2)
Total4 41 39 6 7 5(+2)

2.7 Overview of PhD and Postdoc supervision

2011 2012 2013 2014 2015 2016 2017 2018 2019

Thèse A. Bernard - BIIGC (33%)
Thèse Y. Di Maïo - CIFRE Sagem (45%)

Thèse J. Zelgowski - CIFRE IREPA (30%)
Thèse C. Jumelle - BIIGC (33%)
Thèse S. Hammouti - LTDS (40%)

Thèse A. Aguilar - CIO (Mexique) (50%)
Postdoc. D. Pietroy (ARTEMIS)

Postdoc. J. Houzet (Topoinjection)
Postdoc. A. Aguilar (Sermonis)

Postdoc D. Nguyen (3D Hybride)
Postdoc H. Jin Jung (Deperflex)

Postdoc XXX (IMOTEP)
Postdoc XXX (Eagle)
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Chapter 3

Introduction

3.1 Local environment

I have joined the Hubert Curien laboratory as an assistant professor (Maître de conférences)
in 2011. This joint research unit (UMR 5516 ) of the Jean Monnet University, Saint-Etienne,
the National Research Centre "CNRS" and the Institut d’Optique Graduate School is composed
of about 240 members working on optics, photonics and microwave, computer science, tele-
com and image. My mission in the laboratory has been from the start associated to the ANR
EQUIPEX project Manutech-USD (funded by the French National Research Agency ANR),
which is a private/public entity next to the laboratory with the latest equipments in terms of
ultrafast laser sources and characterization means. Its scope is to transfer the fundamental
developments of surface structuring means, particularly related to the control of ultrafast
laser pulses, to practical applications with the attained ambition of self-reliance (now employ-
ing 7 people). The Hubert Curien Laboratory is a member of the LABEX MANUTECH-SISE
which is a ANR "Laboratoire d’Excellence" project whose ambition is to reach the highest
international level in the field of surface and interface science and engineering. The objec-
tives of the LABEX MANUTECH-SISE are to develop the understanding and control of surface
phenomena, such as wear, friction, fatigue resistance, chemical reactivity, wettability, visual
and tactile aspects. The aims of the LABEX are also focused on the creation and control of
surface functionalities, such as in tribology, optics and chemistry, as well as on the optimization
of advanced processes of surface and interface manufacturing at different scales, including
ultrashort laser micromachining. The LABEX MANUTECH-SISE gathers an academic / company
partnership, within the Lyon – St-Etienne area and comprehends five laboratories belonging
to universities, engineering high schools and CNRS, and three industrial companies deeply
involved in research and developments. This takes place in a larger ANR project that was more
recently granted to the University Lyon-Saint-Etienne in 2017: the IDEXLYON that aims at
building a world-class center of excellence and university. We also mention here the recent EUR
(Ecole Universitaire de Recherche) Manutech-Sleight grant on the subject of the light-matter
interaction that gathers 13 private and public partners, among which the Hubert Curien abora-
tory, Manutech-USD and the company Keranova (ophtalmic surgery machine) that I co-founded.

3.2 Scientific and technological challenges

It would be hard to imagine a more favorable scientific environment for a researcher whose
centers of interest are the spatial shaping of ultrashort laser pulses and in-situ control of the
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irradiation region. To clarify this, I would like to underline three of the main scientific and
technological bottlenecks that are key elements to the success of the above mentioned exciting
projects:

1. the laser surface/bulk treatment pace
2. the topological and physical characterization of the irradiated zone
3. automated tuning the laser parameters for the desired surface function

Each of these challenges can be addressed using the techniques of spatial shaping of ultrashort
laser pulses and in-situ control. Indeed, spatial beam shaping is particularly suited to answer
the problem of pace. By optical demultiplicaion and shaping of the laser spot, we have shown
that it can drastically accelerate the laser treatment process (up to a hundred times when the
laser energy is sufficient), insomuch that unimaginable progresses in ophthalmic surgery were
rendered possible, as it is shown in the following. Moreover, from the laboratory realizations
before 2010 to the pre-industrial surface structuring machines of Manutech-USD, we could
increase the surface processing speed from 6 cm2/min to 1m2/min and 10m2/min very soon.
This was rendered possible thanks to spatial beam shaping employed with synchronized beam
scanning at high laser repetition rate.
In-situ probing of the interaction zone can also bring key advantages to better understand and
control the ultrafast laser irradiation outcome. By employing super resolution techniques, our
work has demonstrated that inline characterization of the irradiated region with a ≈ 100nm
sub-diffraction resolution is possible, a ten-fold enhancement of the observation precision
compared to the classic microscopy techniques that were employed before 2010 (such as
brightfield and phase contrast microscopy). This has unveiled fundamental phase-locking
mechanisms in the formation of LIPSS (laser induced periodic surface structure). It also
appears as a powerful tool for in-situ characterization and optimization of the laser parameters.
The third challenge (automated tuning of the laser parameters) is now at reach, by combining
spatial control of the laser, in-situ probing of the interaction zone and efficient automated
self-learning routines. If the concept is not new (it is very close to the well-known ’coherent
control’), the maturity of the laser control tools (in space and in time), and the advances in
optical in-situ quantitative observation make the technique ready for pre-industrial applications.

3.3 Outline

It is clear that the use of ultrafast laser sources for surface and bulk processing knows a growing
interest. This trend is not limited to the fundamental aspects of the interaction which already
constitutes a vast domain of exciting investigations. It also covers real life applications in
various domains e.g surface treatment, material fine processing, biomedical tissue disruption
and so on. Several scales of interaction are involved from the millimeter down to fractions
of micrometers, depending on the focusing power utilized, the irradiation conditions on the
sample and the physical properties of the irradiated zone. With the recent progress in the
femtosecond laser technology, noticeably on the available power and repetition rate, exciting
perspectives in processing on various materials with competitive throughputs are demonstrated.
Moreover, due to the specificities of the interaction, ultrashort laser pulses can also achieve
processing inside transparent materials. There, not only the laser focal point trajectory in
three dimensions enables an increased flexibility, but also the focal volume can be spatially
engineered allowing for totally new manufacturing processes down to the submicrometric
scale.
The present report puts in light recent advances and remaining challenges in the use of ultrafast
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Figure 3.1 – Graphical scheme of the outline of the manuscript following the successive steps of
spatially optimized ultrafast laser irradiation. FL: focusing lens or element.

lasers for material processing. It focuses on the optimization of the spatial control of the ultrafast
laser beam and on the key advantages offered by in-situ monitoring of the processed zone.
There are challenges to fully exploit each pulse produced by last generation ultrafast lasers
at high energy and repetition rate. Spatial beam shaping of the laser intensity focal region is
also mentioned in detail. Focal laser spots demultiplication is discussed with more advances
in sculpting the intensity distribution in two and three dimensions with unique processing
capabilities. In situ characterization down to the micrometric and nanometric scale has also
opened new gates for advanced understanding and control of the irradiation outcome.
The outline of this manuscript follows the path of an ultrashort laser pulse (a coherent light
pulse of femtosecond to picosecond duration) from its birth -taken here as its release from
the laser system- to its death, -when the carried light energy is coupled to the surface or into
the bulk of the irradiated target through various mechanisms (see Fig.3.1). We first discuss
the various tools for spatial control of ultrashort laser pulses that are described from the point
of view of laser processing. These techniques involve the possibility to spatially deflect the
pulse train using scanning mirrors, and the strategies of beam shaping using amplitude and/or
wavefront modulation. Then, in-situ characterization of the irradiation region occupies the last
part of the manuscript. The outline is as follows:

1. The first chapter mentions the control knob offered by spatial pulse overlap through beam
deflection and the amplitude modulation technique with related advances involving static
and reconfigurable modulation.

2. The second chapter concerns the wavefront modulation strategy that has gained a strong
interest in the last ten years, because of the possibility offered to drastically speed up
femtosecond processing through laser spot duplication. Our pioneering contribution and
more advanced results are presented, underlining the current bottlenecks in terms of
energy efficiency and beam shaping quality.

3. The third chapter focuses on the interest of in-situ monitoring of the irradiation zone
especially for submicrometric bulk and surface structuring. A UV diffraction beam is
successfully employed for inline characterization of the laser-generated bulk periodic
nanostructures. This enables to better tune the temporal laser energy deposition that
enhances the nanostructuring production. Also a full-field superresolution microscopic
imaging on surfaces is used as in-situ monitoring tool for laser-induced periodic surface
structures (LIPSS). The key advantages of the techniques permits inline evaluation of
the LIPSS pattern evolution. This enables to observe key features of the LIPSS formation,
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namely the pulse to pulse pattern spatial stability and ’absolute’ phase that are simply
not observable without the in-situ super resolution scheme.

4. Finally, the last chapter lists the perspectives on the subject of spatial beam control and
in-situ monitoring. We anticipate that the next ’big’ step of femtosecond processing is
the connection between these two subjects through the use of self-learning strategies
where the in-situ monitoring provides the necessary feedback for tuning the ultrafast
irradiation.

Along this manuscript, a special effort is made to underline our contributions in the frame of
the state of the art1.

1Our publication references are indicated in bold
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Chapter 4

Spatial Shaping of ultrashort laser

irradiations - Amplitude modulation

4.1 Basics

A very illustrative example of spatial beam control can be found in the report of the siege of
Syracuse 212 BC. Following Archimedes instructions, numerous parabolic reflective surfaces
(probably polished shields of Cu or bronze) were positioned to redirect and focus the light
rays from the sun onto the Roman fleet boats (see Fig.4.1). Interestingly, the experience was
repeated by a group of students of the MIT in october 2005. Fire ignition was obtained on
wood 1. Eventually, the city was invaded by the Romans showing that spatial beam control
requires careful developments and optimisations. Let us focus on the spatial control of lasers
beams.
When handling a light beam emitted from a stable laser cavity, the spatial intensity repartition
of the fundamental mode detected in a given plane I(x, y) is most of the time represented
by a Gaussian distribution. In the frame of the paraxial approximation (i.e the transverse
beam dimensions remain small enough compared to propagating distances), a quite famous
solution to the scalar wave equation designed to represent laser emission is the Gaussian beam

1see http://web.mit.edu/2.009/www//experiments/deathray/10_ArchimedesResult.html

Figure 4.1 – Left: Siege of Syracuse - Painting by Giulio Parigi, c. 1599 with an emphasis on the
light rays. Right: MIT experiment’s Archimedes Death Ray held in October, 2005
where fire ignition was demonstrated.
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Figure 4.2 – Propagation of a Gaussian beam around the waist: The normalized intensity profile
is plotted in the x-y plane a) and along the optical propagation axis z. The beam
waist w0, Rayleigh range zR and wavefront radius of curvature R(z) are indicated.

[Siegman, 1990]. Thus, ũ(x, y, z) takes then the form:

ũ(x, y, z) =
u0

q(z)
exp

(

−ik
x2 + y2

2q(z)

)

(4.1)

where
1

q(z)
=

1

R(z)
−

iλ

πw2(z)
=

1

q0 + z
(4.2)

R(z) is the wavefront radius of curvature. It is worth noting the z dependency, meaning
that any beam modulation in amplitude or in phase has a consequence in the transverse
plane and along the propagation axis. w(z) is the beam radius at 1

e2
of the intensity profile

I(x, y, z) = ũ(x, y, z) × ũ(x, y, z)⋆ which follows a Gaussian distribution. q(z) is the complex
beam parameter. This quantity allows complete spatial definition of the Gaussian beam with the
relation q(z) = q0 + z. Taking the origin of the z-axis at z = 0 at the waist position w(z) = w0

we have R(z) = ∞ meaning that at this point the wavefront is a plane orthogonal to the
propagation axis (although not to be confused with a plane wave [Diels and Rudolph, 2006]).
From these equations, it is evident that any modulation of amplitude and/or wavefront in
a given x-y plane has an impact on the subsequent laser intensity distribution in further x-y
planes and also along the z axis. For example, if a laser beam goes through a converging
lens, the corresponding parabolic wavefront modulation can be taken into account by adding
a phase term in the exponential of Eq. 4.1. This modulation enters in competition with the
intrinsic divergence of the Gaussian beam (exp

(

−ik x2+y2

2q(z)

)

). Thus, the lens alters the beam

size, ultimately leading to a focal spot. Similarly, if the laser beam encounters an attenuation
mask (e.g beam truncation etc.), this amplitude modulation can be mathematically applied
by a real amplitude distribution factor to Eq. 4.1 with consequences on the propagated laser
beam profile.
The point is that modulating the laser beam in a certain plane permits to control the laser
beam spatial characteristics in a further plane. Usually, this plane of interest is the focal plane
of a lens or a focusing element, where both the maximum of intensity and ultimate resolution
can be reached.
This report considers light pulses whose spectral bandwidth can be assumed thin enough so
that any chromatic aberration can be disregarded in a first approximation. When dealing with
ultrafast laser pulses from Ti:Sa lasers at 800nm, the spectral bandwidth can be as large as
100 nm for a Fourier-limited 10 fs pulse, a pulse whose spectral components are not temporally
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spread. [Diels and Rudolph, 2006]. In the other way around, 100 fs pulses carry a 10nm
spectral bandwidth. In this latter case and for thinner spectral bandwidth (e.g Ytterbium
medium with ≈ 7nm and 300 fs), it is quite reasonnable to neglect the effect of chromatic
aberration. Let us consider a simple converging lens. The chromatic aberrations implies that
rays associated with the bluer part of the spectrum are focused further than the redder ones 2.
Given the focal length f of a lens of refractive index n, the axial spreading ∆f around F along
the propagation axis writes:

∆f

f
=

∆λ

λ

∆n

n− 1
(4.3)

with ∆λ ≈10nm being the laser source relatively narrow spectral bandwidth centered on
800nm and ∆n the refractive index difference for the boundary wavelength of the laser
spectrum obtained from the Sellmeier relations [Malitson, 1965]. For a fused silica lens,
∆f

f
= 4.8× 10−6, corresponding to a few nanometers in the case of a focal length of f =1 cm

which is clearly negligible compared to the micrometric dimensions of the focal intensity
distribution. This being said, research efforts have been carried to adapt spatial beam shaping
techniques to the case of large spectral bandwidth ultrashort pulses. The strategy is based on
consecutive diffractive optical elements for successive beam shaping followed by dispersion-
related compensation [Torres-Peiró et al., 2013; Amako, Nagasaka, and Kazuhiro, 2002]. We
must also point out that wavefront shaping with intensiy feedback enables to overcome this
types of non uniformities, thus requiring only one reconfigurable wavefront shaper [Hasegawa
et al., 2016].

4.2 Spatial control through beam deflection - scanning

The most basic spatial control of the laser beam is the control of its direction with a mirror
or a prism. This enables to redirect the beam and control the deposition of pulses on the
sample surface or within the bulk of transparent materials. If this seems quite simple, the
consequences are not straightforward because cumulative effects take place depending on the
laser pulse overlap, energy, repetition rate and the physical properties of the material (that are
also time-dependent). It is not possible within this discussion to list the immense variety of
structures that can be obtained on surfaces or in the bulk from ultrashort laser pulse irradiation.
For example, surface structures at multiple scale such as regular spikes, ripples, craters and
grooves can be obtained by adjusting these laser parameters [Lehr and Kietzig, 2014; Dusser
et al., 2010; Bizi-Bandoki et al., 2011]. A global trend is usually observed: the higher the
deposited energy the larger the laser-induced structures. These suface structures are often
accompanied by appealing modifications of the surface physical properties such as wettability
[Bizi-Bandoki et al., 2011], light trapping [Vorobyev and Guo, 2011], color diffraction effect
[Dusser et al., 2010], cellular differenciation [Dumas et al., 2015], improved tribological
performance [Mourier et al., 2008] and wear resistance [Hammouti et al., 2015b]3. A few
examples of such surface and bulk treatment relying on this spatial control of the laser energy
deposition are illustrated in Fig.4.3.
The recent tremendous progress of the average power of the commercially available amplified
ultrashort laser sources, now approaching the kW [Rußbüldt et al., 2010], has increased the
requirement of high scanning speed devices. The average power augmentation is usually
obtained by increasing the repetition rate towards MHz and even GHz. In these conditions,

2well-illustrated at http://www.microscopyu.com/
3The wear resistance of PEEK irradiated with ultrashort laser pulses was investigated during S. Hammouti ’s

PhD (2012-2015) in collaboration with the LTDS
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Figure 4.3 – Illustration of a scanning scheme allowing spatial control of the energy deposition
by tuning the laser waist w and overlap ∆x and ∆y (Top left) with a few examples
from our research group of surface and bulk treatment applications relying on this
spatial control of energy deposition.
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Figure 4.4 – a) and c) Roughness Ra is plotted against laser repetition rate and laser fluence for
steel 316l and Ni respectively. b) SEM micrograph showing the rugged surface mor-
phology obtained on steel at high fluence and repetition rate (8 J/cm2 , 500 kHz).
d) SEM micrograph showing the typical surface finishing of micro-machined Ni in
similar conditions (8 J/cm2 , 500 kHz). The white arrow points out the laser polar-
ization.

the thermal relaxation between laser pulses is not complete even on metals, especially for
high spatial overlap, thus a local increase of the temperature can lead the irradiated region to
undesired thermal side effects such as melting 4. [Bauer et al., 2015]. Very high speed scanning
of the laser spot to reduce the overlap is now the bottleneck of femtosecond surface processing,
leading to the use of high deflection speed polygonal scanners [Loor, 2013; Loeschner et al.,
2015], or electro/acousto-optic scanners [Römer and Bechtold, 2014]. Let us mention here
that at higher repetition rates (of a few GHz and above) intriguing phenomena occur where
enhanced ablation is achieved with low onset of side thermal effects, refereed to as the ablation-
cooled regime [Kerse et al., 2016]. Within the kHz-MHz regime, we have recently shown that
the surface roughness after laser surface scanning irradiation can be kept to low Ra levels when
the laser energy and spatial scanning parameters are adequate, along with the sample surface
physical properties [Sedao et al., 2019] 5. More precisely, we have shown that on stainless
steel 316L and Titanium alloy (TA6V), the processing window of the spatial laser energy
deposition for low Ra ablation is much narrower than on Cu and Ni, even though the quantity
of removed species remains constant (if properly measured by differential weighing). The
reasons are related to the physical properties of the materials, especially the electron-phonon
coupling constant γ and the thermal diffusion coefficient K. The electron-ion transfer occurs
much faster for stainless steel and Ti than for Ni and Cu because of stronger γ. Considering
K also indicates a stronger heat confinement for steel and Ti than for Cu and Ni. These
observations can be linked to former results on Au, Cu and Ag, where the trend of γ seems to
follow the probability of laser induced periodic surface structures (LIPSS) generation under
ultrafast irradiation [Wang and Guo, 2005]. Spatial controlling of the laser beam through
smart scanning can also lead to exotic structures as we observed and demonstrated in the paper
[Sedao et al., 2018]. There, we took advantage of the re-deposited material associated with

4even though some melted structures can be of interest for specific surface functions, like hydrophobicity
[Emelyanenko et al., 2015] and also to accelerate the process of percussion drilling [Ancona et al., 2008]

5This work was conducted within the Labex project ICRAM (2018).
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Figure 4.5 – Principle of ultrafast laser ’additive’ manufacturing (LAM): (a) schematic of the
laser process. The laser beam movement starts from the far side of the substrate
and advances linearly towards the near side to form a scan track. The scan tracks
start from the right side and end on the left. The number 1 represents the begin-
ning and number 2 the end of the process; (b) SEM micrograph showing the site
of ablation, and additively grown part. A mechanically prepared cross-section is
given as inset to illustrate the longitudinal correlation between the ablation site and
additively grown part. (c) A FIB milled cross-section of the additively fabricated
part.

ultrashort laser ablation at high fluences - above the optimum laser fluence for efficient ablation
(which is 2-4 times the ablation threshold [Neuenschwander et al., 2014]. In these conditions,
the material ejecta can be accumulated along the scanning track of the laser spot, thus forming
an ’additively’ manufactured hill of a few hundred of micrometers as depicted in Fig.4.5. These
grown structures were observed under SEM and also with a FIB-milled cross section in order
to evaluate their link to the sample surface. These structures have shown particular wettability
properties (notshown). By spatially controlling the laser spot trajectory, the geometry of the
grown structures can be tuned. For example, trajectories following concentric circles could
raise some circular spikes. In order to form more regular structures, an additional machining
step has been proposed, using the ultrafast laser beam in the optimum fluence regime. There,
precise ablation is achieved on the formerly grown structures enabling further sculpting by
spatial control of the spot trajectory. Fig.4.6 shows pillars obtained with this process. These
pillars are higher than the original surface with a much sharper contour. They also present
some super hydrophobic properties. 6 As a conclusion for this section, scanning of the laser
spot is a straightforward and very efficient control knob to drive the irradiation output. By
tuning the laser spot size, overlap, trajectory and energy, sub-micrometric roughness surface
ablation can be achieved on the one hand to grown pillars of 100µm on the other. Nowadays
very high repetition rates laser sources are now expecting faster scanning systems that are
now the bottleneck of ultrafast processing in order to avoid thermal accumulation effects and
further reduce the processing time. Similar conclusions can be drawn for surface and bulk
structuring.

4.3 Beam truncation and imaging

Amplitude modulation of the incoming laser beam is a well-known solution that enables to
control the laser intensity distribution in a plane situated further in the propagation. Using
simple imaging of the amplitude mask on the irradiated workpiece, this technique is particularly
efficient when simple shapes are desired. This is especially the case when these shapes are

6This work has also been achieved within the Labex project ICRAM (2018).
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Figure 4.6 – (a) 4 sub-mm sized pillars made by the ultrafast LAM, followed by ultrafast laser
ablation at the contour of the pillar blocks to sharpen the edges. The inset shows a
single ultrafast LAM unit without its edge being sharpened; (b) Tilted view of the
pillars. The pillars can be grown higher, at the cost of pillar diameter, as shown in
the inset; (c) Pillars similar to those in (a) are fabricated on large scale for super-
hydrophobicity, as demonstrated in the inset (water drop volume 3µL)

close to the native beam profile in shape and in size to reduce the laser energy waste (e.g,
top-hat circular shapes, squared shapes and so on). The method is often employed when
a high degree of regularity is required by the application, higher than the original laser
beam profile. As an example, a surface network of very regular dimples on steel surfaces for
friction reduction of the lubricated contact [Mourier et al., 2008] or for the study of cellular
differentiation [Dumas et al., 2015] 7 can be achieved using this technique. The desired
laser spot shape can be obtained by simply putting and amplitude mask positioned among the
focusing lens and optically conjugated with the processing plane as depicted by Fig.4.7 a).
We recently investigated the challenge when imaging such an aperture with a single focusing
lens [Pietroy et al., 2015]. One major drawback of this technique is that the image plane is
usually formed after the focusing point of the lens. Thus, when using ultrashort laser pulses,
the focal point in the air can be a region where nonlinear effects occur due to the laser high
peak power as illustrated in Fig.4.7 b). These nonlinearities in the focal region can distort the
laser propagation, affect the quality of imaging and quality of the ablation. With numerical
calculation, we evaluated the amount of optical delay corresponding to the onset of nonlinear
Kerr contribution. For this we simply assumed that the spatial distribution of the nonlinear
refractive index followed the intensity distribution in the focal plane. We disregarded any
absorption or diffusion effect in the focal plane as no plasma luminescence were observed
experimentally in the air within the energy range that were studied. It can be seen Fig.4.7 b)
that the image plane is distorted as the laser fluence increases comparing the profile of the
laser to processed region on stainless steel. We proposed an efficient solution to this problem
by adding a lens in order to avoid the formation of a focal point before reaching the image
plane. In that case no deterioration of the image plane was observed. While this technique of
beam shaping is quite simple, the major drawback is naturally the loss of laser energy. Also,
clipping the beam with an aperture does not generate a flat intensity distribution because
of the Gaussian distribution of the initial beam. These results were obtained with the OSEO
project ARTEMIS during the postdoctoral stay of D. Pietroy (2012)

7This work on cellular differentiation was conducted with the collaboration of the LTDS within the St-Etienne
Metropole project MicroOsteo
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Figure 4.7 – a) Scheme of amplitude modulation using a diaphragm D conjugated by the f-θ lens
(FTL) on the image processing plane (IP) after the focal point (FP). b) experimental
evolution of the intensity distribution in the IP compared to the depth of related
ablation crater on steel. Nonlinear effects at the FP distord the beam propagation,
intensity profile and ablation profile.

4.4 Truncation effect on the focal volume

Partial beam clipping has an effect on the intensity distribution in the focal region of a lens.
This effect is usually exploited in the x-y plane (transverse to the z propagation axis) but also
along the propagation axis, i.e in an x-z or an y-z plane. A well-known application is the use of
a slit placed on the beam before the focusing lens. In that case, the focusing strength is stronger
on x than on y if the slit edges are parallel to the y axis. Under certain conditions, this generates
a circular intensity distribution in the y-z plane as depicted on Fig.4.8 a)-b). This technique,
called slit shaping, is used for transverse waveguide writing in the bulk of transparent materials
[Ams et al., 2005]. We have shown that it is possible to dynamically adjust the slit in order to
photoinscribe curved waveguides [Zhang et al., 2009b] as illustrated on Fig.4.8 c)-d). We
mention here that the astigmatism aberration can generate a similar beam distribution with
reduced energy losses as shown by [Cruz et al., 2009].
Beam truncation can also be at the origin of the generation of multiple focal spots. We have
studied this phenomenon in the bulk of fused silica and BK7 [Mauclair et al., 2011c]. More
precisely, when a Gaussian beam is truncated by a circular aperture, it can be shown that the
spatial light distribution around the focal plane shows several spots well aligned and regularly
spaced along the optical axis z. The position of these spikes can be calculated numerically using
a Fourier based propagation code in the paraxial approximation (see Fig.4.8 d-f)). Indeed this
phenomenon has been described in the famous book of reference [Born and Wolf, 1999] where
a focused truncated plane wave through a circular aperture is thoroughly studied. We took
advantage of these intensity centers to generate arrays of dots in the bulk of BK7 and fused
silica glass as shown in Fig.4.8 g). These results were obtained during my own PhD.
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Figure 4.8 – Example of beam truncation that shapes the 3D beam shape, along the propagation
axis. Slit truncation (b) numerically compared to non-truncated Gaussian beam (a)
can generate a circular beam distribution in the y-z plane. By dynamically adjusting
the slit, curved waveguides can be photoinscribed here in fused silica. (c) is a top
view and d) a cross section observed with a phase contrast microscope). e) and f)
compare the calculated beam modulation without and with pupil truncation. The
pupil generates regular intensity spots before the focal region on the optical axis,
shown by the arrows and observed in BK7 glass. f) shows an dot array photowritten
in fused silica using the phenomenum. The intensity scalebars are normalized to 1.

4.5 Advanced amplitude modulation - GPC

Amplitude modulation can also be obtained using a spatial light modulator (SLM) in the so-
called amplitude modulation as demonstrated by the group of W. Perrie [Kuang et al., 2015]. In
that case the amplitude modulation can be achieved on different levels of intensity attenuation
thanks to the possibility offered by the SLM to linearly control the attenuation strength in
the amplitude modulation configuration as depicted on Fig.4.9 a) and b). This enables to
counteract the Gaussian shape to flatten the desired intensity distribution, even though energy
losses can be high. It has recently been shown that this technique can be combined with
phase modulation technique to obtain duplicated arbitrary beam shapes for advanced parallel
processing [Li et al., 2019].
We also have to mention here the technique of General Phase Contrast (GPC) at the frontier of
amplitude and phase modulation [Palima and Glückstad, 2008]. This technique relies on the
principle of phase contrast microscopy where the portion of the light beam that goes through
phase objects is purposely put in interference with the non diffracted microscope beam. That
way, the phase contrast is turned to an intensity contrast on the microscope camera. In the
case of laser beam modulation, the plane of wavefront regulation corresponds to the plane of
the phase object of the phase contrast microscope. In order to turn this phase modulation to
an intensity modulation the general phase contrast method employs the use of a phase disk
positioned in the focal plane of a lens, the phase contrast filter (PCF) as shown on Fig.4.9
a). The wavefront modulation plane is conjugated on the PCF through a lens and then the
PCF is conjugated to the focal processing plane. They are theoretically low laser intensity
losses and experimentally these were found very low [Bañas et al., 2014]. This technique gives
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Figure 4.9 – Amplitude modulation techniques. a) compares mask imaging and GPC (adapted
from [Bañas et al., 2014]). Shaped laser beams are shown in b) and c) for mask
imaging (from [Kuang et al., 2015]) and GPC respectively. d) Experimental applica-
tion of GPC to femtosecond pulses. Beam sizes are within the 50-100µm range.

remarkable beam shaping qualities (see Fig.4.9 c)) and is successfully employed in the field of
optical tweezers [Eriksen, Mogensen, and Glückstad, 2002].
Naturally the challenge with this technique is related to the small disk in the focal plane of the
lens. In the case of femtosecond laser with high intensity this element can be damaged because
of the laser focusing on the disk. We carried out some investigations using very long focal
length to achieve GPC with femtosecond pulses as depicted on Fig.4.9 d) at low intensity level.
It can be seen that the GPC technique provides good control of the laser intensity distribution.
Sadly, when turning up laser energy, we observed a strong degradation of the laser distribution
experimentally; even though we didn’t observe any damage formation on the disk. A possible
explanation can be found presumably in the onset of nonlinear propagation of the laser beam.
These nonlinearities translate into uncontrolled spatial distribution of phase delay which in
turn degrades the GPC interference relationship. These investigations were carried out during
the postdoctoral stay of J. Houzet (2014-2015) within the ANR project ’Topoinjection’ in
collaboration with the LTDS.

4.6 Conclusion

As a short conclusion, if amplitude modulation is often disregarded because of the inherent
energy losses, its simplicity of use in the case of imaging masks remains a strong advantage.
Moreover, we have shown a way to overcome the problem of nonlinearities in air when using
imaging on the sample surface. Beam truncation also permits to control the laser intensity
distribution along the optical axis, e.g producing circular shapes (slit shaping) and multiple on-
axis laser spots (pupil truncation). Advanced techniques involves variable intensity attenuations
using SLMs and phase filtering following GPC. Both techniques can reduce the energy losses.
However GPC is hardly applicable to high intensity laser pulses because of the phase filtering
plane at the focal plane of lens.
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Chapter 5

Spatial Shaping of ultrashort laser

irradiations - Wavefront modulation

5.1 Basics

Modulation of the laser wavefront or spatial phase, is a very widespread technique both
in laser processing and detection application fields. The main advantage is the absence of
energetic losses in principle compared to amplitude modulation. Significant advances in terms
of beam shaping performance, flexibility, adaptation to high power were recently demonstrated
supported by progess of the technology and phase modulation calculation algorithms.
There are many devices that enable wavefront modulation of a laser beam. Let us cite SLMs
(Spatial Light Modulator), DMs (Deformable Mirror), AOMs (Acousto-Optic Modulator), DOEs
(Diffractive Optical Element). Each of these technologies have avantages and drawbacks that
are continuously evolving. Key features are diffraction efficiency, spatial resolution, phase
modulation range, power handling, reconfigurability, stability and response time. In the
following, we will purposely focus on SLMs that have the historical advantages of resolution,
stability 1, reconfigurability (relatively low response time of 20ms). Recent progress of the
technology in terms of fill factor, diffraction efficiency have solved the problem of the 0th order
[Kuang et al., 2009]. Also, the power handling now remarkably approaches 200W [Kaakkunen,
Laakso, and Kujanpää, 2014; Zhu et al., 2018]. Spatial Light modulators usually rely on
a birefringent liquid crystal (LC) layer, where the orientation of the LC can be electrically
controlled. The LC molecules orientation linearly impacts their refractive index. When a laser
traverses the LC layer with the proper polarization (parallel to the LC molecule orientation), it
experiences a 2D-phase retardation map, depending on the LC orientation map i.e the electric
field. Fig.5.1 illustrates the generation of a prism and a biprism phase mask and the modification
of the laser intensity distribution that is beam deviation and spot duplication respectively.
Usually, the phase modulation plane corresponds to the object focal plane of the focusing lens.
In this case, a Fourier transform permits to mathematically relate the complex laser amplitude
of this plane to the focal plane under the paraxial approximation [Goodman, 2005] 2. Thus,
the calculation of the proper phase modulation for a desired intensity distribution can be based
on optimization algorithms relying on one or several Fourier Transforms. Without entering into
details, let us mention the famous Gerchberg-Saxton algorithm, or Iterative Fourier Transform
Algorithm (IFTA) [Gerchberg and Saxton, 1972]. This deterministic algorithm performs back

1Phase flickering issues have been reported [Calderón-Hermosillo et al., 2013], depending on the electric
addressing technology with a strong advantage for analogic addressing

2If the phase modulation is performed in another plane, a parabolic phase term may be added to the calculation
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Figure 5.1 – Illustration of spatial beam shaping through wavefront (WF) modulation in the case
of LC-SLM. Top: prism phase modulation that changes the spot position, bottom
biprism modulation generating two distinct beams.

and forth propagations between the phase modulation plane and the focal intensity target
plane, having as input the target intensity and the input beam amplitude. Iterations go on
until a phase mask permits to obtain a intensity in the focal plane close enough to the target.
Many improvements have been proposed for this algorithm, such as extension to N-planes (in
3 dimensions) [Sinclair et al., 2004], dynamic adaptation of the target intensity [Leonardo,
Ianni, and Ruocco, 2007; Silvennoinen et al., 2014], introduction of a ’numb’ region for high
fidelity shaping [Gaunt and Hadzibabic, 2012; Bijnen et al., 2015] and so on.
When the intensity target is simply an array of distinct spots, the lens and gratings (LG)
techniques must be mentioned here. The LG is based on the fact that each desired laser spot
in the focal region corresponds to a given beam deflection and defocusing i.e a phase tilt and
phase curvature (parabolic). A sum of each complex contribution permits to generate the
desired phase mask, without the need of any optimization step [Liesener et al., 2000]. This
strategy can also include position-dependent aberration correction and arbitrary intensity levels
[Jesacher and Booth, 2010]. To some extent, the LG strategy is similar to the generation of
spot arrays with Dammann cells [Dammann and Klotz, 1977] that has also been extended in
the 3D [Yu et al., 2012]. The phase modulation can also be calculated based on a ensemble of
Fresnel lenses, each lens corresponding to one laser spot [Hasegawa, Hayasaki, and Nishida,
2006].

5.2 Parallel processing in 2D-3D with multiple laser spots

One of the very first challenges of femtosecond laser processing concerns the cost and time.
While ultrafast laser pulses permit to obtain high energy localization followed by precise
structural modification (ablation, refractive index modification, local surface roughness etc.),
these sources are still significantly more expensive than nanosecond pulses sources. Thus,
femtosecond based processes are now still constricted to high value markets where the ultrashort
character of the light pulses is determinant. One clear example of such an application is the
well-known LASIK (laser in-situ keratomileusis) surgery and also the growing field of cataract
surgery assisted by femtosecond laser pulses in the infra-red. There, the short pulse length
allows precise in-volume cuts of of the cornea and crystalline lens, whereas longer pulses
fail to deterministically localize the energy deposition. Femtosecond pulses can attain larger
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Figure 5.2 – I) Scheme of double spot operation. BPM: Binary phase mask. Insert: Double spot
intensity profile inside the sample at the focus of the objective generated by a sim-
ple step grating phase at very low power captured by direct imaging on a CCD
camera. The blue arrow shows the direction of motion of the sample for longitu-
dinal photoinscription. II) (a) Schematic view of a bulk photowritten twisted X
coupler achieved through dynamic multispot operation in a single scan. (b) Optical
transmission microscopy pictures of the central region, showing 90◦ rotation. (c)
Nearfield profile at the output of the top arm under 633nm. III) Schematic view
of a bulk photowritten 3D hexagonal light divider based on the coupling length l0.
Insert: Nearfield profile under 633 nm injection in the central waveguide.

applications fields only with a drastic increase of the processing speed and the ratio source
power/cost. As mentioned above, nowadays high repetition rate sources coupled with high
speed scanning devices bring a relatively straightforward3 answer to these needs. However,
spatial beam shaping can also significantly contribute to this effort, especially with wavefront
modulation, i.e accompanied with very low energy losses. More precisely, wavefront shaping
can duplicate the laser focal spots in several identical spots in the focal plane. Each of these spots
can be seen as an added processing spot. The array of spots enables parallel processing of the
bulk or surface. Using this technique, we could perform pioneering work on parallel waveguide
writing in fused silica [Mauclair et al., 2009a]. In this work, summarized on Fig.5.2, a binary
phase mask (BPM) was applied to an SLM in order to generate 2 focal spots in the bulk of
fused slica glass as shown on Fig.5.2 I). Upon translation of the sample synchronized with the
reconfigurable phase mask, 3D photonic structures were produced such as light couplers (see
Fig.5.2 II)), demultiplexers and dividers (see Fig.5.2 III)). The devices are based on evanescent
coupling of light between adjacent waveguides in the weakly guiding mode. Interestingly, these
results were highlighted especially regarding the reduction of the processing time :
"Cyril Mauclair and co-workers from France and Germany have now demonstrated that the problem

of speed can be solved by parallel photoinscription that uses multiple laser spots with reconfigurable

patterns."4

We have naturally followed this work by increasing the number of processing spots as well as
there control, especially for surface structuring and sample cutting as shown in Fig.5.3 and
Fig.5.4. More precisely, we reported on an optimization of a line of laser spots to machine a
network of micro-dimples with a high uniformity (<7% variations in diameter and depth)
achieved on stainless steel (316l) and DLC (diamond like carbon) samples using a wavefront

3Even though the laser/scanner synchronization and beam positioning control needs fine technical tuning
4Nature Photonics | VOL 3 - MAY 2009 p260
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Figure 5.3 – a) Experimental set-up for sample irradiation and analysis of the beam shaping.
DVL: Diverging Lens, CVL: Converging Lens, SLM: Spatial Light Modulator, M:
Mirror, SH: Scanning Head, MO: Microscope Objective, DF: Optical Density Filter.
b) Experimental intensity distribution observed with the CCD sensor in the case
of 5, 7 and 11 parallel laser spots beam shaping. c) Surface topology of the DLC
sample after micro-structuration using the 5 spot array translated at an angle of 60◦.
The eight scale is in micrometers

shaping with an SLM [Saint-Pierre et al., 2016] (see Fig.5.3 a)) 5. This network is a typical
surface micro-structuring aiming at the reduction of friction coefficient in lubricated contacts
[Mourier et al., 2008]. To achieve the surface network of ablated dimples in a parallelized
process, the laser wavefront has been modulated in order to form arrays of 5-11 spots with
an uniformity better than 5% (see Fig.5.3 b)). It is however possible to distinguish a slighter
drop of uniformity in the cases of the 7 and 11 spots array, especially looking at the shape
of the spots which is less circular than in the 5 spot case. In practice, these irregularities
are transferred during the machining on the surface. Generally, this is not a problem for
surface marking. However for the generation of a regular network of micro-dimples, this
implies a lower control of the micro-dimple symmetry and this has to be avoided especially for
applications where the laser-treated surface will undergo contacts and frictions. Concerning
the phase mask calculation, a proper use of the IFTA algorithm is required. As a recall, the
IFTA starts with a phase modulation in the SLM plane (or object plane) that can be chosen.
We have experimentally found that a random phase mask at the start yields better results for
an homogeneous spot array, even though a few ’tries’ (up to 3-4) on the optimization loop
(each one lasting a few seconds) may be necessary, especially for a higher number of desired
spots. We also have implemented a slight amelioration of the IFTA, namely the weighted IFTA
(wIFTA) [Leonardo, Ianni, and Ruocco, 2007]. From the experimental beam profile file, the
IFTA target was adjusted to compensate for non uniformities among the laser spots. These
adjustments can be automatized with a feedback loop on the intensity distribution or on the
wavefront aberration [Hahn et al., 2006; Silvennoinen et al., 2014]. We have observed a high
repeatability of the performance of the phase masks found by the IFTA throughout several
weeks. The dimple network has been achieved by translating the five spot array with an angle
of 60◦, 10 pulses per dimple and a pulse energy of 28µJ, at 167 kHz. A study of the dimple
depths and diameters has been conducted to evaluate the homogeneity of the surface after
laser processing. An example of the dimples depth and diameter measurements is shown in
Fig.5.3 c). The mean dimple diameter is 30µm and the mean depth is 0.51µm. It has been

5This work has been done in within the ANR EQUIPEX program Manutech-USD, during the building of the
ultrafast texturing machines (2016)
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Figure 5.4 – a) Experimental setup M: mirror, T: telescope, L: lens, FL: focusing objective lens.
The inset shows the sample translation direction with respect to the line of laser
spots. b) Experimental beam profiles using a 25mm converging lens with phase
modulation. c) SEM micrographs of the PZT wafer cut walls with a zoom revealing
LIPSS, usually witnessing a low onset of thermal effects. d) Example of gradient
line-array of spots with controlled peak intensities.

observed a very good uniformity of the micro-dimples network with variations of depth and
diameter below 7% across the sample surface. The capacity of wavefront shaping to achieve
efficient parallel processing (here 5 times faster 6) while maintaining a high level of energy
control is key for the development of ultrafast laser applications. Moreover, wavefront shaping
to obtain a line of spots is particularly adapted to increasing repetition rate and scanning speeds.
As an illustration, this permits to lower the processing time of a roller tapet (5 cm diameter)
to 4 seconds, generating this exact dimple network. this corresponds to a surfacing speed of
v =5 cm2/s. Within the IMOTEP project, the processing time will be reduced well below one
second using higher repetition rate (1MHz), higher pulse energy (300µJ) permitting to use at
least 10 parallel spots and higher scanning speed (100m/s). This should permit to gain a 50×
factor on the surfacing speed, i.e v ≈250 cm2/s, that is 1.5m2/min. This has to be compared
to our first results at the beginning of the the ANR Equipex Manutech project without beam
shaping and at lower repetition rates. At that time, a single roller tapet surfacing would last 3
minutes. We have adapted this technique with a similar experimental set up (see Fig.5.4 a) for
fast cutting of 180µm thick PZT wafers [Mauclair et al., 2015c]. Line-arrays of N =3 and 7
spots (Fig.5.4 b)) have been generated with good uniformity (better than 10%) and for two
kinds of focusing lenses, 25mm and 50mm (not shown). For this application, the line-array
has been translated parallel to its own direction, to perform N passes in one scan of the shaped
beam. Wafer cutting could be achieved N times faster than with single spot cutting. Some

6Indeed, the processing time is a bit more reduced because of the reduction of the scanning path and also a
lower number of time-consuming half-turns.
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wafer cut walls are illustrated on Fig.5.4 c). Using the same wIFTA routine, modulated line
arrays were generated (see Fig.5.4 d)) i.e with an intensity gradient between the peaks in
order to identify optimal conditions for possibly faster cutting rates. These investigations were
carried out during the PhD of Y. Di Maio (2012-2015). As mentioned above, a widespread
application where ultrashort pulses have a undisputable advantage over longer laser pulses is
the LASIK and femtocat eye surgery [Juhasz et al., 1999]. There also, wavefront shaping for
parallel tissue ablation offers a key advantage in terms of speed, precision, safety and patient
comfort. The treatment of eye myopia, hyperopia, and astigmatism by LASIK necessitates the
creation of a corneal flap that can be achieved using a mechanical blade (microkeratome) or
the ultrashort laser pulses as illustrated on Fig.5.5 I)A and B. After the corneal cut, the surgeon
opens the flap (Fig.5.5 I) B). An UV laser (usually an excimer) is then directed on the corneal
tissues to ablate following a topographical scheme that compensates for the eye’s aberration
(Fig.5.5 I)C). Central ablation zones correct for myopia and peripheral zones for hyperopia.
The UV radiation (below 200 nm) is absorbed in the extreme surface of the tissues, allowing for
a precise adjustment of the ablation depth i.e the final corneal thickness. Finally, the surgeon
puts the corneal flap back in place (Fig.5.5 I)D). A key element of any surgery is the duration.
In the case of the flap creation, it must be clear that the eye is firmly maintained (’docked’)
by a suction ring that augments the internal eye pressure and is very uncomfortable. Without
entering in to the detail of the various docking technologies, the main idea is that the docking
time must be as short as possible for comfort and also for safety issues since the procedure
is quite evidently not physiological (eye pressure augmentation may also imply secondary
effects). The docking is not necessary for the UV laser step, using an eye-tracker system that
launches the UV pulses at the right moment and position. The interest of a phase modulation
for the flap generation is clarified by Fig.5.5 II and III. With the phase mask positioned on the
laser path before reaching the photodisruption plan, the ultrafast laser beam is modulated
in order to form an array of N laser spots for disruption of eye tissues - the so-called Matrix
technology from Keranova 7. The laser cutting time is then reduced by a factor even superior to
N , because of the scanning path is also reduced (less turning points that also saves a significant
amount of time). Thus, a flap can now be achieved well below the second (v <1 cm2/s (Fig.5.5
IV), compared to the 6-10 s offered by the current systems. The preliminary results were
first demonstrated during the PhD of A. Bernard (2010-2013) in collaboration with the BIIGC
laboratory. It is now pursued within the start-up Keranova especially on the cristalline lens
as explained below. The interest of parallelized disruption becomes even more evident when
thinking about the cataract surgery. Upon aging (most of the time), the human cristalline lens
gradually looses transparency and eventually becomes opaque (see Fig.5.6 a)), with an ultimate
blinding effect for the patient that is the cataract (from the Latin cataracta i.e "water fall").
There are several grades of cataract before the lens becomes opaque which are characterized
by faded colors, blurry vision and difficult seeing at night. The World Health Organization
has estimated in 2015 that 51% of world blindness is due to cataract i.e 20 millions people.
Surgery of the cataract is the most widespread surgery in the world, and has been recorded as
early as 500 BCE in the manuscript of ancient India Sushruta Samhita. Accounts in Greece
from Galen of Pergamon (ca. 2nd century CE) are also famous. The main idea of the surgery
is to remove the opaque lens to recover eyesight. Intraocular implants (IOL), in the form of
folded polymer lenses, are deposited after the lens removal to restitute the focusing power of

7See patents :

• WO-2016055539-A1, A. Bernard, P. Gain, C. Mauclair, G. Thuret (2016)
• FR-3049853-A1 and FR-3049847-A1, F. Romano, A. Bernard, C. Mauclair (2017)
• EP-3439593-A1, F. Romano, A. Bernard, C. Mauclair, E. Baubeau (2019)
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Figure 5.5 – I) LASIK steps detailed in the text (from
http://eyesurgerysingapore.blogspot.com/2012/02/). II) Keranova’s Matrix
laser head involving phase modulation permitting to duplicate the number of laser
spots. III) Illustration of parallel photodisruption with 6 spots, drastically reducing
the surgery duration. IV) Example of less-than-a-second complete flap generation in
human cornea.

the removed lens. In order to remove the lens, many techniques were developped. Today, the
use of a phacoemulsifer is common. This handpiece allows for emulsification of the lens thanks
to ultrasonic vibration of its metallic needle and aspiration of the debris through its tip. If the
surgery is well-known, there is risk using the handheld phacoemulsifier that can perforate the
posterior lens capsular bag during the surgery. Nowadays, femtosecond pulses are used to
perform a pre-cut pattern on the crystalline lens to ease the phacoemulsifier step as shown on
Fig.5.6 b). In order to achieve this pattern, the laser beam is scanned in the 3 dimensions to
achieve the desired pattern. During this step that can be relatively long, the patient’s eye is
docked. Here, it can be argued that the benefit brought the femtosecond pulses is relatively
low compared to the eye-docking necessity, especially having in mind that the phacoemulsifier
is still necessary.
The use of several laser spots in parallel permits to perform an entire emulsification of the lens
in a reduced time. Three dimensional spots arrays (not shown) are achieved using wavefront
modulation as explained earlier in order to fill as fast as possible the ablated volume. The
density of irradiated planes is such that the debris are small enough (≈ 100µm) to be directly
removed with a regular irrigation-aspiration system. There, no phacoemulsifier is required.
The start-up Keranova, with which I have the great pleasure to work, has recently successfully
performed the first in human clinical complete photoemulsification of a crystalline lens with no
need of phacoemulsifier (see Fig.5.6c) and d)). The procedure lasts below 40 seconds during
which more than 3 ×106 impacts are achieved in the volume of the cristalline lens for full photo
emulsification. Related to corneal research, we have also studied the femtosecond laser assisted
transfection of corneal cells. Without entering into details, the endothelial cells of the corneal
do not naturally renew. Since their main function is to preserve to corneal transparency, there
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Figure 5.6 – a) Illustration of cataract, opaque cristalline lens that needs reimplacement by
an intra ocular lens (IOL) from http://www.smartvisionclinic.com. b) Typical
femtosecond-assisted cataract surgery where laser pulses generate a few pre-cut
planes to ease the further step of ultrasound assisted emulsification before suction.
c) First in human clinical achievement of Matrix complete laser emulsification in
january 2019 http://www.keranova.fr. d) Detail of the entirely emulsified crys-
talline lens, ready for suction that did not require the hand-held ultrasound emulsi-
fication.

number is of outmost importance for successful corneal graft. The cell membrane poration
permits the introduction of plasmides that can reprogram the cell in order to augment their
number. We have successfully used the nano-particle assisted method (Carbon NP) for plasmide
transfection on cellular layers with a carefully tuned femtosecond irradiation [Jumelle et al.,

2015c]. The process involves the generation of an acoustic wave that briefly permeabilizes
the cell membrane as illustrated in Fig.5.7 I). In an effort to avoid the use of NP, we have
employed spatial beam shaping to obtain a large number of parallel foci along with a strong
focalisation using a microscope objective. There, the poration process is a direct consequence
of the laser focused intensity as depicted in Fig.5.7 II). A matrix of 225 parallel laser spots
was achieved as shown on Fig.5.7 III) (beam in situ analysis) and IV) (Si wafer irradition for
verification). After thorough investigations, a process window has been found where calcein
molecules could be successfully transfered into a human corneal cell layer (green region of
Fig.5.7 V)) with low cell mortality (red region of Fig.5.7 V)) and without the need of NP. This
study has been conducted during the PhD work of C. Jumelle (2012-2015) in collaboration
with the BIIGC. Increasing the number of parallel laser spots increases the complexity of the
phase mask, because of the highest spatial frequencies involved. In these cases, the limitations
inherent to the SLM (phase stroke, fill factor and resolution) does not permit to physically
reproduce the desired phase modulation [Hasegawa et al., 2016]. In that case, all the light that
is not diffracted following the desired phase modulation reaches the optical axis, constituting
the zeroth order. This is accompanied by a reduction of the uniformity among the spots. It can
be compensated by automated feedback and adjustment of the IFTA target [Hasegawa et al.,
2016] and the zeroth order can be hidden with an amplitude mask in a conjugated plane.
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Figure 5.7 – I) Illustration NP assisted transfection where the fs laser pulses interaction with
the NP induces an acoustic wave that permeabilizes the cell membranes allowing
for the introduction of molecules in the cell cytoplasm. II) Scheme of NP-free trans-
fection thanks to strong focusing of massive parallel laser spots, where each spot
directly induces a transient poration. III) In situ beam analysis of the 225 spots ar-
ray on the membrane layer. The matrix width is 165µm. IV) Si-wafer irradiation
for spot separation verification. V) Successful NP-free parallel transfection (large
green region on the right corresponding to cells transfected with calcein) with low
mortality (red coloration regions).
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Figure 5.8 – Examples of beam shaping of continuous shapes. a)-c) Experimental shapes ob-
tained from improved IFTA algorithm (MRAF see text) from [Bijnen, 2013]. The
Speckle pattern is well observable on the non-optimized (’dumb’) region on a), it
is hidden on b) and c). The very intense 0th order is pointed out by the red circle.
b) Atomtronic OR-gate, c): Portrait of Johannes Rydberg Swedish physicist. d) Ex-
perimental intensity profiles of datamatrix of ≈ 400µm width, the reduction of
speckle is achieved using averaging of 16 images with phase-shifted phase masks
from [Parry et al., 2011]

5.3 Shaping of the laser spot itself, or ’continuous’ beam

shaping

Wavefront-based spatial beam shaping also enables to directly shape the laser spot, i.e its
intensity distribution, using programmable SLM [Sanner et al., 2005]. The interest is to adapt
the laser beam distribution to the desired application. The shaping of the intensity distribution
is usually designed in a x − y plane perpendicular to the z propagation axis, but it can be
of interest to also control the beam distribution along the z axis as explained hereafter. The
progress in terms of spatial beam shaping of continuous distribution is quite remarkable. The
field of atoms cooling has fueled the discipline, requiring complex beam shapes serving as traps
with high uniformity requirements as shown on Fig.5.8 a)-c). Noteworthy, the spectacular
beam shaping quality is based on a big compromise on the energy efficiency. In fact, a large
amount of the energy is directed in the 0th order as indicated in the red circles on Fig.5.8
a)-c). The energetic waste is so strong that the CCD sensor is saturated. Moreover, these
beam shaping techniques are usually based on a modified IFTA algorithm that allows some
’dumb regions’ where the constraints on the intensity distribution are released. In other words,
the outer region of the target distribution can be as chaotic as needed to optimize the target
region. This is clearly observable on Fig.5.8 a) where Speckle patterns surround the ’CQT’
beam shape. This technique is refered to as the Mixed-Region-Amplitude-Freedom (MRAF)
algorithm [Gaunt and Hadzibabic, 2012; Bijnen, 2013]. This dumb region also contributes to
the energetic waste, insomuch as it is difficult to have the information in the publications. It is
possible however from Fig.5.8 a) to estimate that more than half of the total energy is wasted
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Figure 5.9 – I) Experimental intensity distributions of continuous spatial beam shaping in the
processing focal plane. Examples for triangular (a and b) and rectangular (c) pro-
files. The white arrow shows the sample translation axis. Comparison of micro-
scopic images of micro grooves on stainless steel (side view) with calculation of
their cross sectional profile (red line) from the experimental fluence distribution. a),
b) and c) correspond to the experimental continuous fluence distributions shown I)
a), b) and c) respectively, see [Mauclair et al., 2013a]

in 0th order and in the dumb region. In this situation, the benefit of wavefront modulation in
terms of energetic preservation compared to amplitude modulation clearly becomes disputable.
Thus, the above-mentioned research efforts concerning amplitude modulation are justified
(see Sec.4). Fig.5.8 d) shows another example of beam shaping from [Parry et al., 2011].
Detrimental Speckle effects yielding strong non-uniformities are clearly visible on the beam
shape. When compared to Fig.5.8 a)-c), one can wonder why such a non uniform shaping is
still worth publication. The answer is simply because of the energy efficiency and application of
this beam shape. Indeed, Fig.5.8 d) refers to a surface machining application. It is obvious that
in that case, it is not possible to allow a ’dumb’ region, neither a strong 0th order to interact
with the machined surface, even if these solutions can correct for the spot non-uniformities.
Thus, the beam shapes keep these problematic non-uniformities. The originality of the work is
the demonstration of the possibility to average the Speckle effect upon multiple irradiations.
More precisely, the phase mask undergoes a slight modification (phase-shifting) between the
laser pulses that changes the Speckle pattern. That way, an averaging effect permits to obtain
a smoother deposited energy distribution (see Fig.5.8 d) right)). We have shown that the
averaging effect can also be obtained by scanning the laser spot to generate micro-grooves
of controlled profile Mauclair et al., 2013a]. Fig.5.9 I) presents some arbitrary intensity
distributions that can generate such controlled micro-grooves upon scanning (vertically on
Fig.5.9 I)). The corresponding micro-groove sections were imaged using optical microscopy
(after cutting) and a good correspondence with the expected profile (estimated from the
experimental ablation rate) could be observed (see Fig.5.9 II)). This work has been conducted
within the OSEO project ARTEMIS during the postdoctoral stay of D. Pietroy (2012).
In the quest to adapt the beam shape to the desired surface structuring, generating a line-shaped
beam enables to reach the highest surfacing speed as we have shown in [Mauclair, Desrus,

and Saint-Pierre, 2017]. The desired line shape was obtained from the IFTA algorithm, with a
cylindrical lens as a starting condition. The length of the line shape is determined by the fluence
required to generate LIPSS and the available laser power. Performing a scan perpendicular to
the line permits to reach the maximum surface structuring speed at the maximum available
repetition rate. The limitation of the speed is then due to either the maximum scanning speed
or the maximum repetition rate (for a given pulse overlap). Fig.5.10 a) b) and c) present
the experimental intensity distribution, static irradiation of stainless steel and a surface after
treatment showing LIPSS, respectively. The surfacing speed was v =10 cm2/s using the full
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Figure 5.10 – a)-e) From [Mauclair, Desrus, and Saint-Pierre, 2017]. a) Line-shaped intensity
distribution using IFTA algorithm starting with a cylindrical. b) microscopy picture
of an impact on stainless steel showing the generation of LIPSS (Peak fluence is
0.7 J/cm2 , 5 pulses at 250 kHz). c) Full surface LIPSS structuring at 250 kHz us-
ing the intensity distribution of a) with a lateral spacing of 21µm. The scanning
is perpendicular to the line, the generation of LIPSS is observable on the micro-
scopic picture. The method permits to use the full power of the laser source and
thus to reach its maximum processing speed d) Annular shaped beam of 50µm
diameter obtained with a vortex-type phase mask (see text) and corresponding
surface ablation site on steel e). f) Squared top-hat intensity distribution using
wIFTA with low 0th order (less than 5% of the total energy - red circle) and good
homogeneity.

available power of 10W at a repetition rate of 167 kHz. Within the IMOTEP project, the same
surfacing will be obtained at a pace of v =1500 cm2/s, i.e v =9m2/min.
Annular beams can also be of interest depending on the application. Those beams can be
generated using spiral phase mask [Yao and Padgett, 2011]. Surface machining using this kind
of beams is illustrated by Fig.5.10 d) and e) showing an annular beam distribution and the
corresponding surface structuring. 8 Fig.5.10 f) presents our last effort in terms of continuous
beam shaping without any averaging. A compromise must be found to reach a sufficient beam
homogeneity without to much energy loss as underlined by the relatively low 0th order. We
obtained this beam shape with wIFTA based on the experimental intensity distribution. It
is interesting to push the beam shaping technique towards user-defined machining results.
By using the experimental ablation rate, it is possible to deduce a desired laser intensity
distribution from a desired ablation profile, in a first approximation. However, as seen before
the non perfect SLM’s optical response may significantly alter the experimental laser distribution.
We have proposed an alternative phase mask calculation method that can be adapted to the
phase modulator optical performance [Houzet et al., 2016]. It is possible to characterize any
wavefront modulator thanks to the orthogonal basis of Zernike aberration polynomials [Jewel,
Akondi, and Vohnsen, 2013]. Using the adapted number of Zernike polynomials according

8This work has been done in within the ANR EQUIPEX program Manutech-USD, during the building of the
ultrafast texturing machines (2017)
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to this performance, an optimization algorithm numerically determines their coefficients to
obtain the desired wavefront modulation. Fig.5.11 A) presents the phase mask calculation
strategy. From the groove ablation target, the desired intensity distribution is calculated. Then,
the Zernike coefficients are optimized using simulated annealing in order to find a phase
modulation that can produce the desired beam shape. The approach is numerically verified in
Fig.5.11 B) on a top-hat and a three-step intensity profile. Naturally, a higher number of Zernike
coefficient permits to better follow the target shape, i.e lower RMS error compared to the target,
thus more efficient beam shaping, (see Fig.5.11 B) c)). When applied experimentally to the
SLM, the phase mask permits to obtain intensity distribution as shown on the inset of Fig.5.12
a). Upon beam scanning, the desired three-step ablation profile is obtained as shown in Fig.5.12
a) and c). Surprisingly enough, the trefoil aberration is the major contribution to correctly
shape the beam (see the polynomials coefficients in Fig.5.11 A) III)). This demonstrates that
the simulated annealing optimization has found a solution that could not be easily anticipated,
and that could fit with the relatively low quality of the SLM’s optical response. This advances
were obtained during the postdoctoral stay of J. Houzet (2014-2015) within the ANR project
’Topoinjection’ in collaboration with the LTDS.

5.4 Shaping along the optical axis, the case of non-diffractive

beams.

A remarkable type of solution to the propagation equation is the non-diffractive beam that is
usually refereed to as the Bessel beam [Courvoisier et al., 2009]. Experimentally, this beam can
be obtained using an axiconic phase modulation as depicted by Fig.5.13 a)-c). The intensity
distribution follows a Bessel distribution resembling a concentric interference pattern with
a more intense central lobe and regularly spaced annulus (for the zeroth order Bessel beam,
higher orders presenting a dark core are also achievable). The non-diffracting properties are
experimentally translated into very long axial region where the beam size and intensity remain
constant, thus easing the task of surface positioning [Courvoisier et al., 2009]. However, the
annulus can also interact with the surface yielding uncontrolled ablation or marking, a precise
control of the laser intensity is thus mandatory. A strong advantage of this beam relates to
processing of very high aspect ratio channels in the bulk of transparent a materials [Bhuyan et
al., 2010] with evident applications in high precision glass cutting. In the case of an interaction
in the bulk of glass, we have shown that the Bessel beams present a strong interest for an
efficient energy deposition on the the optical axis, particularly for picosecond pulse duration
Velpula et al., 2014c]9. This longer pulse duration permits to reduce nonlinear propagation
effect before reaching the optical axis, thus enhancing the localization of the energy deposition.
This is illustrated in Fig.5.13 d) where the non linear Schroedinger equation has been used
to calculated the deposited fluence for 60 fs and 1.8 ps pulse. The picosecond case enables to
better concentrate the energy. This is also observable from the much stronger experimental
plasma luminescence in the case of the picosecond irradiation as shown in Fig.5.13 d).

5.5 Conclusion

We have seen that spatial control of ultrafast beams can be done by deflection, beam truncation,
amplitude and wavefront modulation. We have brought to the state of the art to each of these

9Work during the ANR project Smart-Lasir (2011-2014)
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Figure 5.11 – From [Houzet et al., 2016]. A) Calculation strategy for the modulation phase
mask I) desired groove profile II) numerical calculation of corresponding fluence
distribution based on the empirical ablation rate [11] III) Zernike polynomials
coefficients obtained by optimization from II) IV) corresponding phase mask ob-
tained numerically that can be applied to the phase modulator. The number of
optimized Zernike polynomials can be adjusted according to the performances
of the phase modulator. B) Numerical results of phase mask calculation through
optimization of the Zernike coefficients. Comparison of the calculated intensity
cross section (red squares) and the target (black disks) for a top-hat distribution a)
and ’three steps’ intensity distribution b) at the focal plane of a lens. c) Evaluation
of the best attainable RMS error with the number of coefficients involved in the
optimization for the top-hat (red squares) and three-steps (black disks) target
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Figure 5.12 – From [Houzet et al., 2016]. a): ”three-steps” shape micro-groove (optical mi-
croscopy) processed by translating the spatially shaped beam illustrated in the
insert corresponding to the experimental beam in Fig. 5 (b), b): micro-dimples
achieved with the same beam (zoom in the insert). c) horizontal profile of the
micro-groove (black line) a) compared to the targeted ablation profile (red tri-
angles) d) corresponding injected polycarbonate topology (interferometric mi-
croscopy).

Figure 5.13 – a)-c) Numerical calculation of Bessel beam propagation generated from an axi-
conic phase a). Intensity distribution in a transverse plane b) and along the optical
axis c). d) NLSE calculation of the deposited fluence (J/cm3) for a 60 fs (top) and
a 1.8 ps (bottom) pulse in the case of a Bessel beam. e) corresponding plasma
luminescence showing a more efficient energy deposition in the case of the longer
pulse duration, due to a lower onset of nonlinear propagation effects, see [Velpula

et al., 2014c].
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techniques, with pioneering work on the subject of laser spot duplication through wavefront
modulation, enabling parallelized processing. Noteworthy, all of these techniques are accompa-
nied with trade offs regarding energy efficiency and beam shaping quality. The possibility to find
a good compromise has been shown by taking into account the beam modulator performance
in the calculation of the modulation mask. There, the help of a self learning algorithm (here
simulated annealing) has permitted to determine adapted coefficients of Zernike polynomials.
These coefficients has enabled to experimentally obtain the desired ablation profile because the
optimization was performed on the polynomials that the SLM was able to correctly reproduce.
Control of the beam in three dimensions has also been discussed, for parallel processing and
in the case of non diffractive beams, underlining the possibility to strongly confine the laser
energy on the optical axis with reduced non linear propagation effects.
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Chapter 6

In-situ characterization of ultrashort

laser irradiations

6.1 Motivation

For optimal control of the process, the result of the ultrafast laser irradiation usually requires
extended analysis and characterizations. For this discussion, an exhaustive list of all the char-
acterization means is not necessary. However, it can be noted that imaging at sub micrometric
scales is the common way of doing, usually using SEM, AFM or interferometric probes [Schade
et al., 2010]. Usually these measurements are conducted with systems that enable high res-
olution imaging below the usual diffraction limit of visible light. A particularly illustrative
example is the generation of LIPSS whose characteristic sizes are relatively close to the laser
wavelength, depending on the types of LIPSS. Similar self-organized nano-gratings can also be
formed in the bulk of glasses, with birefringent properties. More generally, any laser-induced
roughness, inhomogeneities or material redeposition can range between a few nanometers to
a few micrometers. Thus, characterization of these structures can sometimes be conducted by
optical means when the resolution is sufficient, however it is most of the time more interesting
to observe the irradiated zone with thinner resolution for a better understanding and opti-
mization of the interaction. In that case, the irradiated sample must be taken to a dedicated
equipment such as the AFM or the SEM, ex-situ. This additional step is time-consuming and, as
we will see below, may complicate the understanding of the laser-matter interaction. If optical
characterization means are particularly handy because the probing light can easily share the
same optical path as the structuring beam, there is a need for a sufficient resolution in order
to elucidate the formation of micro and nanostructures upon ultrafast laser irradiation. To
achieve this, the light diffraction barrier must be overcome using super resolution techniques,
or indirect probing such as diffraction of a coherent beam. In the following, we underline two
situations where in situ probing has been determinant to better understand and control the
laser matter interaction for bulk and surface nano structuring.

6.2 In situ probing of bulk nanostructuring in fused silica

6.2.1 Ultrafast laser generation of bulk nanostructures

Ultrafast laser generation of bulk nanostructures [Taylor, Hnatovsky, and Simova, 2008] is a
intriguing phenomenon, appearing as a succession of variable density planes in bulk glassy
materials. These planes are typically spaced by λ/2n, n being the refractive index and λ the

57



Ultrafast Laser Processing using Optimized Spatial Beam Control

Figure 6.1 – From [Mauclair et al., 2012a]: Typical manifestation of type II traces in fused
silica with the associated nanogratings. (a) PCM trace of type II modifications.
(b) Cross-section of the traces showing the nanoscale arrangement (electron mi-
croscopy). (c) Schematic design of the experimental setup with the IR irradiation
and the UV diffraction probing parts. α is the angle of incidence on the gratings
with respect to the IR axis, β the diffraction angle (in the material). (d) UV diffrac-
tion patterns originating from scanned (5 µm/s) traces for negative (top) and pos-
itive (bottom) third order dispersed pulses, with the corresponding periodicity
scaling.
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irradiating laser wavelength. In fused silica (a-SiO2), the transformation is known as type
II and requires more energetic irradiation conditions than usually for obtaining smooth and
isotropic refractive index changes. The ability to generate periodic nanoscale organization in
the bulk has led to the development of a new optical functionalities such as light polarization-
dependent guiding, controlled phase retardation, or 5D information storage [Mishchik et al.,

2010a,Shimotsuma et al., 2010; Zhang et al., 2013]. These remarkable functions are related
specifically to the characteristics of these embedded nanoscale patterns. These structures can
present a large range of periodicities (Λ=150-500nm) with an alignment perpendicular to
the laser polarization, and a negative index variation with birefringence. A typical example
of nanostructured volume traces is given in Fig.6.1 a)-b), which depicts low index type II
structures [Cheng et al., 2009]. A phase constrast microscopy (PCM) picture is shown in Fig.6.1
a) along with a cross-section under SEM (Fig.6.1 b)) revealing the change of optical properties
and the periodic arrangement at the nanoscale, respectively. It is quite evident that, if the SEM
pictures provide the most information on the irradiation outcome, this post mortem analysis is
very much time-consuming. Thus an optimization of the laser parameters using this analysis
cannot be exhaustive in a reasonable time. We have therefore proposed a method of in-situ
real-time observation and control of the volume nanogratings induced by ultrashort pulses in
a-SiO2 [Mauclair et al., 2012a].

6.2.2 In-situ UV diffraction probing of the bulk nanostructures

The photoinscription scheme is based on infrared ultrashort laser pulses with variable temporal
envelopes via programmable design. The probing approach relies on the diffraction properties
of the subwavelength pattern in UV (355nm) accessing directly their periodicity (see Fig.6.1
c)), with the functional parameter being the writing pulse temporal envelope tailored on a
picosecond scale. The optical diffraction method does not provide a direct imaging of the
nanoscale structure, due to evident resolution limitation. On the other hand, the diffraction
signal on the periodic structuring is naturally strongly affected by the grating periodicity and
optical retardation contrast that alter the diffraction angle and intensity, respectively; just like
a phase grating. This method is a sensitive and rapid for evaluating periodic patterns [Young
et al., 1983], with the possibility to follow time-resolved evolution with pump-probe apparatus
(not shown here).

6.2.3 Tuning the ultrafast irradiation from the in-situ UV probe

In short, we have tested asymmetric temporal pulse shapes containing fast series of pulses with
monotonously varying intensities based on third order dispersion (TOD) as they were shown
to possibly better localize electronic densities on surfaces [Englert et al., 2007]. Positive and
negative TOD pulses with a statistical duration of approximately 1300 fs generate the photoin-
scription inside the fused silica sample. The UV probing beam is directed onto the modified
region and the diffracted beam is collected on a CCD sensor, allowing for the evaluation of
the diffraction angle and intensity. The shorter the nanostructure periodicity is, the larger the
diffraction angle is (see Fig.6.1 d)). The trace induced by positive TOD sequences leads shows
a stronger diffraction pattern and a slightly smaller period than the negative TOD counterpart,
as denoted in Fig.6.1 d) where the diffraction angle β is smaller for the negative TOD sequence.
It is expectable for positive TOD pulses that multiphotonic ionization acts efficiently since the
beginning of the ultrashort irradiation. Thus, collisional ionization is more efficient during the
main pulse and also during the subsequent lower intensity pulses of the positive TOD sequence.
The situation is more favorable for hot carrier generation than for negative TOD pulses where

Page 59 of 161



Ultrafast Laser Processing using Optimized Spatial Beam Control

low intensity pulses lead the series. There, multiphotonic ionization is not particularly active
before the end of the sequence. This is reflected in the size of the low index part in the static
trace (not shown). In addition, these behaviors were confirmed at various writing speeds (5
and 50µm/s) and input powers below or around the critical power for self-focusing (3MW).
These results clearly demonstrate the interest in-situ evaluation of the irradiated zone for the
optimization of the irradiation outcome. This study was conducted within the ANR project
DYLIPSS in collaboration with the NILPRP Bucarest (2012-2015). Not only the experimental
time can be significantly saved, but also a thinner understanding of the interaction is then at
reach. Also, if this study was conducted in open-loop, with systematic tests and analysis for
different temporal envelopes, a closed-loop optimization scheme naturally comes in mind. As
our group has often demonstrated, close-loop optimizations based on self-learning strategies
can tune the temporal and spatial aspect of the ultrafast excitation towards desired modifica-
tions. This strategies, based on evolutionary optimization scheme, have been employed for
experimental and numerical optimization of the laser-matter interaction. For example, this has
permitted to force the borosilicate glass (BK7) response to femtosecond pulses towards local
increase of the refractive index [Mermillod-Blondin et al., 2008a]. Also, the structuring zone in
the bulk of fused silica could be significantly localized [Mermillod-Blondin et al., 2008b] as
well as in deep photowriting of BK7 glass [Mauclair et al., 2008]. The question of closed-loop
optimizations based on self-learning algorithms will be discussed from a more general point of
view in the last chapter.

6.3 Structured Illumination Microscopy - SIM - for in-situ

imaging

6.3.1 Introduction

To overcome the diffraction limit in optical microscopy, a variety of optical techniques have been
developed to keep the advantages of non-contact and non-destructive characterization offered
by light [Tkaczyk, 2010]. For instance, Stimulated Emission Depletion (STED) microscopy is a
super resolution technique based on functional groups of molecules that show fluorescence;
it can achieve a lateral resolution of 20 nm [Hell and Wichmann, 1994]. Also, stochastic
super resolution techniques such as STORM and PALM can be used to overcome the optical
diffraction limit for fluorescent samples [Rust, Bates, and Zhuang, 2006; Betzig et al., 2006;
Hess, Girirajan, and Mason, 2006]. These optical super resolution techniques are particularly
suited for samples with fluorophores.
Structured illumination microscopy (SIM) is a full-field super resolution optical technique using
a sinusoidal amplitude modulation of the light projected on the sample. This type of microscopy
was first demonstrated on fluorescent polystyrene micro-spheres [Gustafsson, 2000] and is
used for analysis of biological samples [Sonnen et al., 2012; Kner et al., 2009] previously
stained by fluorophores [Gustafsson, 2005], reaching up to a lateral resolution of 50nm in
biological samples [Rego et al., 2012]. Modifications on SIM have been proposed e.g. using
adaptive optics [Débarre et al., 2008], Speckled illumination [Lim et al., 2011; Mudry et al.,
2012] or the nonlinear response of the fluorophores [Gustafsson, 2005], the latter permitting
to further improve the resolution. We have employed the SIM technique for in-situ investigation
of irradiated surfaces.
SIM is usually employed for samples previously stained with fluorophores [Gustafsson,

2000; Saxena, Eluru, and Gorthi, 2015; Rego and Shao, 2015; Montgomery and Leong-Hoi,
2015], especially on biologic samples [Hirano, Matsuda, and Hiraoka, 2015], but it can be
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Figure 6.2 – SIM adapted for in-situ monitoring of ultrafast laser irradiation (red arrow). a) An
incoherent beam (blue lines) images an amplitude grating (AG) over the sample (S)
by the 4f system (objective L1+lens L2) so that the sample is shined with a periodic
illumination, whose period is close to the objective’s diffraction limit (corresponding
to k0). The back reflected light is imaged on a CCD sensor through L1 and L3. b)
Scheme of the SIM principle. In the Fourier domain (FD) the standard microscope
OTF can be seen as a low pass filter (red circle) blocking the sample high frequen-
cies (HF) above k0. The sinusoidal illumination shifts the sample information in
the Fourier Domain by k0, thus enabling to reveal some of the HF information of
the sample. By successive rotations the AG, HF domains can be stitched together
to increase the imaged frequency space up to a radius of 2× k0 , thus doubling the
resolution (c).

employed without any fluorophores, like metallic nanoparticles [Wang, Lee, and Lee, 2009].
By projecting an amplitude grid (AG) over the sample using incoherent light as depicted in Fig.
6.2a), the standard resolution restriction of the microscope optical transfer function (OTF) can
be overcome as illustrated in Fig. 6.2 b) and c). The SIM microscopy relies on the fact that a
microscope optical transfer function (OTF) can be seen as a low pass filter for the observed
objects spatial frequencies. Shortly, the OTF frequency limit (cutoff frequency ko) in the Fourier
Domain (FD) is related to the diffraction limit of the microscope corresponding to its point
spread function (PSF). The sinusoidal illumination on the object turns to a frequency shift
corresponding to the sinusoidal modulation in the FD, thus revealing some high frequencies
within the microscope’s OTF. Once the high frequency lobe is isolated for a given direction,
the carrier caused by the fringes is removed using the Fourier method [Takeda, Ina, and
Kobayashi, 1982]. Combining the high frequency lobe of all the frequency domain directions,
allows us to build an extended version of the optical transfer function of the microscope. If
the sinusoidal modulation has a period close to diffraction limit, the shift in the FD permits
to unveil an extended OTF region whose cutoff frequency is twice the cutoff of the standard
optical microscope, achieving super resolution of twice as standard microscopy, see Fig 6.2 c).

6.3.2 Experimental set-up and performance of the SIM microscope

The experimental set-up to observe specular samples can be seen in Fig. 6.2. A LED source was
used for the setup with a central wavelength of λ = 405 nm and a bandwidth of 13 nm, the light
was filtered by a diffuser and collimated, achieving an uniform incoherent epi-illumination.
The objective NA is 0.9, yielding a Rayleigh criterion of cR = 275nm in bright-field mode.
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Figure 6.3 – Evaluation of the SIM microscope performance. Image of a ≈ 50nm surface artefact
on a Si wafer using conventional microscope a) and the SIM microscope b) with
cross sectionss in c) showing the resolution enhancement in the case of the SIM
microscope (resolution limit of ≈ 155nm). USAF refractive test grid imaged by the
standard microscope d) and by SIM microscope e) with a detail (f) of the indicated
region in d) (’2’ on the USAF target) with the corresponding cross section g). Again
the SIM apparatus clearly enables a sharper detection below the diffraction limit of
the standard brightfield microscope.

The analyzed samples were specular samples. The structured illumination light projection
was performed using an amplitude grating. The grating used in our experiment is a Ronchi
ruling with a period of 60 lines per mm. The grating is mounted over rotation and translation
stages, such as its position and rotation can be quickly and precisely adjusted for data gathering
for the spectral domain OTF extension process. The grating is placed in the focal plane of
lens L2 (f = 100mm), so it can be projected just in the back focal plane of the microscope
objective by means of a beam splitter. The grating magnification is given by the ratio of the
focal distance of the microscope objective L1 (f = 1.8 mm) and lens L2, thus the period of
the fringes on the samples is 300 nm, which is purposely very close to cR. The performance of
the microscope was analyzed to verify that super resolution is achieved through the algorithm
and the experimental setup. The PSF of the microscope provides a good idea concerning the
performance of the whole system in terms of resolution. For its measurement, a surface artifact
of ≈ 50nm on silicon wafer was imaged under normal and SIM microscopy as seen in Fig 6.3
a) and b), respectively. The comparison of the analyzed spot can be seen in Fig. 6.3a)-c). By
comparing the PSFs, it can be seen clearly a reduction of the main lobe, so the cut off frequency
of the microscope is higher with the super resolution technique. The radius at first zero of the
PSFs can be measured to make an objective comparison and analyze the minimum object that
can be analyzed with this constructed microscope. A reduction of 44% of the PSF radius is
achieved. Theoretically, the reduction should be 50%. Meaning that in optimal circumstances
the microscope should achieve double of resolution as a typical microscope. The 6% error is
due to the slight difference between cR and the period of the fringes on the sample as explained
above. Using this experimental apparatus, the microscope resolution is 155 nm. instead of the
140nm expected by theory. For analyzing the performance on specular surface and have a
better idea of the performance of the technique, a reflective USAF test was used to inspect the
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Figure 6.4 – In-situ imaging of LIPSS generated by the ultrafast laser irradiation over stainless
steel 316l. a) Impact imaged by standard brightfield microscope, the same region
imaged using SIM. c) cross section of the pictures, where it can be seen that the
SIM (solid line) permits to better distinguish ripples peaks.

resolution of the microscope. The sample is a metallic thin film deposited over glass, where
the edge of the film was analyzed on the microscope. Fig. 6.3d)-g) shows the comparison
of the obtained images. Fig. 6.3d) corresponds to the analyzed object without modifications
to a normal microscope; meanwhile Fig. 6.3 e) corresponds to the super resolution set-up.
A cross section of the pointed areas can be appreciated on Fig. 6.3f)-g), where the edge is
clearly sharper in the SIM super resolution image. Fig. 6.4 shows the nano-structures generated
by ultrashort infrared (800 nm) light pulses from an amplified Ti: sapphire ultrafast laser
system. It can be observed in Fig. 6.4 a) that some structures cannot be distinguished due the
diffraction limit. However using the super resolution SIM setup a super resolution image of the
nano-structures is obtained as it can be seen in Fig. 6.4b). As the resolution is enhanced by
a factor ≈2 compared to the regular brightfield microscope, the imaging of the edges of the
LIPSS is improved as well. A transversal cross section of the image is plotted in Fig. 6.4 c) with
again a sharper imaging of the LIPSS pattern in the case of the SIM. This is particularly visible
on the right side of the cross section. There, the SIM permits to distinguish 4 LIPSS peaks
where the standard brightfield microscopy reveals only 2 peaks. This work has been performed
during the PhD of Dr. A Aguilar (2012-2015) in collaboration with the CIO Leon, Mexico.

6.3.3 In-Situ LIPSS monitoring with SIM

The SIM microscopy technique was employed for in-situ monitoring of the pulse-to-pulse
formation of LIPSS under ultrafast laser irradiation. This characterization mean has permitted
to follow the gradual formation of the LSFL (Low Spatial Frequency Frequency) LIPSS from
virgin sample surface to the development and stabilization of the ripple pattern after a few
tens of pulses. The material choice was motivated the quality of ripples formation. The LIPSS
alignment, which suffers often from periodicity errors and bifurcations believed to originate
from self-organizational dynamics [Varlamov et al., 2009], shows a remarkable regularity
in laser irradiated metallic glasses [Zhang et al., 2014]. We have applied the structured
illumination microscopy (SIM) to observe and reconstruct the LIPSS pattern evolution behavior
during multipulse sequence. This allows to clearly define the topography role in establishing
and growing rippled patterns [Aguilar et al., 2017a]. The optical resolution allows for a
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Figure 6.5 – From [Aguilar et al., 2017a]. Imaging of LIPSS generated by ultrafast laser irradi-
ation over bulk metallic glass, BMG using a) regular brightfield microscopy, b) SIM
and c) SEM. The SIM reaches a sufficient resolution of a clear observation of the
LIPSS pattern in-situ.

very high quality in the optical imaging with resolving features not observable in standard
optical microscopy. The in-situ implementation of the technique permits to observe the gradual
development of regular structures from rough surfaces under multipulse exposure on the same
site. This allows to put forward the mechanisms occurring during the pulse to pulse irradiation
that relates to the spatial pattern. By analyzing the evolving relief on a single site, an accurate
analysis on the role of light coupling on complex topographies is conducted. We demonstrate
intrinsic phase-locking stabilizing patterns and periodicities during ripples growth that is related
to surface corrugation and light scattering. The technique allows equally to define a second
feedback that can phase-lock and stabilize the pattern from independent random sites. The
mechanism is intrinsically related to the self-interference between the driving and scattered
light.

High-resolution microscopy observation

A Zr41.2Ti13.8Cu12.5Ni10Be25.5 (atom%) metallic superalloy undercooled to a glassy structure
(bulk metallic glass, BMG) Schroers et al., 2007; Wang, Dong, and Shek, 2004 is used for
laser nanostructuring, in the conditions where its thermoplasticity above the glass transition
temperature can render high quality LIPSS Zhang et al., 2014; Li et al., 2016. Single-side
polished Zr-BMG samples (Ra<20 nm) with a diameter of 8mm and a thickness of 3mm were
used in the experiment. Polishing was done using diamond paste and alumina powder with grit
size down to 0.1µm. The sample, positioned on high precision XY Z stages, was then subject
to ultrafast laser irradiation derived from an amplified Ti:Sapphire laser system delivering
120 fs laser pulses at a nominal repetition rate of 1 kHz and 800nm incident wavelength.
Single pulse where selected using electro-optical and mechanical shutters and are impinging
on the surface along the normal direction. The irradiation geometry follows a common path
with the observation tool, with a rather tight focusing. For each pulse, the in-situ SIM-picture
acquisition was performed in order to follow the pulse-to pulse LIPSS growth. The results
of laser irradiation on the Zr-based metallic glass sample are depicted in Fig. 6.5(a–c) using
different microscopy techniques including standard optical reflection microscopy (Fig.6.5(a)),
SIM (Fig.6.5(b), and scanning electron microscopy (Fig.6.5(c), SEM). The figure shows clearly
the potential of structured illumination microscopy to resolve topography details with high
resolution. Even if the SIM resolution is evidently below the SEM, the SIM is well-adapted
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Figure 6.6 – From [Aguilar et al., 2017a]. Evolution on LSFL formation on Zr-BMG in the low
fluence regime (peak fluence of 0.09 J/cm2). (a Evolution of a section profile with
the number of pulses N (false colors). Sectional cuts made on LIPSS images are
concatenated together for each N . The LIPSS pattern is visible after a relatively
high number of pulses. Light colors represent zones of higher elevation. (b Samples
of the original SIM images. The direction of the electric field and the position of the
sectioning line are given on the figures.

to LSFL LIPSS related observations. Moreover, the SIM has been implemented in-situ, within
the irradiation set-up. Thus, the the SIM technique is applied for in-situ observation of ripple
development on specific sites with successive pulses incident on the same site. Various fluence
regimes are used, unveiling clearly remarkable phenomena accompanying LIPSS formation.

Fluence-dependent ripple evolution

We observe now the gradual development of ripples on a single irradiated site for different
incident laser fluences, starting from the threshold vicinity to ablative regimes. The results are
shown in Figs. 6.6 and 6.7. The irradiation sequence starts on the pristine polished surface
and stops at the full development of the ripples pattern. First a low fluence (peak fluence of
0.09 J/cm2) is used to generates LIPSS on the BMG surface with a period in the range of 700 nm,
slightly evolving with the number of incident pulses and fluence. The pattern begins to be
observable at a relatively high number of pulses (N > 10). This indicates that the modifications
after each pulse are minimal, the structures growth is slow, resembling an erosion phenomena,
and rely on incubation effects. The results of irradiation with increasing number of pulses (N)
on the same site are given in Fig. 6.6. The patterns are analyzed in the following way. For
successive number of pulses incident on the same site, full-field SIM images were taken and
processed. A section is then made across the impact zone and, for each image corresponding to
a given N , the resulting profiles (ripples relief) are concatenated and displayed in Fig. 6.6 a)
for the whole N sequence. Thus the evolution at a specific location can be reconstructed. These
profiles are horizontal cuts across a vertical arrangement of ripples and display the regular
modulation. This representation gives an indication of the topography development with N ,
where the lateral dimension corresponds to structure periodic topography and the vertical
dimension shows the irradiation development with the number of pulses (N). Fig. 6.6 b) shows
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Figure 6.7 – From [Aguilar et al., 2017a]. Evolution on LIPSS formation on Zr-BMG in a high
fluence regime (peak fluence of 0.31 J/cm2). (a Evolution of a section profile with
the number of pulses N (false colors). Sectional cuts made on LIPSS images are
concatenated together for each N . At this regime, the rippled pattern appears early
in the pulse sequence, and is then followed by the formation of an ablation crater.
Light colors represent zones of higher elevation. (b Samples of the original SIM
images. The direction of the electric field and the position of the sectioning line are
given on the figures.

examples of different N sequences at the same spot, from where the section was sampled
(the position of the sectioning line is given in the figure for the case N = 100). If topography
features appear after several pulses, the ripple pattern starts to be visible from N = 30. The
pattern acquires good visibility after N = 50 and shows a remarkable spatial stability with
well-defined topographical features preserving their positions for the present experimental
conditions. It is though expectable that the period will further decrease for a high number of
pulses, a situation not analyzed here. We underline here that this observation of this pattern
stability is greatly facilitated the in-situ SIM imaging. Indeed it would be experimentally very
difficult and time-consuming to move the sample from the irradiation set-up to an external
analysis apparatus after each pulse (AFM or SEM); not to mention the possible additional
surface scratches and/or slight modification under AFM or SEM. Re-positionning at the exact
same position would also be a challenge.
Another fluence regime is investigated, corresponding to a relatively high fluence (peak fluence
of 0.31 J/cm2) where the rippled pattern disappear in the central region after a certain number
of pulses with the apparition of an ablation crater at the center. The results are displayed
in Figs. 6.7 a), b). We see that the topography features appear already from the first pulse
and the structures are well defined for a low number of pulses. With the number of pulses,
hydrodynamic movement from the melt is observed culminating with large disordered melting
and ablation feature appearing in the crater.
In all cases, we observe a continuity of the pattern from pulse to pulse (also in a intermediate
fluence regime not shown here). The features of the profiles are spatially constant. This is a
remarkable outcome, observable only with an in-situ observation technique with a sufficiently
high resolution, such as the SIM microscopy employed here. The ripple pattern stays stable
during the ripples growth with the increasing number of pulses for all fluence ranges. The
surface relief stabilizes and becomes reinforced with each pulse, indicating that the topography
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Figure 6.8 – From [Aguilar et al., 2017a] a) Individual images (40) of LIPSS sites on various
different zones of the sample. b) The mean result of the images in a) showing a
visible periodic pattern in the sum of the various irradiated zones, suggesting a
quasi-stable pattern despite of different initial roughness conditions due to the
various irradiation position. A line section is also shown to underline the regular
spatial modulation. As the average of random corrugation patterns would give an
uniform gray level distribution, this result clearly indicates a common absolute
pattern of the LIPSS.

can lock the pattern distribution. The relief acts as an effective phase and mode-locking
mechanism. This type of stabilizing mechanism is important in developing strategies for
patterning larger areas, stitching together nanostructured domains and achieving high-quality
surface structuring upon laser scanning. Numerical calculations (not shown) based 3DMaxwell’s
equations within the Finite-Difference Time-Domain (FDTD) method could confirm that the
location of maximal energy absorption does not evolve from pulse to pulse [Aguilar et al.,

2017a]. This corroborates the scenario based on a scattering and interference effect creating
the periodicity and strong light trapping, reinforcing the pattern contrast. If the corrugation
effect related to pulse-to-pulse evolution can involve a more complex physical picture relying
on local ablation, growth, or lateral diffusion of the resulting pattern via liquid displacement,
depending on the thermomechanical conditions, the main features of the stabilizing feedback
are essentially related to interference and potential light trapping.

Stable LIPSS pattern on random roughness distribution

We have observed above a first type of pulse to pulse optical feedback based on the interference
of scattered wavelets with the incident field and light trapping. This was facilitated by SIM
enabling to follow in-situ the gradual development of LIPSS on a single irradiated region.
A unique site posseses a single initial distribution of scattering centers, which presumably
constraints the LIPSS pattern. Throughout the experiments, we have unexpectedly noticed that
the LIPSS pattern would remain identical despite of the initial irradiation site on the sample.
This is because the in-situ method allows to compare the irradiation results on different zones
on the surface. We have thus performed the experiment for N = 4 laser pulses per site on 40
different initial zones on the sample surface. That way, the initial surface scattering centers
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distribution of each of the irradiation site is distinct. After acquiring all images, where the
relative alignment is ensured by the observation method, we added the images and observed
the result. The procedure is schematically described in Fig. 6.8 a) and the result is shown in
Fig. 6.8 b). The result preserves clearly a periodic character indicating a common absolute
pattern of the LIPSS despite the random character on the initial irradiation sites, i.e the initial
surface inhomogeneities. The average of random corrugation patterns before irradiation has
given an uniform gray level distribution because of their random spatial distribution. We
have equally performed calculations using the electromagnetic model starting from several
random initial distributions and summed the results with similar results. The phase of the final
pattern was found to be defined by the the laser electric field but not by the initial roughness
properties. This is what we observed both numerically and experimentally where the initial
surface roughness is randomly distributed. These results were obtained during the postdoctoral
stay of A. Aguilar within the Labex roject ’Sermonis’ (2016-2017).

6.4 Conclusion

The importance of in-situ monitoring of the irradiated region has been underlined. By using
a UV laser probe, the periodicity of ultrafast laser-induced nanogratings in the bulk of fused
silica can be optically evaluated within the irradiation set-up. This has permitted to tune the
temporal shape of the femtosecond irradiation to control the nanogratings characteristics. We
also have demonstrated that a super resolution microscopy technique can be employed to
precisely monitor the formation of LIPSS on metallic surfaces. This in-situ imaging set-up has
unveiled two physical mechanisms involved in the generation of LIPSS. These results show
that in-situ monitoring is particularly adapted to understand and control the laser irradiation
outcome, especially when the imaging resolution is sufficient.
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Chapter 7

Conclusion and perspectives

7.1 Spatial Beam Shaping

We have seen that spatial control of ultrafast beams can be done by deflection, beam truncation,
amplitude and wavefront modulation. We have brought to the state of the art to each of these
techniques, with pioneering work on the subject of laser spot duplication through wavefront
modulation, enabling parallelized processing. Noteworthy, all of these techniques are accompa-
nied with trade offs regarding energy efficiency and beam shaping quality. The possibility to find
a good compromise has been shown by taking into account the beam modulator performance
in the calculation of the modulation mask. There, the help of a self-learning algorithm (here
simulated annealing) has permitted to determine adapted coefficients of Zernike polynomials.
These coefficients has enabled to experimentally obtain the desired ablation profile because the
optimization was performed on the polynomials that the SLM was able to correctly reproduce.
Control of the beam in three dimensions has also been discussed, for parallel processing and
in the case of non diffractive beams, underlining the possibility to strongly confine the laser
energy on the optical axis with reduced non linear propagation effects. Let us try to have a
broader point of view and envisage the main directions of research that should now be taken.

7.1.1 Short term developments

Beam shaping in the three dimensions - non diffractive beams

We have discussed above the possibility to shape the laser intensity in the three dimensions
from amplitude or wavefront modulation, and particularly along the optical axis thanks to
non-diffracting beams. Several research groups are pursuing investigations in order to generate
curved beams [Mathis et al., 2013; Rodrigo et al., 2013], controlled intensity variations along
the beam propagation [Cizmar and Dholakia, 2009] and tubular non diffracting beam shapes
[Xie et al., 2015]. The potential of non-diffractive beams applied to ultrashort laser processing
is vast. Interesting perspectives are related to their self healing properties that we could recently
evaluate in the case of metal ablation in the presence of metallic particles as shown in Fig.7.1
a). These preliminary results were obtained during the postdoctoral stay of Dat. NGuyen
within the FUI project 3DHybrid (2018-2019) in collaboration with Manutech-USD and the
WeAre-Aerospace company. When compared to the regular Gaussian beam, the beam self-
reconsruction is remarkable. This property is well-known in the field of microscopy [Planchon
et al., 2011]. Another very interesting feature of Bessel beams is related to the possibility to
’image’ the axiconic phase through a regular 4f system. By carefully choosing the focal lengths
ratio, it is possible to generate a very tight beam at the focal plane of a rather long working
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Figure 7.1 – a) Self reconstructing of a Bessel beam after a plane of obstruction by ≈ 20µm
metallic particles (3D reconstruction from experimental beam analysis). b)-e)
’Bessel Blade’ beam obtained numerically and represented from difereent points
of view, z being the optical axis.

distance lens. We have experimentally shown that a 3-5 fold decrease of the beam diameter
is at reach, compared to the Gaussian beam, using a 10 cm converging lens. This is a strong
advantage in any situation where the sample geometry does not allow for tight focusing, for
example on some complex workpiece. More important, this feature should allow to reach the
human crystalline lens without strong focusing (i.e possibly without patient interface) despite
the physiological limitation of the eye acceptance angle. Naturally a special care should be taken
to limit the laser intensity on the retina that could be problematic if the beam non-diffraction
zone is too long.
Controlling the transverse intensity distribution of these types of non-diffractive beams is also
of interest as illustrated by very first numerical results on Fig.7.1 b)-d). There, a ’Bessel Blade’
is numerically achieved by mixing an axiconic phase modulation wih a biprism phase yielding a
blade-like intensity distribution. Applications of such beam shapes can be easily imagined such
as planar waveguide photoinscription, microcutting of planes in tissues, transparent materials
and so on. Collaborations on that matter are naturally envisaged with Manutech-USD when
dealing with the cutting of transparent materials and also with the BIIGC laboratory and
Keranova for enhanced controlled of the laser induced photodisruption of tissues. In that frame,
we have recently obtained a grant from the IDEXLYON for the "Eagle" project (Eye Anterior
segment Laser Engineering) in partnership with Manutech-USD and the Kejako company. The
project’s main objective is to counteract the solidification of the human crystalline lens by proper
irradiation schemes, i.e the generation of cutting planes in the volume [Lubatschowski et al.,
2010], and the microperforation of cellular membranes within the lens cortex as illustrated by
Fig.7.2 a) and b) respectively.
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Figure 7.2 – a) Example of gliding planes geometry in crystalline lens to restore the accomoda-
tion, the photography in the inset is from the work of [Lubatschowski et al., 2010].
b) Illustration of the set-up for cell membrane perforation in the lens cortex, follow-
ing the results depicted in Fig.5.7. The use of parallel tightly focused multiple spots
and non diffracting beams are planned within the Eagle project.

Beam shaping fidelity and flexibility

As mentioned above, each of the beam shaping techniques suffers from a compromise between
the beam shape quality and energetic efficiency. For example, high quality beam shaping
(Speckle-free) requires the sacrifice of ’dumb’ regions where the laser intensity is not controlled
along with a very intense zeroth order. Interestingly, we have shown that it is possible to take
into account the beam modulator performance in the calculation of the phase modulation
y using the Zernike polynomials. If this work has illustrated the concept of considering the
real-life system limitations for the phase mask calculations, further efforts are to be conducted.
In particular, the full modeling of the SLM’s optical response should be the subject of dedicated
research projects. More precisely, investigations should be oriented on the liquid crystal layer
optical properties (linear and non linear), the resolution of the addressing electric field and
how it translates on the liquid crystal layer, the power handling limitation as well as thermal
stabilization effects upon cooling [Zhu et al., 2018]. This model is indispensable to conduct
proper phase mask calculation that could take into account all the limitations and possibly
overcome these shortcomings. To achieve this, a finer understanding of the behavior and
optical properties of the liquid crystal layer and the whole SLM is required. In order to do so,
a collaboration with the group of Walter Perrie in Liverpool could be of interest along with
the group of Stefania Residori (Institut de Physique de Nice) specialized in the liquid crystal
optical properties and control with whom we have conducted preliminary work on optically
addressed SLMs.
Also, the use optically addressed SLM should be considered more closely, especially because of
the high power handling capacity and larger achievable active surface. There, the SLM’s phase
response requires a careful modeling, especially concerning the attainable resolution that is
limited by the optical addressing [Sanner et al., 2005].
In parallel, self learning strategies should be employed in-situ on the experimentally measured
laser intensity to further increase the experimental beam shaping quality while maintaining a
good efficiency.

Combining Deflection and spatial beam shaping for higher speeds

The most evident step to take in the near future relates to the quest of speed and reduction of
the processing costs. This naturally directs to combine the quickest deflection means, such as

Page 71 of 161



Ultrafast Laser Processing using Optimized Spatial Beam Control

polygonal scanner, resonant mirrors, with laser spot duplication alongwith the highest repetition
rate (now reaching GHz). Indeed, these research efforts are currently being conducted by many
groups and ours (especially within the current ADEME project IMOTEP). Even if this is not
presumably very original, it is surely an indispensable step to take in order to see ultrafast laser
processing conquer more and more application fields. The gain of scanning speed is required
in order to minimize pulse overlap so that thermal accumulation and other cumulative effects
can be avoided.

7.1.2 Long term : Combining Deflection and spatial beam shaping for

new structuring

In my opinion, there is an opportunity here to explore new surface and bulk structuring regimes.
The key idea is to take advantage of the transient phenomena that do not have sufficient time to
end between the successive pulses, for example, residual temperature increase, plasma, ejected
species. This follows the concept of exploiting the redeposited materials as explained in the
beginning of this manuscript. In the same direction, let us mention the so-called cooled ablation
regime that has recently been demonstrated for GHz bursts of ultrashort pulses [Kerse et al.,
2016]. In that regime, ablation rates 3-10 times higher than low repetition rate conditions
were experimentally shown with low onset of post irradiation thermal effects. While the exact
mechanisms of this interaction is still under debate, one can intuitively understand that this
ablation takes advantage of the out of equilibrium state (a fraction of microsecond separate the
successive pulses within the burst). This regime is clearly counterintuitive to the community
as it was until recently widely accepted that femtosecond processes should remain below the
MHz regime to avoid thermal effects or plasma screening [Ancona et al., 2008; König, Nolte,
and Tünnermann, 2005; Bauer et al., 2015]. Combining advanced scanning and spatial beam
shaping could lead to controlled temperature gradient, redeposition and ablation on surface
and in the bulk, thus generating new structures. Following the same direction, the field of
welding of transparent materials (glass, polymers and also opaque substrate) through high
repetition rate irradiations [Miyamoto et al., 2007] could also benefit from advanced beam
shaping. There the heat source shape and displacement could be controlled by the 3D beam
shape and trajectory, respectively. Again, the temperature distribution as well as the heat flow
could be precisely tuned for dedicated demanding applications.

7.2 In-Situ Monitoring

We have seen that direct imaging of the irradiated area or indirect probing through diffracted
beam permits to better understand and master the ultrafast irradiation outcome. In particular,
the formation of bulk nanograting in fused silica can be probed by UV diffraction. From
the diffraction signal (position and intensity), the amount, regularity and period of these
nanostructures can be inferred. The in-situ detection has permitted to experimentally tune the
laser pulse temporal shape in order to favorize shorter periods (see Sec.6.2). Concerning direct
imaging, we have used structured illumination microscopy (SIM) for in-situ imaging of LIPSS
on Zr-BMG. The SIM has enabled to reach a sufficient resolution (below the light diffraction
limit) for inline characterization of the LIPSS pattern. This observation of the pulse to pulse
pattern birth and evolution during the ultrafast pulse sequence has revealed two essential
physical mechanisms in the formation of LIPSS pattern, namely a feedback mechanism that
stabilize the nano-pattern during the pulse sequence, and an absolute phase of the LIPSS
pattern that is independent of the initial surface roughness distribution. In both cases, it is

Page 72 of 161



Ultrafast Laser Processing using Optimized Spatial Beam Control

clear that in-situ characterization is an essential step to take in order to completely master the
irradiation outcome. We discuss in the following a few promising directions of research and
developments concerning in-situ characterization that could litteraly trigger drastic changes
on the task of defining process parameters.

7.2.1 Short term directions of research

Increasing the resolving power

The most evident direction of developments is "turning the knobs further" on the resolution.
Besides the lack of originality, the quest of enhanced imaging spatial resolution permits to put
several imaging techniques in competition. This triggers systematic comparisons between the
surface characterization means in terms of performances and limitations. For example, we
have recently compared the ability of chromatic confocal microscopy (CCM) with scanning
electron microscopy, atomic force microscopy (AFM) and focus-variation microscopy (FVM)
to characterize corneal surfaces of variable roughness after ultrafast laser cutting [Jumelle

et al., 2017b]1. We found that, as depicted on Fig.7.3, the small area allowed by AFM hinders
conclusive roughness analysis, especially with irregular cuts while CCM allows analysis of
large surfaces while keeping a good evaluation of the surface. More generally, this compe-
tition among characterization means is highly benefitial for the field. Fig.7.4 presents some
interesting examples of in-situ monitoring of surface laser structuring found in the literature.
An experimental tool combining SEM, FIB (focused ion beam) and ultrafast laser pulses is
shown in Fig.7.4 a)-b). In that case, the femtosecond pulses are used to accelerate the milling
step usually conducted by the FIB [Echlin et al., 2015], however, it is interesting to note that
such an apparatus is achievable with a high degree of accuracy. Following this idea, Fig.7.4 c)
presents a SEM micrograph of regular nanodot formation on the surface of Si under multiple ns
pulse irradiation. The SEM picturing has also been achieved in-situ to follow the pulse to pulse
evolution of the nanodot pattern as depicted on Fig.7.4 d) [Watanabe et al., 2010]. As another
example of advanced in-situ monitoring of the LIPSS growth, the group of [Watanabe et al.,
2010] has employed a synchrotron X ray source to achieve small-angle X-ray scattering under
grazing incidence, as shown on Fig.7.4 e). Similarly, the work on ultrafast X-ray diffraction
of Sokolwski-Tinten of has to be recognized here, with remarkable observation of extreme
physical phenomena [Siders et al., 1999].
Using high resolution characterization means for in-situ monitoring is therefore a natural
direction to take. SEM appears as a particularly adapted candidate due to the capacity to
investigate relatively large areas of a few tens of micrometers with nanometric resolution. The
issues in integrating a femtosecond beam within a SEM could relate to the onset of ejected
species from the ultrafast irradiation. Also, the SEM observation beam can modify the surface
properties between each irradiation however the work of [Echlin et al., 2015] and [Watanabe
et al., 2010] clearly demonstrate that this is at reach. Integrating the ultrafast beam into an
AFM is in my opinion even simpler than in a SEM, however, the AFM point to point scanning
strategy is very time-consuming.
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Figure 7.3 – From [Jumelle et al., 2017b]. Direct comparison of scanning electron microscopy,
atomic force microscopy, focus-variation microscopy and chromatic confocal mi-
croscopy for the characterization of the surface of corneal lamellae. Lamellae with
low and high roughness are measured with the naturally smooth surface of the
Bowman membrane from 10x10µm2 areas selected at random site. Each height-
map is presented with its measured roughness value (nm).
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Figure 7.4 – a) Adapted from [Echlin et al., 2015], experimental apparatus "TriBeam" combining
SEM, FIB and ultrafast laser irradiation, b) photography of the various probes. Here
the laser serves as a milling tool. c) Adapted from [Watanabe et al., 2010], SEM
picture of regular nanodot formation on Si under ns laser pulse irradiation. d) Pulse
to pulse formation observed in-situ under SEM. e) Adapted from [Rebollar et al.,
2015], sequence of LIPSS patterns acquired in-situ as a function of both time and
number of pulses for a spin-coated PTT film laser irradiated with a ns laser under
grazing incidence small-angle X-ray scattering.
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Figure 7.5 – a) Illustration of the light pathway in the Mach Zender Microscopy (MZM) C: con-
denser, O: microscope objective, S: sample with phase object, R: reference sample.
set up. The Mach Zender configuration splits the source light into two arms (object
and reference arm) whose only difference relies in the phase object to be analyzed.
The fringes distortions in the image formed by the recombined beam are directly
related to the refractive index modulation to be measured. b) MZM image of two
bulk laser photowritten waveguides in BK7 glass. c)-e) From [Wang et al., 2011]
c) Schematic setup for SLIM. The LCPM (liquid crystal phase modulator) permits
to vary the phase ring retardation that is usually constant in a conventional phase
contrast microscope d) The phase rings and their corresponding images recorded by
the CCD. e) SLIM quantitative phase image of a hippocampal neuron.
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Quantitative imaging for in-situ monitoring

Most of the well-known optical microscopy techniques do not give a quantitative measurment of
the optical thickness (i.e the optical retardation or phase distribution) of the observed sample.
Brightfield microscopy is not directly sensitive to phase retardations, and phase contrast
microscopy as well as differential interference contrast microscopy provide a qualitative picture
of the inspected phase object. When inducing bulk modification from ultrafast laser irradiation,
the knowledge of the quantitative change in the refractive index is of paramount importance,
especially for application involving light guiding micro-circuits, but also when evaluating the
thickness of cells, tissues or liquids. More complex microscope systems, such as the Mach
Zender Microscope permit to have a 2D mapping of the sample phase distribution from the
interference fringes pattern as illustrated by Fig.7.5 a) and b). This microscope is however
quite tricky to use (identical samples are required in both arms) and its alignment is an issue.
The group of G. Popescu has developed several quantitative microscopy techniques that are
more straightforward such as the spatial light interference microscopy (SLIM) [Wang et al.,
2011] and the diffraction phase microscopy (DPM) [Popescu et al., 2006]. The SLIM is shown
on Fig.7.5 c) and d). The SLIM technique can be seen as a phase contrast microscope with
a reconfigurable phase retardation ring. A spatial light modulator permits to generate the
various phase retardations, thus enabling to reconstruct the phase distribution of the object
quantitatively. If there are no gain in the spatial resolution, contrary to the SIM microscope,
the advantage of quantitative phase measurement enables to measure laser induced phase
objects, but also liquid thickness, cell thickness and so on. The DFM technique (not shown)
also enables such measurements, with the advantage of single picture imaging. We have very
recently acquire such a system at the Hubert Curien Laboratory for in-situ examination of the
laser-induced modification in the bulk of glass. The technique will potentially be used on the
Eagle project for cell membrane poration imaging.

Ptychography for in-situ high resolution imaging with long working distances

Most of the time, surface structuring is conducted by scanners equipped with relatively long
distance f-θ lenses. Those cannot be used for precise imaging mostly because of their small
numerical aperture and long focal lengths that produce low resolution images. The working
distance of the scanner is related to the focal length, and consequently to the scanning field
on the sample surface. Better imaging can be obtained with shorter focal length. However,
this is at the expense of a reduced scanning field. As the surface structuring speed is a key
challenge, the scanning field and focal length must remain as large as possible. A solution to
this problem has been demonstrated by the group of [Zheng, Horstmeyer, and Yang, 2013]
using Fourier Ptychographic microscopy (FPM). There, high resolution images can be obtained
even by imaging through a low numerical aperture and long focal length lens. The FPM
technique require sequential image acquisition for different illumination angles. By combining
the pictures, high resolution pictures can be reconstructed. The picture resolution is directly
linked to the maximum illumination angle. This illustrated for transparent sample imaging
on Fig.7.6 a). The performance of the technique has permitted to significantly enhance the
resolving power by a factor of 6, achieving an equivalent imaging NA of 0.5 using a 0.08
NA lens. The FPM can naturally be adapted to reflective surfaces within surface scanning
irradiation scheme as shown in Fig.7.6 d). The potential of the technique is related to its
use in surface structuring and also for additive manufacturing. There, the layer by layer 3D

1This investigations were done in the frame of the ANR project SupCo in collaboration with the BIIGC laboratory
(2014-2018).
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Figure 7.6 – a)-c) From [Zheng, Horstmeyer, and Yang, 2013] a) Principle of the Fourier Ptycho-
graphic Microscopy (FPM). A LED Matric enables sequential illumination with var-
ious angles. The pictures formed through the low NA lens (0.08) are then numeri-
cally associated to reconstruct a higher resolution image (equivalent to NA=0.5) b)
Imaging of an USAF target without reconstruction; c) with FPM reconstruction. d)
adaptation of the FPM technique for laser structuring of laser beam melting imag-
ing through low NA scanners. d) principle of 3D reconstruction of a selective laser
melting (SLM) workpiece imaged by FPM.
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Figure 7.7 – a) From [Gustafsson, 2005], nonlinear SIM. (a) The region of frequency space that
is observable by conventional microscopy with (b) An example of a sinusoidal illu-
mination pattern. (c) nonlinear emission pattern in the frequency space from the
fluorescence that presents high order harmonics (light gray spots) (d) Observable
regions for conventional microscopy (black), linear SIM (dark gray), and nonlinear
SIM microscopy (light gray) based on those three lowest harmonics. (e) Correspond-
ing extension of the OTF regions if the procedure is repeated with other pattern
orientations. below 50nm resolution has been demonstrated.

imaging of the laser printed workpiece is highly desirable especially with high resolution that
could qualify surface roughness of embedded inner parts. This is schematically illustrated by
Fig.7.6 e). This project is supported by the PEPS DGA program and is currently conducted at
the Hubert Curien Laboratory in close relationship with the FUI 3D-Hybrid project involving
Manutech-USD, WeAre-Aerospace, ENISE and ENMSE.

7.2.2 Long term : increasing the resolving power

Optical detection means must also be considered in the quest for the ideal in-situ monitoring
tool. Following our efforts in integrating a SIM for in-situ monitoring (see Sec.6.2), we have
to consider techniques that can further enhance the resolving power. Regular SIM permits to
divide by 2 the resolution limit of a standard brightfield microscope. A few years after the first
demonstration of SIM, an extended version of SIM has been proposed, namely the Non linear
SIM [Gustafsson, 2005]. There, the resolution limit can be theoretically infinitely small, by
exploiting the non linear response of the fluorophores as illustrated in Ffig.7.7. The nonlinear
response of flurorescence presents high harmonics that can be exploited to shift the object
spatial frequencies in the microscope’s OTF, similarly to the SIM with a larger frequency shift.
Remarkable resolution enhancement has been demonstrated, below 50nm. In principle, the
nonlinear SIM relies on a nonlinear response affecting the light emitted from the object. It
is thus expectable that the nonlinear SIM can be employed on any surfaces or transparent
volumes where nonlinear response can occur. Developments in that directions are currently
conducted, however it has be to underlined here that the nonlinear SIM requires many more
image acquisitions and treatment than the standard SIM. This is illustrated in Fig.7.7 e) where
each circle of the FD corresponds to an image acquisition. In our current standard SIM set-up,
one super resolution image acquisition (i.e 15 images) lasts 40 s. This time is mostly due
to the Ronchi grating rotations and translations. This time is comparable to the commercial
solution of Zeiss. It is evident the nonlinear SIM requires longer acquisition time and a larger
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computational effort. It is interesting to note that in a sense, the nonlinear SIM tends to
have similar drawbacks as STORM, PALM and STED in term of acquisition time but also in
terms of exposure amount. Also, enlight a sample to trigger nonlinear response is evidently
a tricky experimental step as the probed region is pushed towards its ’limit’. In other words,
the light dose difference (in intensity, or in exposure time) between nonlinear response and
permanent sample damage may be sometimes small, and possibly smaller than the light source
instabilities, thus rendering such imaging problematic. More generally, it appears that super
resolution optical means are often based on the accumulation of data points (scanning points
as in STED microscopy) or several full field images (STORM, SIM, nonlinear SIM). This is a
very restrictive feature, especially for time-resolved investigations. Pump-probe monitoring of
the interaction zone can have the time resolution of ultrafast laser pulses i.e down to a few
tens of femtoseconds, only if a single light flash is enough, like in standard microscopy, or for
beam diffraction. Thus, the quest of high resolution in space is at the expense of resolution in
time. A possible answer to that paradigm for SIM would be to acquire each of the required
image in a parallel manner, i.e with a dedicated beam path. However, since a minimum of 9
pictures is needed for SIM, the corresponding apparatus would be far too complex.
Thus, another level of equipment is required if both temporal and spatial resolution are desired
at the femtosecond and nanometric level, respectively. An example of this kind of work is
illustrated in Fig.7.8 from [Karl et al., 2018]. On this so-called table-top system, an extreme UV
ultrashort beam (30nm wavelength, 10 fs) generated from high harmonic generation serves
as stroboscopic light source. The diffracted signal is then collected and treated following
the coherent diffraction imaging method that reconstructs the amplitude and phase of the
object from the diffraction pattern, with a spatial transverse resolution of 38 nm. This table-
top demonstration did not require large facilities such as synchrotron or FEL, even if the
experimental effort is remarkable. The resolution (30 nm transversally, combined with ≈10 fs
temporally) represents a significant advance in full-field dynamic imaging capabilities. This
complex apparatus could evidently be used for in-situ probing of the ultrafast laser interaction
on surfaces, unveiling physical phenomena at ultrashort timescales and at quasi-nanometric
spatial resolution. However, we have to keep in mind that brightfield optical microscopy pushed
to the UV range and using high NA immersion microscope objective can also reach below
100nm spatial resolution with direct fullfield imaging and with a temporal resolution close to
that of ultrafast laser source. This simpler and more robust and stable experimental scheme
appear more adapted for in-situ probing, especially if an automated optimization of the laser
parameters is conducted (see below). Going in the opposite direction, by using large facilities
such as the synchrotron radiation [Watanabe et al., 2010], or X-ray diffraction [Siders et al.,
1999], or FEL sources can also be of interest when specific physical questions have to be
elucidated because of the relatively limited available time of use.

7.3 Connecting in-situ monitoring to optimization self-learning

loops for applications

The advances and technological developments surrounding ultrafast laser processing are
remarkable, especially on the side of fundamental investigations. The concept of in-situ moni-
toring has constantly accompanied most of the ultrafast laser-matter interaction investigations.
If the primary scope of in-situ monitoring is a better observation and understanding of the
interaction, the following step is a better control of the interaction. Noteworthy, the ’control’
step can bypass the observation/understanding steps. A famous example of this concept is
the field of coherent control. A famous article [Judson and Rabitz, 1992], smartly entitled
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Figure 7.8 – From [Karl et al., 2018], A) EUV pump-probe apparatus allowing for both high
spatial and temporal resolution. A nickel nanoantenna is irradiated by an IR pump
beam and the dynamics are measured by an EUV probe beam. The scattered EUV
light is collected on an EUV-sensitive CCD. B) Quantitative amplitude image. Scale
bar, 5µm. C) Height map of the sample, obtained from the reconstructed phase
image. Scale bar 5µm, the colorscale is in nm.

Figure 7.9 – Illustration of an optimization algorithm. Several pulse shapes (but it can be ex-
tended to any laser parameters) are tested and receive a score according to their
adaptation to the problem (e.g the most intense spectral emission at a given wave-
length). The optimization algorithms are able to iteratively propose more and more
adapted laser pulse parameters, without any knowledge of the physical relationship
between the pulse parameters and the irradiation outcome.
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’Teaching lasers to control molecules’, has shown the concept of tuning the ultrafast irradiation
(the temporal pulse shape) in order to trigger targeted molecular transistions. The tuning
is performed thanks to optimization algorithm, such as evolutionary algorithms, that test
several pulses parameters (individuals) and attributes them a score (fitness) depending on
the success (for example the intensity of a given spectral line corresponding to the targeted
transition). The optimization continues by testing several ’generations’ of pulses shapes ob-
tained from the best fitting individuals, mimicking the evolutionary concept of adaptation to
the environment as illustrated in Fig.7.9. We have applied this concept to control the result of
ultrafast irradiation in the bulk of borosilicate and fused silica glass [Mermillod-Blondin et al.,
2008a; Mermillod-Blondin et al., 2008b]. Also, we have used this kind of strategy for spatial
beam shaping to generate an arbitrary groove profile (see Sec.5.3). Interestingly, the optimal
beam shape that was found does not resemble at first sight the desired ablation profile (see
Fig.5.12). However, upon scanning, the desired profile was obtained. It is interesting to note
that these algorithms can find unexpected solutions. Thus, the performance of these stochastic
optimization routines are impressive even after only a few hundreds of iterations, having
in mind the very large search space (here all the laser shaping possibilities). An interesting
direction of research is to extent this concept of self learning, or machine learning algorithms
to the definition of laser process parameters. This concept has been proposed to optimize the
laser intensity distribution in the frame of spatial beam shaping [Campbell et al., 2007] and
direct interference patterning [Mikhaylov et al., 2019]. However, more exciting is the use of
the irradiation outcome as the feedback for the optimization algorithm. Indeed, the search
space for defining adapted processing parameters depending on the application is growing,
due to the increase of flexibility offered by nowadays commercial ultrafast sources. Currently,
just to name a few of these parameters we can easily list pulse energy Epulse, numbers N ,
duration τpulse, repetition rate, spatial overlap ∆x and ∆y, repetition rate inside burst, spatial
and temporal intensity distribution I(x, y, z, t) and so on. Of course the search space explodes
if any gradient during the irradiation is necessary, for example, gradient within the burst, or
spatially evolving gradients. Usually, systematic tests are semi automatically conducted by
varying e.g the pules energy, repetition rate and so on. Considering the impressive search space,
self learning algorithms may bring an answer to the nowadays challenge to find the correct
laser process parameters for a desired surface or bulk function. If the scope of ultrafast laser
irradiation is simply a layer removal or a 2.5D machining, it is clear the ’manual’ determination
of the better process parameters seems more adapted. However, when thinking about more
complex surface or bulk functions, such as wettability control, antibacterial or self cleaning
effect, biocellular differentiation and so on, it is almost impossible to anticipate which types of
structuring and at which level (micro or nanometric) will be the most adapted. The concept is
illustrated in Fig.7.10 where the connection between the two main subjects of this work, beam
modulation and in-situ monitoring, is ’optimally’ achieved with self-learning strategies. The
challenge is now to find experimental solutions adapted to the desired application to put in
place such optmization schemes. Thus, we must develop and anticipate e.g automated wetta-
bility measurement, analysis of nanostructures from super resolution imaging and so on. Then,
from the optimal solution found by the search algorithm, we must expect further opportunites
of finer understanding and control of the interaction. In the following, we illustrate this with
two prospective examples of surface and bulk functionnalization with self learning optimization
scheme. We first discuss the possibility to build an automated self-learning apparatus for wetta-
bilty functionnalization via optimized laser beam control and in situ evaluation of the droplet
thickness and dynamics. Then, a likewise strategy is proposed for controlling the mechanical
propoerties of the human cristalline lens, with the scope of presbyopia counteracting.
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Figure 7.10 – Self-learning strategies for optimization of ultrafast laser beam parameters based
on in-situ monitoring of the application scope e.g nanostructuring with LIPSS
that can be evaluated using super resolution imaging, micrometric structuring,
roughness control that can be measured using interferometric probes, wettability
that can be characterized from the triplet line dynamics or from the liquid drop
contact angle and so on.
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Figure 7.11 – Self learning routine for automated optimization of laser parameters for surface
wettability control. Detail of the iteration steps enabling the testing of a given set
of laser parameters. The detail of the 5 steps is given in the text.

7.3.1 Laser beam control and in-situ monitoring for surface wettability

control

A relevant example of application where the use of in-situ monitoring, beam control and
self-learning routines is the laser surface treatment for wettability control of surfaces. The
relationship between the laser parameters, the irradiation conditions (depending on fluence,
pulse duration, overlap, repetition rate, spatial and temporal pulse profile and so on) and the
final surface wettability properties is quite evidently very complicated. The prediction of the
irradiation outcome with a given set of laser irradiation conditions, in terms of surface topology
and material distribution, from numerical simulations is already a very complex question that
must be treated with multiphysical approaches (see [Rudenko et al., 2019c]). The prediction
of wettability properties obviously adds to these difficulties, especially having in mind that
these properties depend on both topological and chemical properties of the surface. Thus,
finding a set of optimal laser irradiations conditions from theoretical considerations is still
quite far. However, this challenging question is a typical problematic that can be addressed by
self-learning routines. As illustrated by Fig.7.11, we propose here an automated apparatus
that can evaluate the wettability properties of the irradiation outcome in-situ. The wettability
evaluation relies on the measurement of the extent and thickness of constant-volume water (or
other liquid) droplet based on quantitative phase evaluation using spatial light interference
microscopy (SLIM) [Wang et al., 2011] or diffraction phase microscopy (DPM) [Popescu et al.,
2006]. Thus, thousands of laser parameter combinations could be automatically investigated
and optimized. Each set of laser parameters can thus be automatically tested and graded for
the optimization. It could be argued that the stochastic algorithms need a significant amount of
iterations to converge towards global optimum solutions (i.e a set of proper laser parameters),
thus making them unrealistic for experimental realization. However, from our experience
using evolutionary algorithms on temporal shaping (see [Mermillod-Blondin et al., 2008a]
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and[Mermillod-Blondin et al., 2008b]), a range of 3000-10000 iterations were necessary,
each iteration lasting between 1-2 seconds. One iteration involved :

1. Laser temporal shape modulation
2. Irradiation of the bulk
3. Picturing of the irradiated zone (in-situ phase contrast microscopy)
4. evaluation of the irradiation success
5. sample translation to a fresh region

Thus, an optimization would last up to 3-4 hours. The number of iterations is directly related
to the search space, which was enormous in these latter work2. In the case of laser parameters
optimization, the search space can be much smaller, for example involving 10 fluence values,
10 overlap values, 10 repetition rates, 10 pulse durations and so on, thus reducing the required
number of iteration for sufficient convergence of the algorithm. In that case, it is reasonable to
consider slightly longer iteration steps (e.g up to 5 seconds) than from our previous work. The
wettability properties evaluation step would involve (see Fig.7.11):

1. Laser parameters adjusments (repetition rate, energy, overlap)
2. Irradiation of the surface
3. Automated liquid droplet deposition
4. In-situ quantitative measurment of the liquid extent and thickness by SLIM or DFM
5. Sample translation to a fresh region

The self-learning routine can go on finding the optimal set of laser parameters even on several
days, given the robustness and stability of nowadays ultrafast sources. Among the difficulties
that can be anticipated, the problem of stabilization of the wettability properties of the surface,
especially when the laser irradiation is conducted in the air. This issue can be addressed to a
certain extent by controlling the ambient gas.

7.3.2 Laser beam control and in-situ monitoring for presbyopia coun-

teracting

An exciting potential application of this self-learning strategy concerns the counteracting of
presbyopia. Upon aging, the human crystalline lens thickness and mechanical properties are
altered. This leads to a reduction of the accomodation strength that is the presbyopia. This
usually occurs around 45-50 years old with a reduction of the ability of the patient to focus on
close objects. In order to give an idea, the lens accommodation ability ranges from more than
20 dioptres for a child (closest object ≈ 5 cm) down to 1 dioptre at age 60 (closest object ≈
1m). The origin of the lens aging and losses of flexibility is well-related to the augmentation
of the amount of intermolecular disulfide bonds -S-S- as observed by [Yu et al., 1985]. The
reduction of these bonds (by chemical means) has been shown to restore and even augment
the lens flexibility on old mouses (see [Garner and Garner, 2016]). Without entering into
details, it is expected that the augmentation of the intermolecular disulfide bonds reduces the
nutriments circulation and increases the lens stiffness. Similarly, it is interesting to note that
the disulfide are the crosslinking groups that result from the vulcanization of rubber. These
linkages in rubber are crosslinkers that strongly strongly affect the rheology of the material.
Consequently, breaking of these particular intermolecular bonds is an promising option towards
presbyopia counteracting. Experimental evidences on the possibility to achieve this by chemical

2The pulse temporal shape was encoded on a phase mask of 128 pixels, each pixel having 256 possible values,
yielding 256128 possibilities
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Figure 7.12 – Adaptated from [Judson and Rabitz, 1992]. The self-learning loop optimizes
the temporal pulse shape based on its efficiency in reducing the concentration of
disulfide bonds, which is measured in-situ by the Raman spectrometer.

means have recently been provided, with the expected effect of restoring the lens flexibility on
mouses [Garner and Garner, 2016]. The question is now, can this be obtained with a modulated
ultrafast laser irradiation? In the work of [Fung et al., 2005], the disulfide bond cleavage is
obtained using a UV irradiation at 157 nm. It is evident that this UV beam can not be used for
presbyopia treatment as it would not reach the bulk of the crystalline lens, being absorbed by
the cornea. However, this result presumably indicates that an energetic transition of 7.9 eV can
lead to the -S-S- cleavage. Using ultrafast pulses, the multiphotonic absorption mechanism
can reach this transition through the coherent interaction of several IR-photons within the
bulk of the transparent media. It is expected however that the associated high intensity level
triggers also several unwanted transitions and bulk modifications. The possibility of selectively
trigger molecular transition thanks to temporally shaped pulses has been demonstrated in the
famous paper [Judson and Rabitz, 1992]. Noteworthy, optimal pulse shapes were obtained
using self learning routines, without a priori knowledge of the optimal pulse temporal form.
This strategy can be applied for the specific cleavage of the disulfide bond. Happily, the relative
concentration of disulfide bond can be measured using Raman spectroscopy [Yu et al., 1985].
This measurement can provide the necessary feedback for the self learning routine as illustrated
by Fig.7.12.
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photo-inscription of photonic devices in bulk transpar-

ent materials

C. Mauclair, G. Cheng, N. Huot, E. Audouard, A. Rosenfeld, I. Hertel, and R. Stoian (2009a). “Dy-
namic ultrafast laser beam tailoring for multispot photo-inscription of photonic devices in bulk
transparent materials”. In: Proc. SPIE 7205, pp. 720512–720512–10. doi: 10.1117/12.808798.
url: http://dx.doi.org/10.1117/12.808798
This article was written during my PhD. Noteworthy, the augmentation of the speed of fem-
tosecond bulk laser processing was not an initial objective of my PhD work. However, the laser
demultiplication enabled by spatial beam shaping was the starting point of the further develop-
ments that led spatial beam shaping to integrate pre-industrial laser machining environments
through the Manutech-USD project.
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Dynamic ultrafast laser spatial tailoring

for parallel micromachining of photonic

devices in transparent materials

C. Mauclair,1,2 G. Cheng,1 N. Huot,1 E. Audouard,1 A. Rosenfeld,2 I. V.

Hertel,2,3 R. Stoian,1

1Laboratoire Hubert Curien, UMR 5516 CNRS, Université Jean Monnet,

42000 Saint Etienne, France
2Max-Born Institut für Nichtlineare Optik und Kurzzeitspektroskopie, Max-Born-Str. ,2A,

D-12489 Berlin, Germany
3Freie Universität Berlin Fachbereich Physik, Arnimallee 14,14195 Berlin, Germany

razvan.stoian@univ-st-etienne.fr

Abstract: Femtosecond laser processing of bulk transparent materials

can generate localized positive changes of the refractive index. Thus, by

translation of the laser spot, light-guiding structures are achievable in

three dimensions. Increasing the number of laser processing spots can

consequently reduce the machining effort. In this paper, we report on a

procedure of dynamic ultrafast laser beam spatial tailoring for parallel

photoinscription of photonic functions. Multispot operation is achieved

by spatially modulating the wavefront of the beam with a time-evolutive

periodical binary phase mask. The parallel longitudinal writing of multiple

waveguides is demonstrated in fused silica. Using this technique, light

dividers in three dimensions and wavelength-division demultiplexing

(WDD) devices relying on evanescent wave coupling are demonstrated.

© 2009 Optical Society of America

OCIS codes: (010.1080) Active or adaptive optics; (140.3390) Laser materials processing;

(230.7370) Waveguides
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1. Introduction

Ultrafast laser processing of bulk transparent materials [1,2] experiences an increasing interest

as it continuously demonstrates its capability to achieve more and more complex embedded

photonic structures in a few-steps process (see [3] and references therein). The nonlinear in-
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teraction between the infrared femtosecond pulses and the dielectric materials allows localized

modifications of the material structural properties. These changes depend on the material’s re-

sponse to the laser solicitation and on the laser irradiation spatio-temporal characteristics [4,5].

These structural modifications may modify several optical properties such as birefringence, ab-

sorption, and refractive index [6], serving as means of optical functionalization. In fused silica,

defect centers, densification, and thermo-mechanical effects have been identified in the fem-

tosecond laser irradiated zone accompanied by index changes with emphasis on an increase

of the refractive index on a micrometer scale [3]. This outcome can be seen as the building

block of more complex photonic devices. In other words, by translation of the single laser spot,

light-guiding structures are achievable in the three dimensions [3]. Relying on this processing

principle, several groups were able to photoinscribe rather complex embedded optical compo-

nents, particularly in fused silica [1–3] but also in other media of optical interest, fabricating

gain waveguides [7], frequency-doubling waveguides [8] and femtosecond-written lasers [9].

Great efforts were carried out to define proper irradiation conditions in order to improve the

quality of the laser written structures. Techniques based on controlling the aspect of the focal

region at different repetition rates and polarization regimes emerged [10, 11]. Among the main

characteristics of interest are found the amplitude of the refractive index increase [5, 10], prop-

agation losses [12], cylindrical symmetry [13,14] and compensation of the wavefront distortion

during the photoinscription process of deep structures [15, 16]. Whereas the three-dimensional

photoinscription access constitutes a clear advantage over multilayer lithographic techniques,

the single laser focal spot must undergo potentially complicated movements with respect to the

sample in order to draw the whole photonic structure. This single spot operation (SSO) may

involve long processing times when the writing of several complex structures is envisaged.

A binary phase mask, when placed at the object plane of a focusing lens, enables the gener-

ation of multiple laser spots [17]. Static multispot machining of glass relying on this technique

was recently reported [18]. We present in the following a time-saving method giving access to

dynamic multispot operation (DMSO) with variable and reconfigurable patterns and we suc-

cessfully apply it to the parallel fabrication of light guiding structures in the bulk. Dynamic

multispot operation based on laser wavefront modulation constitutes a step forward as it en-

ables the simultaneous processing of several embedded structures, thus lowering the process

time and reducing the complexity of the mechanical support. The paper is organized as fol-

lows. After a brief analytical outline pointing out the DMSO through spatial phase modulation,

details of the experimental apparatus will be given. Then, the demonstration of parallel longi-

tudinal writing of waveguides is presented followed by examples of photonic structures based

on DMSO in the two and three dimensions (2D and 3D).

2. Description of dynamic multispot operation

In the object plane of a focusing objective, an optically addressed spatial light modulator (SLM)

imprints a binary phase-only mask (BPM) φ(x) of period T and amplitude Δφ on the laser wave-

front as shown on Fig. 1. For simplicity, it is considered infinite in the x direction and invariant

in the y direction, z being the laser propagation axis. In the frame of the Fraunhofer approxima-

tion and supposing that the SLM reproduces perfectly the BPM, the diffraction efficiency η of

the m -th order is given by [19] :

ηm �=0 =
1− cos(Δφ)

2
sinc2(

πm

2
). (1)

And for the 0-th order:

η0 =
1+ cos(Δφ)

2
. (2)
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Fig. 1. (color online): Scheme of double spot operation. BPM: Binary phase mask. Insert:

Double spot intensity profile inside the sample at the focus of the objective generated by a

simple step grating phase at very low power captured by direct imaging on a CCD camera.

The blue arrow shows the direction of motion of the sample for longitudinal photoinscrip-

tion.

For the ideal binary grating, the even orders disappear regardless of the phase step value Δφ .

Moreover, when Δφ = π , not only does no diffraction occur at the 0-th order but the first order

efficiency becomes much higher than the other orders, thus constituting two available laser

spots for laser processing. In that case, adding the positive and negative first order efficiency

shows that these two peaks gather 82% of the incoming light. By varying the period T of the

BPM, the separation of the two spots becomes an accessible parameter to be controlled during

photoinscription through the SLM.

From the experimentally-obtained double spot beam profile depicted in Fig. 1(insert), it is

worth noting that the spots corresponding to the +1 and −1 orders show an expected circu-

lar symmetry. As foreseen, these two peaks widely surpass other diffracted orders. Evaluating

the relative portion of power contained in these two processing spots by summing the corre-

sponding intensity levels permits to realize that approximately one third of the total power is

left into the non-processing orders. This additional spreading out of usable power compared to

the above-mentioned 18% is inherent to the incapacity of the continuous liquid crystal layer

of the SLM to reproduce perfectly the sharp steps of the desired BPM [20]. These losses can

be reduced through the design of more complex phase masks with iterative optimization al-

gorithms [17]. However, in view of the nonlinear response of the interaction, only the high

intensity peaks contribute to the structuring process and in the frame of the present work, the

simple step grating phase mask is sufficient for the DMSO demonstration purpose. Moreover,

this phase modulation offers a straightforward way to control the position of the two spots by

varying its period; a feature more difficult to obtain in the case of more complex phase masks.

3. Experiment

The choice of fused silica glass is motivated by its numerous potential applications in the fields

of integrated optics and microfluidics. Moreover, this well-known material has been thoroughly

investigated in order to identify several femtosecond waveguide writing regimes [1, 12, 21].

Polished fused silica parallelepipedic samples are irradiated with 150 fs pulses from an 800 nm
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100 kHz Ti:Sapphire ultrafast regenerative amplifier laser system. Used at 10 kHZ, the system

delivers an usable power of 30 mW. A computer driven electromechanical shutter, synchro-

nized with the movements of the positioning system (Physik Instrumente M-126.DG) permits

the writing of longitudinal structures in the bulk of the sample. A long working distance mi-

croscope objective (numerical aperture NA=0.3) is employed to focus the femtosecond beam

in the silica glass. The diameter Db of the beam at 1/e2 is 1.5 mm and is adjusted with respect

to the objective aperture diameter Da = 3 mm resulting in a truncation ratio of 0.5.

A spatial light modulator (SLM) imaged in the object plane of the focusing objective per-

forms user-defined spatial phase modulation of the processing femtosecond beam. This pro-

grammable optical valve based on a continuous liquid crystal layer is optically addressed using

a video projector [22]. This versatile tool [15,22] is used to produce two processing laser spots

of controllable separation as described in the previous section.

As a rapid observation mean, a Zernike-type positive optical phase-contrast microscopy

(PCM) system is set to study the laser-irradiated areas. The observation axis is perpendicu-

lar to the laser propagation direction and presents a sub-µm depth of field. A precise optical

alignment permits the real-time imaging of the laser-exposed zones and subsequent optical

transformations. PCM is particularly adapted for the study of femtosecond-induced phase ob-

jects as it optically translates a two-dimension map of optical path variations into a gray-level

picture captured in our case by a high-resolution Charge-Coupled Device (CCD) camera. In

the frame of positive PCM and for relatively small phase shift values, a darker region relative

to the background corresponds to an increase of the refractive index while white regions in-

dicate its lowering or the onset of absorbing/diffusing regions. Consequently, this qualitative

mapping of the refractive index allows for rapid estimations of the index variation subsequent

to various irradiation conditions. The structures were imaged in PCM in a side view geometry,

perpendicular to the pulse propagation axis.

4. Results and discussion

We mention here that all the photowritten structures presented below were achieved in the so-

called longitudinal configuration, where the sample is translated parallel to the laser propagation

(see Fig. 1). One of the main advantages of this technique is found in the cylindrical symmetry

of the photoinscribed structure while transverse waveguide writing generally requires additional

strategies to preserve this symmetry [13, 14]. However, the major challenge to be faced in the

longitudinal configuration concerns the spherical aberrations due the air-glass interface through

which the laser passes to reach its target [23]. The subsequent degradation of the intensity

profile at the focus becomes more important when high NAs and deep focusing are considered.

Using the formalism depicted in [23], it is possible to estimate the decrease of the focused spot

peak intensity with the depth of the spot in the sample for a given NA. In our case, the relatively

low effective NA = 0.2 resulting from the small beam truncation preserved 84% of the non-

aberrated axial peak intensity at 8 mm deep spot in the bulk, allowing us to write longitudinal

structures of similar size without prohibitive optical degradation. In addition, it is of interest

to point out that, at constant sample velocity, the accumulated spatial rate of deposited energy

remains constant during longitudinal writing regardless of the position of the spot in the sample.

Those considerations plead in favor of a rather restricted spherical aberration influence in the

photowriting conditions presented in this work. Even though the devices depicted hereafter

were achieved in the longitudinal configuration, it is worth noting that the extent of the DMSO

technique to the transversal case for bulk parallel waveguide writing is straightforward.
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Fig. 2. (color online): Comparison between single and double spot longitudinal photoin-

scription of waveguides in fused silica. Up: Single spot operation, down double spot opera-

tion. (a) Side view PCM picture of SSO photowritten waveguides written at different trans-

lation speeds at 10 kHz, 8 mW, superposed with transversal cross section of the relative

gray scale decrease indicating a positive change of the refractive index (see text body). (b)

corresponding nearfield profile of 633 nm injected guide written at 5 µm/s, 10 kHz, 8 mW

in single spot operation. (c) PCM picture of two simultaneously photowritten waveguides

through double spot operation at 5 µm/s, 10 kHz, 24 mW. (d) Optical transmission micro-

scope picture of the cross section of one of the waveguides in (c) in white light illumination.

(e) nearfield profile of one of the waveguides pictured in (c) at 633 nm.

4.1. Processing window for parallel longitudinal waveguide writing

To demonstrate the capability of the DMSO to generate similar bulk photoinscribed devices as

SSO, longitudinal waveguides were written using both techniques in a regime which usually

delivers smooth and nonbirefringent traces. A first set of SSO investigations were carried out

with various scan velocities for the glass sample at a power level of 8 mW (measured after the

objective) with a repetition rate of 10 kHz (see Fig. 2(a)) i.e; slightly below the single pulse

modification threshold. The PCM side image along with its gray scale cross section denotes a

relative gray scale decrease after the passage of the femtosecond laser for translation speeds

below 10 µm/s. These darker structures under positive PCM mainly indicate an increase of the

refractive index. They are not readily detectable under normal transmission microscopy (not

shown) and present light guiding properties when injected with HeNe radiation at 633 nm. We

mention here that in those scanning conditions, moving away from this relatively soft interac-

tion regime by using higher laser power results in strongly scattering structures with poor or

no guiding property. Based on this processing window, several 8 mm-long buried waveguides

were written at 5 µm/s with 8 mW for characterization. Fig. 2(b) depicts a typical nearfield

mode under HeNe laser injection at 633 nm imaged on a CCD camera with a 20x objective

associated with a 200 mm positive lens. The light is guided along the center of the modified
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area and the nearfield mode presents a size of 7 µm at 1/e2, larger than the transverse dimen-

sion of the structure (3.5 µm) evaluated at 1/e2 on the PCM image. The averaged amplitude of

the refractive index change was estimated to be of approximately Δn = 1.6×10−4 through the

waveguide NA measurement in the farfield. This rather low value [3] was confirmed using a

mode solving software assuming a step index profile. The guides show an excellent cylindrical

symmetry, visible on the nearfield mode and the structure itself. Using the method reported

in [24], propagation losses of less than 0.7 dB/cm were evaluated, which approaches the best

values reported so far for bulk photowritten waveguides in fused silica [3].

Using the DMSO, identical light guides were simultaneously photoinscribed by pairs in one

pass. Taking advantage of the two spots available at the focus of the objective, dual structures

with a separation of s = 56 µm were achieved in a single motor scan at 5 µm/s under the full

available power of 24 mW, after the focusing objective. For this purpose, a step grating phase

mask of π amplitude at 800 nm with ν = 14 periods across the clear aperture of the objective

was displayed with the SLM during the sample displacement. Imaging the focusing plane on

a CCD camera, the linear relationship between ν and s was experimentally determined. The

PCM side image and nearfield mode of the waveguides are pictured in Fig. 2(c) and Fig. 2(e),

respectively. The amplitude of the refractive index change as well as the propagation losses were

found to be identical to the SSO written waveguides at 8 mW, same speed (Fig. 2(b)), verifying

our estimation of the power spread in the other diffraction orders mentioned in Section 2. The

clean cylindrical symmetry is also observable on the nearfield mode as well as on the cross

section microscope image (Fig. 2(d)). These results clearly demonstrate the possibility to write

buried photonic devices in parallel with a very simple phase function. Observing the processing

conditions and comparing them to the available output of the laser, it appeared necessary to

restrict the DMSO to two spots in our case in order to preserve enough energy to trigger the

proper waveguide writing regime in fused silica. However, there is no a priori restriction to

increase this number to higher values in the absence of this limiting factor. Having identified

this processing window for parallel photoinscription, efforts were carried out in order to achieve

more complex photonic devices based on this principle.

4.2. 2D photonic components

Embedded waveguide arrays have been recently investigated pointing out to novel behavioral

aspects [25] when light propagates in discrete propagation spaces due to the evanescent light

coupling between neighboring guides. In particular, linear effects such as Bloch oscillations

[26], light localization, and quasi-incoherent propagation [27] were theoretically predicted and

experimentally verified in femtosecond photowritten waveguides arrays. Nonlinear behaviours

in the form of spatial solitons were underlined as well in such structures [28] indicating the

possibility of obtaining new-types of nonlinear components written by femtosecond lasers. We

aim to demonstrate here that complex 2D and 3D arrays and matrices of light guiding structures

can be efficiently written using DMSO. In the following, examples of 2D photonic devices re-

lying on evanescent coupling achieved with DMSO are presented, performing various optical

functions. Evanescent coupling between parallel waveguides is supported by a precise formal-

ism [29] and has been recently studied in the case of transversal waveguides written in fused

silica by femtosecond optical irradiation [30]. Due to the relative asymmetry of such waveg-

uides, investigations were carried out underlining the coupling efficiency variations between

two waveguides when their relative position changes. Using an additional static beam shaping

technique, transverse waveguides with rotational symmetry were achieved fully counteracting

this asymmetry feature [30]. In the longitudinal configuration for waveguide writing, the re-

sulting guides keep the circular symmetry of the irradiation beam permitting to set aside those

considerations when the processing spot is aberration-free. It is therefore justified to adopt in a
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first approach the formalism proposed by Yariv [29] for planar waveguides to design embedded

light dividers based on evanescent coupling. Several main concepts are given below.

In this frame, when only one of a pair of parallel and homogeneous identical waveguides is

injected with light, the coupling length lc after which the light is entirely evanescently coupled

in the adjacent waveguide writes (also known as the half beat length):

lc =
π

2κ
, (3)

κ being the coupling coefficient defined by:

κ =
2h2 p× exp(−ps)

β (w+2/p)(h2 + p2)
. (4)

In the above expression, the parameters can be written as

h = (n2
1k2

0 −β 2)1/2

p = (β 2 −n2
0k2

0)
1/2

β = k0ne f f . (5)

n0 and n1 being respectively the refractive index of the surrounding medium and of the guides,

ne f f the effective index of the guided mode which obeys n0 < ne f f < n1. w is the waveguide

width, s the separation distance between the two parallel waveguides, k0 the wave number of the

injected light and β the propagation constant. The coupling coefficient κ was experimentally

evaluated for several waveguide pairs using the method described in [30]. Having access to all

the other terms of Eq. (4), the effective index ne f f could then be estimated.

In the case of a cylindrical guide surrounded by N other identical waveguides having equal

distance to the main one at vertices of a polygon [31], the coupling coefficient κN for the light

to be transmitted to the surrounding structures reads:

κN = κ
√

N. (6)

The corresponding coupling lcN length is then:

lcN =
lc√
N
. (7)

In that case, the maximum power transfer F between the center and the surrounding waveguides

writes:

F = 1 i f 1 ≤ N < 3

=

[

1+

(

κss

κcs

√
N

)2
]−1

otherwise. (8)

where κss is the coupling coefficient between the adjacent external waveguides and κcs from

the central waveguide to one of the surrounding ones.

For example, in the case of two parallel waveguides with the above-mentioned characteris-

tics (Δn = 1.6×10−4 and w = 3.5 µm), the coupling length lc becomes 1.6 mm for a separation

s of 9 µm and 633 nm light injection. Similarly, an excited waveguide placed in between two

identical guides generates a coupling length lc2 of 1.1 mm; s,w, Δn and k0 being the same. In

these two cases, we have F = 1, meaning that all the light is evanescently coupled after the
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Fig. 3. (color online): Bulk photowritten light divider based on evanescent coupling of in-

jected waves in partial arrays achieved through double spot operation at 24 mW total power

and 5 µm/s scan velocity: (a) schematic view of the structure: The conditions followed by

lc and lc2 enabling evanescent coupling from the central to the external guides are given in

the text. (b) Assemblage of PCM side-pictures of the device, its total length is 8.2 mm and

the lateral separation between tracks is 9 µm. (c) Nearfield profile under HeNe injection at

633 nm.

coupling length. Based on these results, it is then possible to design the concept of a light di-

vider reposing on a successive combination of parallel waveguides with defined lengths and

separation allowing evanescent coupling from a seed waveguide to two or more output waveg-

uides. The DMSO technique appears as an ideal processing solution as it offers the flexibility

to photoinscribe a pair of coupled waveguides simultaneously.

Figure 3 presents an example of a structure achieved by this technique. This device was

photoinscribed in five subsequent steps under the irradiation conditions announced in the ex-

perimental section (24 mW, 5 µm/s). A single uniaxial motion control is sufficient to achieve

the whole divider. A first 5 mm-scan of the sample under femtosecond laser exposure gener-

ated the two external waveguides. During this first move, the SLM was imprinting the above-

mentioned [0−π] phase mask on the femtosecond laser beam with a high cycling frequency.

Lowering the number of periods ν , two subsequent scans were performed to write the two other

waveguide pairs of lower separation. Then the central waveguide was written at lower power

8 mW without any wavefront modulation. Consequently, the transverse distance between the

guides is s = 9 µm. The successive translations of the sample were performed in order to have

the above-calculated optimal coupling lengths lc and lc2 as shown in Fig. 3(a). An assemblage

of PCM side-images of the structure is depicted in Fig. 3(b) to illustrate the result; the slight

asymmetries are presumably due to unwanted beam wavefront distortions caused by SLM im-

perfections. The divider nearfield profile is presented in Fig. 3(c) when 633 nm radiation is

coupled into the central waveguide. With a splitting ratio of approximately 1:1, the light di-

viding operation is clearly verified. Moreover, further investigations put into light the absence

of nearfield mode at the output of the intermediate waveguides, thus confirming light dividing

through total evanescent coupling. Losses of the device, apart from the propagation losses, were

evaluated to be approximately 30% expectedly mostly related to machining imperfections.

Considering a pair of identical waveguides injected in only one arm, a variation of the excit-
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Fig. 4. (color online): Bulk photowritten WDD device achieved through double spot oper-

ation at 24 mW total power and 5 µm/s scan velocity. (a) Schematic view of the structure

(condition followed by lo is given in the text). (b) Nearfield profile under 633 nm (solid) and

800 nm (dashed) simultaneous injection in the top arm. (c) PCM side-image of the overlap-

ping region. (d) Theoretical prediction of the 633 nm (solid) and 800 nm (dashed) intensity

variations in the excited waveguide according to [31,32] taking into account the wavelength

dependance of the coupling coefficient. The total length of the structure is 7.4 mm.

ing wavelength modifies the coupling coefficient and length according to Eq. (3) and (4). More

precisely, for a given structure, increasing the wavelength will shorten the coupling length. In

the case of two available wavelengths λ1 and λ2 with λ1 > λ2, it is possible to create a device

for which the coupling length lcλ2
for λ2 is twice as big as the coupling length lcλ1

for λ1. Then,

if the total overlapping length lo of the waveguides verifies lo = lcλ2
= 2× lcλ1

, exciting one arm

with both λ1 and λ2 generates total evanescent coupling of the λ2 light in the other arm whereas

the λ1 excitation is be back coupled to the initial arm demultiplexing the input frequencies.

Figure 4 shows a device performing the wavelength-division demultiplexing (WDD) opera-

tion. The entire device was photowritten with DMSO in a single motor scan in similar exposure

conditions as already described. At the beginning of the irradiation, the laser beam was spa-

tially modulated with a BPM having ν = 20 periods resulting in two 84 µm separated spots.

The number of periods ν was dynamically decreased while the sample was moving thus low-

ering the separation to s = 16µm in synchronization with the photoinscription procedure. At

633 nm, the coupling length for this separation is lc633 = 4.5 mm. For injection with 800 nm

CW laser radiation, the length becomes lc800 = 2.4 mm. To take into account the weak cou-

pling in the non-parallel part of the structure, we used the formalism proposed by McIntyre and

Snyder [32] for non-parallel structures. Consequently, the overlapping length lo = 4,4 mm is

slightly smaller than lc633. Calculation results for the structure are depicted in Fig. 4(d) showing

clean WDD between 633 nm and 800 nm. The experimental nearfield modes of the excited de-

vice at 633 nm and 800 nm are presented in Fig. 4(b), in agreement with the expected behavior.

4.3. 3D photonic components

The beam shaping properties allow easy access to the 3D space. In order to underline further

three-dimensional capabilities as well as the high flexibility of the DMSO technique, two opti-

cal components are presented hereafter. First, a simple twisted X-coupler is depicted on Fig. 5

where a structure rotation from the vertical to the horizontal plane occurs. This device was pho-
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towritten in a single scan of the sample during which the wavefront was continuously controlled

in order to draw simultaneously the two arms of the structure. At the beginning of the move,

the spatial phase mask was driven the same way as for the above-mentioned WDD device i.e by

changing the BPM cycling frequency. Then, it was gradually rotated by 90◦ during the writing

of the central part (Fig. 5(b)). Finally, the number ν of periods was increased to augment the

separation of the two arms. The structure dimensions (separation, overlapping length lo) were

designed with the help of the above-mentioned formalism in order to transmit the totality of

the 633 nm light injected in the bottom arm to the top one. Fig. 5(c) depicts the experimentally

obtained nearfield mode at the output of the device.

Fig. 5. (color online): (a) Schematic view of a bulk photowritten twisted X coupler achieved

through DMSO in a single scan. (b) Optical transmission microscopy pictures of the central

region, showing 90◦ rotation. (c) Nearfield profile at the output of the top arm under 633 nm

injection in the bottom waveguide.

Fig. 6. (color online): Schematic view of a bulk photowritten 3D hexagonal light divider

achieved through DMSO. The condition followed by lo is given in the text. Insert: Nearfield

profile under 633 nm injection in the central waveguide.

The second structure of interest achieved by DMSO consists of a hexagonal light divider

for 633 nm (Fig. 6). Hexagonal waveguide arrays written by femtosecond SSO were recently

achieved and light propagation in such structures was investigated [33]. The light divider pre-

sented here was photoinscribed taking advantage of the flexibility and the 3D access of DMSO.

Four sample scans were necessary to achieve the device in similar exposure conditions as al-

ready described. We recall here that DMSO was restricted to two processing spots in order

to preserve sufficient enough energy to trigger the proper photowriting regime in fused silica.
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First, the sample was irradiated with the wavefront modulated laser beam offering two process-

ing spots separated by 30 µm. The two subsequent scans were performed with the same mask

rotated by an angle of 60◦ and 120◦, successively. Finally, the central guide was photowrit-

ten without any wavefront modulation at lower power. The distance sAA between two adjacent

guides equals the separation sCA between the central guide and the six others having s = 15µm,

the whole structure forming a regular hexagon.

In order to obtain optimal coupling, the overlapping length lo (Fig. 6) verifies lo = lc6 =
1.5 mm obtained from Eq. (7). Having sAA = sCA, it is straightforward to show that κss = κcs.

Thus, using Eq.(8), it is expected to obtain F = 0.85, meaning that 85% of the injected light

is theoretically retrieved at the output of the six external guides (∼ 14% per guide), the rest

remaining in the seed waveguide. In other words, each of the seven outputs is expected to have

the same nearfield mode peak intensity. The insert of (Fig. 6) depicts the experimental nearfield

intensity distribution, being in good agreement with the foreseen distribution.

5. Conclusion

An innovative technique is proposed to photoinscribe optical 3D devices in the bulk of trans-

parent materials using spatial ultrafast beam shaping. The parallel photowriting technique uses

time-evolutive modulation of femtosecond laser wavefront, producing two laser processing

spots for parallel photoinscription of light guiding structures. The method relies on the em-

ployment of a periodical binary phase mask where a variation of the period (cycling frequency)

results in a modification of the spots separation, a feature permitting dynamic positioning of the

processing spots during laser exposure. Provided that sufficient energy is available, the tech-

nique can be scaled up to a higher number of machining foci. Several devices are demonstrated

in the longitudinal writing configuration, thus underlining the high processing flexibility of this

technique easily applicable for more demanding photowritten optical components. Examples

are given emphasizing waveguide arrays where parallel processing appears as a natural choice.

Two and three dimensional photonic structures relying on evanescent coupling were achieved

with this method performing functions of light coupling, division and wavelength demultiplex-

ing.
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Ultrafast Laser Processing using Optimized Spatial Beam Control

7.5 Ultrafast laser micro-cutting of stainless steel and PZT

using a modulated line of multiple foci formed by spa-

tial beam shaping
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Razvan Stoian, and Florent Pigeon (2015b). “Ultrafast laser micro-cutting of stainless steel
and {PZT} using a modulated line of multiple foci formed by spatial beam shaping”. In: Optics
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to accelerate the process. Thus, this is an example of industrial transfer of the spatial beam
shaping technique.
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a b s t r a c t

Femtosecond laser surface processing of materials allows for precise micrometer cutting with restricted

detrimental side effects. An efficient way to increase the ablation or cutting speed and energy efficiency

of the process is the generation of N parallel laser spots in the focal plane of a lens on the sample surface,

each spot simultaneously following a defined cutting trajectory. However, the cutting scheme is then

limited in area to avoid overlap of the spot trajectories. We present in this paper a technique to overcome

this limitation. The ultrafast laser beam wavefront is spatially modulated, generating a line of multiple

processing spots in the lens focal plane. Micro-cutting is then conducted by translation of the sample

along the spot line. That way, no restriction on the cutting trajectory length is imposed while preserving

the increase in the cutting speed and energy efficiency of the process compared to single spot

machining. Successful cutting of PZT ceramic and stainless steel is achieved with the spot array and

compared to single spot machining in terms of processing time. In the case of PZT, the cutting efficiency

and speed is compared to single spot laser machining with various focal lenses. We also investigate the

effect of intensity gradient on the spots line for micro-cutting on stainless steel. The method efficiency is

discussed relying on surface characterization using scanning electron microscopy.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Femtosecond laser processing of materials is becoming an

increasingly spread technique for rapid structuring on the micro

or sub micrometer scale with high potential for applications [1–7].

Due to the nonlinear character of the interaction, femtosecond

laser processing can be used for a wide variety of materials. For

surface treatment, the technique has been employed with success

in various fields of application including surgery [8], biology [9],

tribology [10], wettability [11], color marking [12] or material

ablation and cutting [5,6,13,14]. Interestingly, physical properties

of the laser-irradiated surfaces can be controlled to a certain

extent by tuning the irradiation conditions. A major field of

applications concerns micro-cutting of thin samples of various

materials. The laser tool ensures an obvious advantage for flexible

non-contact machining and/or cutting, thanks to the possibility to

control the laser spot trajectory. However, the requirements of

high processing speed, with minimum deterioration of the surface

physical properties (notably on the residual cutting walls) remain

a challenge. As a solution to the need of increased machining

speed, beam shaping methods have been developed [15–21] based

on amplitude and/or phase modulation using a spatial modulator.

The technique allows for multiplication of the machining laser

focus into several spots enabling parallel machining. This paralle-

lization of the process has the advantage of reducing the proces-

sing time by a factor equal or close to the number of processing

foci. As an example, for a given micro-cutting trajectory on a

surface, reduction of the processing time can be obtained by

defining N trajectories with the N laser spots side by side on the

sample surface. However, to avoid overlap of the irradiated areas,

the spot separation distance has an upper limitation. This distance

corresponds to the lateral dimension of the optical field in the

processing plane D (which depends on the focusing lens) divided

by the number of parallel laser spots N. Keeping a spot separation

below D/N is necessary to avoid overlap of the cutting trajectories

of the N laser spots. Thus, only beam trajectories corresponding to

a small enough area are eligible to this technique to avoid overlap

of the irradiation paths. Moreover, the greater N is (which is a

natural aim in reducing the processing time), the smaller the beam
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separation ought to be. This reduces the potential of parallel

processing with spatial beam shaping to restricted micromachin-

ing schemes.

We propose here a beam shaping strategy that can overcome

this limitation and successfully apply it for micro-cutting of

stainless steel and PZT. A line of N close and identical laser spots

is formed at the focal plane of a lens using wavefront modulation.

During irradiation, the sample surface is translated along the spot

line for micro ablation and/or cutting. That way, a single sample

translation corresponds to N passes of the laser. This reduces the

processing time while keeping the maximal attainable machining

area independently of the number of spots N. In this work, we

employ and compare this technique with single spot laser machin-

ing in terms of processing time and ablation efficiency. We also

investigate the possibility to generate intensity gradients along the

line of laser spots when irradiating stainless steel. Finally, the

efficiency of the method is discussed in light of the surface

characterization using scanning electron microscopy on PZT.

2. Experimental details

A femtosecond amplified laser system (Thales Bright) operating

at a repetition rate of 5 kHz delivers 120 fs (full width half

maximum) light pulses at 800 nm with an average power of 2 W

and linear polarization. As illustrated in Fig. 1, the laser beam is

reflected on a Spatial Light Modulator (SLM) (Holoeye Pluto NIR).

The laser wavefront undergoes a phase computer-controlled

modulation which spatially shapes its intensity distribution in

the far field (i.e. here the focal plane of the focusing lens). The

beam is then reduced in size by passing through a telescope

(T) before reaching the focusing objective or lens (FL). In this

report, focal lengths of 20, 25, 50, 88 and 250 mm were used to

focus the ultrashort pulses on the surface of the sample. Here,

common stainless steel (316 L) and PZT are employed with a

mirror-like polished surface. A home-made microscope sharing

the focusing lens with an additional tube lens (f¼250 mm) and a

two-dimensional CMOS sensor is set up for in-situ observation of

the interaction zone and rapid monitoring of the laser intensity

distribution on the surface. The sample is mounted on translation

stages with sub-micrometric precision. The laser energy is

adjusted using half wave plate with polarizing cube before the

SLM to ensure a constant fluence on the device as well as proper

and fine polarization orientation for pure phase modulation.

Density filters are positioned in front of the FL to adjust the laser

fluence on the sample (not shown).

Using an Iterative Fourier Transform Algorithm (IFTA) based on

the Gerchberg–Saxton algorithm [15], we have calculated phase

masks to generate the lines of 3, 4, 5 and 7 laser spots with

constant peak intensity or with an arbitrary gradient. The central

spot of the intensity distribution was set to a lower relative

intensity in the target processed by the IFTA. This permits to

compensate for excess of intensity in the 0th order of diffraction

and thus control the experimental regularity of the spots. To

generate a single laser spot, the SLM was displaying a uniform

phase mask. An additional laser beam analyzer (not shown) with a

higher magnification has been used for fine spatial characteriza-

tion of the laser intensity profile before any sample machining to

ensure the success of the phase modulation to generate the line of

laser spots. The laser fluence cartographies presented in the

following were calculated from the measured pulse energy, and

correspond to peak fluences.

Micro-grooves and micro-cutting were achieved by translating in

a single scan the sample during femtosecond irradiation with

continuous air blowing. The beam polarization is perpendicular to

the translation direction. The lens focal plane is precisely adjusted on

the surface of the sample. To evaluate the cross sectional profile of

the micro-grooves, the samples were immerged in an ultrasonic bath

for cleaning and mechanically cut perpendicularly to the micro-

grooves with a diamond saw. Then samples were immerged in a self-

polymerizing liquid and polished to reveal the micro-groove cross

sections which were observed under episcopic microscopy. Scanning

Electron Microscopy was also used to observe the aspect on the

nano-scale of the walls after cutting of PZT.

3. Results and discussion

3.1. Comparison of micro-cutting with single and multiple laser spots

Micro-cutting of PZT samples was achieved using the femtose-

cond beam focused into a single spot or into a line of several spots.

Fig. 2 presents the phase modulation applied to the SLM and the

corresponding experimental laser intensity distributions for var-

ious FL. The efficiency of the beam shaping apparatus ensures a

good control of the beam shape. The spot profiles in the line

shaping in all cases are regular (less than 10% variation in peak

intensity) and are identical to the single spot. The laser power was

adjusted with the density filter to obtain the same peak fluence

per spot in the single spot and in the multi-spot operation. There

were no necessity of screening the usually problematic 0th order

of diffraction [19] as it was used as one of the processing spots,

thus yielding a better transmission of the whole beam shaping and

focusing system (60%).

Micro-cutting of 180 mm thick PZT sample was conducted using

the above-mentioned beam profiles in order to put in light the

gain of speed using the spatially-shaped intensity distribution.

Fig. 1 presents the experimental results of the number Nscan of

laser scans necessary to cut the 180 mm thick PZT sample for single

and multi-spot operation for the two lenses. The scanning speed

was 2 mm/s in all cases and the scanning length was 2 mm. As an

indication, the Rayleigh length associated to the 50 mm and

25 mm lens are 350 mm and 1400 mm respectively, well above

the desired cutting depth.

The gain of speed with the multi-spot operation is evident from

the data in Fig. 3. For the 50 mm lens, the number of scans to achieve

sample cutting is divided by around three compared to the single

spot machining. This coefficient corresponds to the number of

simultaneous machining spots. This relationship is also noticeable

from the total number of pulses necessary to cut through the sample.

Fig. 1. Experimental setup M: mirror, T: telescope, L: lens, FL: focusing objective

or lens, α: reflection angle (41). The inset shows the sample translation direction

with respect to the line of laser spots.
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For the 25 mm lens, not only the gain of efficiency is evident, but also

a noticeable difference in the machining process appears. Using a

single spot, we were not able to cut through the 180 mm of PZT even

after more than 200 laser scans, whereas using the multi-spot

operation, the cutting was achieved after 2174 laser scans. The

experiment was repeated several times, confirming the saturation of

the cutting process in the single spot case (see Fig. 3). We presumably

associate this behavior with the lower dynamic of cumulative effects

in the case of the single spot, compared to the line of the seven

simultaneous processing spots. A more detailed discussion is given in

the last section of this paper.

A similar experiment was conducted on stainless steel (316 L)

using a focusing objective of 0.3 numerical aperture (20 mm focal

length). There, a line of 4 spots was formed with the spatial shaping

apparatus (see Fig. 4(b)). The machining of grooves with single and

multi-spot operation was compared in terms of groove depth for

various scan speeds and different peak fluences. Fig. 4(e) presents

an example of a micro-machined groove pictured with optical

microscopy after cutting, polymerization and polishing. The peak

intensity of each machining spot was precisely adjusted to be the

same for the single and multi-spot operation (see Fig. 4(a and b)). In

order to have the same energetic dose deposited in the two cases,

one laser scan was applied when using the line of 4 spots whereas

4 successive laser scans were conducted when using the single spot.

The cutting depth, related to the depth of the groove versus the

peak laser fluence is presented in Fig. 4(d). As the same depth is

obtained for the two processes, a gain of speed by a factor of 4 is

demonstrated using the spatially-shaped intensity distribution for

all the scanning speeds and fluence levels presented here. This

confirms the interest of this beam shaping technique as in the case

of PZT cutting.

3.2. Experimental intensity gradient

As an illustration of the flexibility offered by the spatial beam

shaping apparatus, an intensity gradient along the spot array was

achieved yielding 4 spots of increasing peak intensity. The experi-

mental conditions were the same as described in the previous

paragraph. The experimental profile of the gradient is shown in

Fig. 5(b). The total power for irradiation was the same as for the

previous case with the line of 4 uniform spots. Therefore the peak

laser fluences of the different spots in the gradient were above and

below the level of the 4 uniform spots configuration. The machining

Fig. 2. Experimental beam profiles using a 25 mm (a and b) and a 50 mm (c and d) converging lens with phase modulation to generate the spot line (b and d) and without,

yielding a single laser spot (a and c). (e and f) represent the phase modulation applied on the SLM to generate the spot line (b) and (d) respectively. The spots obtained with

the phase modulation are identical (fluence, profile) to the single spot for a given lens.

Fig. 3. Comparison of cutting speeds for single and multi-spot machining on an 180 mm thick PZT sample. Left: Scanning Electron Microscopy picture of after cutting. Right:

table comparing the number of needed laser scans at 2 mm/s to achieve a complete cut of the 180 mm thick PZT sample with and without multi-spot spatial shaping for two

focusing lens. A line of 3 spots was generated with the 50 mm lens, yielding a gain of time of approximately 3 (7 scans instead of 24). A line of 7 spots was generated with the

25 mm lens, yielding a gain of time of more than 10.
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of microgrooves on stainless steel was performed using this inten-

sity distribution with the sample scan along the spot line in the

direction of the gradient (denoted as positive gradient – the disks –

in Fig. 5(a)) and in the opposite direction for various scan speeds

(triangles in Fig. 5(a)). Fig. 5 presents the cutting depths versus the

peak laser fluence for the positive, negative gradient and the

uniform line of spots. The cutting speed appears constant regardless

of the intensity gradient. Looking closer at the fluence levels in play

here, one realizes that we remain well above the ablation threshold

even for the weaker spots. Therefore, it is expected that the intensity

gradient do not affect the cutting depth. However, the idea here was

to illustrate the potential of the technique andmay have applications

for other types of materials exhibiting deviations from linear

behaviors from upon, accumulation.

Fig. 4. Comparison of cutting speeds for single and multi-spot machining on stainless steel. Intensity distribution on the sample for single (a) and multi (b) spot operation.

(c) Phase mask applied to generate the line of 4 spots. (d) Cutting depth versus peak laser fluence for different translation speeds. Squares: after one laser scan with the

4-spots line. Disks: after 4 laser scans with the single spot (a). The achieved cutting depth is the same in the two cases also for the two scanning speeds showing the expected

4-times gain in processing time with the 4 spots line. (e) Example of micro-machined groove under optical microscopy.

Fig. 5. Comparison of cutting speeds for multi-spot machining on stainless steel with uniform and gradient intensity (a) cutting depth versus peak laser fluence for different

translation speeds. Squares: after one laser scan with the uniform 4-spots line. Disks: after one laser scan with the positive gradient distribution (experimental profile of is

given in (b), the weaker spot opened the way on the sample). Triangles: after one laser scan with the negative gradient distribution (the stronger laser spot was first on the

sample). The achieved cutting depth is similar in the three cases also for the two scanning speeds.
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3.3. Surface quality after cutting, cumulative effects

Having in mind the laser repetition rate (5 kHz) and the

ultrashort pulse duration, it is not expected to observe significant

accumulation effects [22,23] even at low cutting speeds. However,

the results on PZT presented in Fig. 3 for the 25 mm lens denote a

clear increase in the cutting pace when using a line of 7 spots.

Noteworthy, not only the cutting speed is augmented, but it is only

with the 7 spots line that the cutting through the 180 mm thick

sample is achieved. On the contrary, using a single spot, a cutting

saturation is observed. As the only difference between the two

processes is the number of pulses during one scan, (7 times higher

in the case of the 7 spots line beam shape), a dynamic accumula-

tion effect is therefore expected to explain the higher cutting

speed observed with the 7 spots line. A more detailed investiga-

tion of the phenomena is reported in Fig. 6(a). There, the cutting

depth is plotted versus the number of accumulated pulses

(calculated with the top hat approximation [24]) for single spot

cutting and 7 spot line cutting. While the single spot machining

saturates after 1000 accumulated pulses at a depth of approxi-

mately 100 mm, the multi-spot method reaches 180 mm before

saturation. In order to clarify the situation, the surface of the PZT

wall after cutting through the 180 mm thick sample is observed

under SEM (see Fig. 6(b and c)). With same cutting parameters

(50 mm lens and a line of 3 spots) and a different scanning speed,

Fig. 6(b and c), do not present the same surface finishing. The

slower scanning speed at 2 mm/s generates a fleecy texturation

probably due to matter re-deposition, while the faster 8 mm/s case

exhibits well defined ripples usually associated with a softer

ablation and a lower onset of accumulation effects. Let us deter-

mine the possible role of thermal accumulation.

Briefly, cumulative thermal processes are supposed to occur

when the cooling time τc is longer than the duration between two

laser pulses τr. For PZT, the energy deposited by one pulse can be

estimated by the optical penetration depth labs at low fluences

(o10 J/cm2 for PZT [24]).

From a previous study on the PZT ablation gives labsE158 nm

[24]. Considering τc¼ labs
2/D [25] where D is the thermal diffusivity

(�3.6 10�7 m2/s for PZT), we obtain a cooling time τc¼70 ns

which is more than four orders of magnitude below the duration

between two irradiations (τr¼0.2 ms) at the repetition rate

employed here (5 kHz), meaning that the material has time to

cool down between to pulses, regardless of the beam shape (single

spot or multispot). Therefore, thermal effects only cannot explain

the cutting speed difference nor the surface finishing discrepancy.

Dynamic cumulative effects possibly linked to material fatigue and

incubation may be responsible. A detailed discussion on cumula-

tive effects is beyond the scope of this paper (see [26] for a

detailed investigation and optimization of PZT cutting). However,

these results put in light possible limitations of ultrafast micro-

machining with a line of spots due to higher recovering rates than

single spot machining.

However, this also depends on the material properties. For

instance, this behavior was not observed on stainless steel where

no cutting speed difference was observed between the 4 spot line

and 4 scans with a single spot – see Fig. 4(d).

Fig. 6. (a) Cutting depth with respect to the number of accumulated femtosecond pulses in the single spot operation (black squares) and 7-spot operation (red disks) with

the 25 mm lens. A saturation of the cutting process appears earlier without spatial shaping presumably due to a lower dynamic of cumulative effects with the single spot.

(b) SEM pictures of the walls after cutting the 50 mm focal lens, 3 points shaping at 2 mm/s and (c) the 50 mm focal lens, 3 points shaping at 8 mm/s.
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4. Conclusion

We propose and successfully employ an efficient technique to

increase the cutting speed and energy efficiency of ultrafast laser

micro-cutting by generating a line of N laser spots in the focal

plane of a lens. Micro-cutting is then conducted by translation of

the sample along the spot line. This method avoids restriction on

the cutting trajectory length and increases the cutting speed and

energy efficiency of the process compared to single spot machin-

ing. Successful cutting of PZT ceramic and stainless steel is

demonstrated with the spot line. The processing time is compared

to single spot machining showing the advantage of the technique

with various focal lenses. We also investigate the effect of intensity

gradient on the spots line for micro-cutting on stainless steel. The

efficiency and limitations of the method is discussed in light of the

surface characterization using scanning electron microscopy

on PZT.
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Ultrafast Laser Processing using Optimized Spatial Beam Control

7.6 Ultrafast laser spatial beam shaping based on Zernike

polynomials for surface processing

Julien Houzet, Nicolas Faure, Mathieu Larochette, A-C Brulez, Stephane Benayoun, and Cyril
Mauclair (2016). “Ultrafast laser spatial beam shaping based on Zernike polynomials for surface
processing”. In: Optics express 24.6, pp. 6542–6552
This paper corresponds to the postdoctoral stay of J. Houzet in the frame of the ANR Topoinjec-
tion project with the LTDS laboratory as the lead partner. Arbitrary controlled groove section
were demanded by the consortium. To achieve this in a efficient manner, we developed a
wavefront shaping strategy based on the adjustments of the Zernike polynomials. Using a self
learning routine, the algorithm eventually found a proper phase mask that could modulate
the beam intensity distribution, thus forming the desired ablation profile upon scanning. This
pioneering work, involving a self-learning loop, is also original considering that the phase mask
calculation takes into account the experimental limitations of the phase modulator.
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Ultrafast laser spatial beam shaping

based on Zernike polynomials for

surface processing
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Abstract: In femtosecond laser machining, spatial beam shaping can be

achieved with wavefront modulators. The wavefront modulator displays a

pre-calculated phase mask that modulates the laser wavefront to generate a

target intensity distribution in the processing plane. Due to the non-perfect

optical response of wavefront modulators, the experimental distribution may

significantly differ from the target, especially for continuous shapes. We

propose an alternative phase mask calculation method that can be adapted

to the phase modulator optical performance. From an adjustable number

of Zernike polynomials according to this performance, a least square

fitting algorithm numerically determines their coefficients to obtain the

desired wavefront modulation. We illustrate the technique with an optically

addressed liquid-crystal light valve to produce continuous intensity distribu-

tions matching a desired ablation profile, without the need of a wavefront

sensor. The projection of the experimental laser distribution shows a 5%

RMS error compared to the calculated one. Ablation of steel is achieved

following user-defined micro-dimples and micro-grooves targets on mold

surfaces. The profiles of the microgrooves and the injected polycarbonate

closely match the target (RMS below 4%).

© 2016 Optical Society of America

OCIS codes: (140.3300) Laser beam shaping; (070.7145) Ultrafast processing; (350.3390)

Laser materials processing.
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1. Introduction

Femtosecond laser utilisation for surface micromachining has been widely studied in past

years [1–3]. The main advantage of ultrashort light pulses lies in their particular interaction with

materials where very restricted thermal and collateral effects are observed compared to longer

irradiations (nanosecond and beyond). Very accurate ablation profiles with a precise control of

the removed layer thickness (down to a few tens of nm) can thus be achieved. Spatial beam

shaping aims at controlling the intensity distribution in the processing plane by means of wave-

front modulation [4]. Dynamic wavefront modulators can be divided in two main families, the

Spatial Light Modulators (SLM) based on an addressable liquid crystal layer and Deformable

Mirrors (DM) based on a reflective surface.

Due to their high resolution, SLMs permit to deal with high spatial frequency phase masks

involving sharp phase jumps. SLMs are highly suitable for multispot operation processes [5,6].
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This has a major interest in reducing the processing time and cost of femtosecond machining

[7]. However, due to their imperfect optical response, these devices induce deformations of the

experimental intensity distribution when compared to the desired one [8].

To compensate for these shaping discrepancies, research groups have proposed optical feed-

back loops based on a measurement of the experimental intensity distribution enabling homog-

enization of multispot distributions [9,10]. In the case of continuous intensity targets, solutions

based on averaging the shaping discrepancies by beam scanning on the sample [11], phase

mask change during irradiations [8] or spatial filtering in a Fourier plane [12] have been re-

ported, though adding a constraint to the laser process. Nevertheless, the calculated phase mask

(using Iterative Fourier Transform Algorithm, lens and grating [5], Multi Fresnel lenses [4])

cannot be perfectly reproduced by the SLMs. There is a need of a phase mask calculation strat-

egy that takes into account the limitations of the SLMs optical response. These limitations,

regardless of their physical origin, can be described with the help of Zernike polynomials [13]

as they constitute an orthogonal basis of surface functions on the unit circle. Thus the limita-

tions of any modulator’s optical response can be defined evaluating the ability of the modulator

to correctly reproduce a set of Zernike polynomials [14, 15]. This characterization can also be

conducted on any other orthogonal basis, e.g the spatial modes of a DM [16].

The DM can also be used to perform laser spatial beam shaping [17]. Currently, the maximum

resolution is attained by MEMS DM having a few thousands of actuators of 300µm pitch. If

DM are able to generate continuous phase modulations, their restricted resolution limits their

optical response and their capacity to reproduce a calculated phase mask. Since both DMs and

SLMs cannot perfectly reproduce phase masks for beam shaping, there is a need to consider

the wavefront modulator limitations in the phase mask computation.

We propose a calculation strategy of the modulation phase mask for a desired target intensity

that takes into account the limited optical response of the phase modulator in terms of Zernike

polynomials. We apply it to generate arbitrary continuous intensity shapes. It is an alternative to

other phase mask calculation algorithms (such as Iterative Fourier Transform Algorithm, lens

and grating, Multi Fresnel lenses...) that disregard the phase modulator ability to reproduce the

phase mask. The advantage of our method is that the number of Zernike polynomials coeffi-

cients involved in the calculation can be adjusted to the performance of the wavefront modulator

that is employed. Indeed, the optical performance of a wavefront modulator is often character-

ized by the number of well-reproduced Zernike polynomials [15, 16]. Taking this optical re-

sponse into account is not easily achievable with the usual phase mask calculation algorithms.

The proposed calculation determines the coefficients of a chosen number of Zernike polyno-

mials, each of them having an effect on the laser intensity distribution after propagation [18].

To illustrate the technique, an optically addressed liquid-crystal light valve is used as a pro-

grammable wavefront tailoring device [19]. The phase mask is calculated using a least-square

fitting algorithm on an adjustable number of Zernike polynomials coefficients [13], optimized

to generate a user-defined intensity distribution in the far field. The latter is related to a desired

groove profile on steel by the experimental ablation rate [11]. We demonstrate the efficiency of

the technique with numerical calculations of phase masks for target intensities and experimental

intensity shaping along with characterizations of the laser-processed surfaces. We point out that

no wavefront measurements was necessary as the phase modulation is numerically calculated

and then displayed on the SLM for experimental evaluation of intensity distribution shaping.

The comparison between experimental and numerically calculated laser distributions reveals

a low RMS error (< 5%) on cross section. The technique is demonstrated in the case of sur-

face processing, where laser-machined grooves and dimples on steel molds are evaluated using

classic and interferometric microscopy. The groove depth closely matches the expected profile

(RMS < 4%). As a further illustration, the surface of the corresponding injected polycarbonate
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is presented, showing the desired profile as well.

2. Experimental details

Fig. 1. Scheme of the experimental set-up. The femtosecond laser wavefront is spatially

modulated by the optically addressed spatial light modulator (OA-SLM). The phase mask

displayed by the video projector (VP) is imaged on the OA-SLM by a converging lens

(CVL). The plane OA-SLM plane is optically conjugated with the object focal plane of the

scanner head (SH) f-theta lens (f-θL) through a telescope (100 cm and 75 cm focal lengths).

The shaped intensity distribution is employed to process the sample surface and is observed

at the focal plane of a lens on a CCD sensor. Also a home made beam analysis set up (not

shown) with the same CCD sensor has been used to measure the intensity in the focal plane

of the f-theta lens.

As depicted on Fig. 1, a femtosecond amplified laser system (Thales Bright) operating at a

repetition rate of 5 kHz delivers 160 fs light pulses at 800 nm with a maximum average power

of 2 W, a linear polarization and a spectral bandwitdh of 8 nm. The laser beam goes through

an optically addressed SLM (OA-SLM). The phase modulation is achieved with a blue light

beam impinging a photo-conductive layer stuck to the liquid crystal layer (parallel nematic).

The nonpixelated OA-SLM has a spatial resolution close to 100 µm on a 1 cm diameter pupil.

Its measured dynamic phase range, linked to the thickness of the liquid-crystal layer, is 6π

or 3λ at 800 nm. The device can handle 1 W of the femtosecond laser power. We have ex-

perimentally verified that the OA-SLM does not affect the laser pulse duration with autocor-

relation measurements. Further details can be found in [19]. By displaying a grey level mask

with a video projector imaged on the OA-SLM, the optical retardation due to the liquid crystal

molecules orientation is modulated in two dimensions. The femtosecond beam wavefront thus

is modulated and therefore spatially shapes the beam intensity distribution in the far field. The

beam is enlarged before the OA-SLM and truncated by an iris of 1 cm diameter just before

passing through the OA-SLM in order to approach an uniform illumination. Considering the

100 µm spatial resolution over the 1 cm active area and the phase stroke, we can securily say

that this modulator permits to adress a very large number of Zernike polynomials, up to at least

30. After the OA-SLM, the beam is reduced in size passing through a telescope constituted

of two converging lenses of 75 cm and 100 cm focal lengths. The telescope is positioned to

optically conjugate the SLM plane with the object focal plane of the F-theta lens of a scanner

(ScanLab). This lens focuses (focal length = 88 mm) the laser beam on a steel surface and al-

lows for rapid beam scanning on the surface for groove micro processing. The beam profile is
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measured with a CCD sensor (Thorlabs DCU224M) at the focal plane of a long focal length

lens and as well in the focal plane of the F-theta lens using a home made beam analyser. The

steel (X105CrMo17) is a specific metal for injection molds.

First, the steel ablation rate (i.e the depth of ablated material per pulse with respect to the

laser fluence [20]) was experimentally determined for fluences below 1 J/cm2. For fluences be-

low 1 J/cm2, in the so-called gentle ablation region on steel (see [20]), the empirical relationship

between the ablated depth per pulse and the laser fluence can be approximated with a logarith-

mic function [11]. For the X105CrMo17 steel, the ablation rate relating the laser peak fluence

F in J/cm2 to the depth D of the ablated layer per pulse in nm could be experimentally approx-

imated by D = 40× logF + 45. This permits to calculate the target fluence distribution from

a desired ablation profile, see Fig. 2 (I) and 2 (II). Then, a numerical optimization algorithm

(detailed hereafter) determines the Zernike polynomials coefficients permitting to obtain the

intensity target, see Fig. 2 (III). The corresponding phase mask, see Fig. 2 (IV), is displayed on

the OA-SLM. By going through the OA-SLM, the femtosecond beam is spatially modulated

and reaches the surface to be processed with the desired intensity profile.

Fig. 2. Calculation strategy for the modulation phase mask I) desired groove profile II)

numerical calculation of corresponding fluence distribution based on the empirical abla-

tion rate [11] III) Zernike polynomials coefficients obtained by least square fitting from

II) IV) corresponding phase mask obtained numerically that can be applied to the phase

modulator. The number of optimized Zernike polynomials can be adjusted according to the

performances of the phase modulator.

The optimization algorithm consists of a least square fitting method coupled to a Fres-

nel propagation code. The least square fitting algorithm iteratively optimizes a vector of

Zernike polynomials coefficients C j (radians) of the wavefront function in radians W (r,θ) =

∑ j C jZ j(r,θ) where r and θ are polar coordinates on the unity disk and Z j(r,θ) a Zernike poly-

nomial following the Noll’s sequential indices convention in [13]. At each iteration, the inten-

sity is numerically calculated for the current C j and the 2D root mean square (RMS) error εRMS

between the calculated intensity I(i, j) and the target intensity It(i, j) is evaluated following:
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εRMS =
∑i, j(I(i, j)− It(i, j))2

∑i, j It(i, j)2
(1)

The least square fitting algorithm iteratively minimizes εRMS by optimizing the vector of C j.

The starting vector is constituted of zeros for each Zernike coefficient. Each run of the least

square fitting algorithm produces a new vector that is the starting vector for the subsequent run.

We have performed 30 to 50 iterations for the results presented hereafter, lasting altogether a

few minutes on a standard PC. We mention here that we have also used a simulated annealing

approach with very similar phase mask results requiring however a few hundreds of iterations

(thus lasting a few tens of minutes on the same PC). The stopping point of the algorithm was

defined by the user, when the εRMS started to show little improvement (less than a few %).

The least square fitting method (see Fig. 2) determines the C j by iteratively reducing εRMS

to numerically determine the C j yielding the desired beam shaping. The optimization is imple-

mented from the third to the twentieth polynomials as the first (piston) and second (tilt) do not

modify the shape of the diffracted beam. The piston only creates a constant phase shift equal

for every part of the incident beam, and the tilt spatially shifts the diffracted beam.

We underline here that the least square fitting algorithm is not employed with a wavefront

sensor for an experimental verification of the applied phase mask on the laser wavefront as for

adaptive beam shaping. Instead, the least square fitting method is used for an optimization of the

C j, i.e the calculation of the phase mask. The corresponding calculated phase mask is applied to

the optical valve that modulates the femtosecond laser wavefront. The experimental verification

of the beam shaping success is conducted by recording the laser intensity distribution in the

focal plane of a lens on a CCD sensor. Micro grooves were machined by scanning the shaped

beam on the steel sample at a speed of 25mm/s with 500 passages.

3. Results and discussion

3.1. Phase mask calculations

The numerical results of optimization of C j to generate a phase mask producing a top hat inten-

sity distribution in the far field are shown in Fig. 3. The target includes the point spread function

associated with the focusing lens by a convolution. The influence of number of optimized C j

on the beam shaping accuracy is numerically studied. As the top hat distribution has a circular

symmetry, we have used only polynomials with a spherical symmetry, i.e defocus and spherical

aberrations (C4, C11 and so on). When calculating the phase mask generating a top hat distribu-

tion with a minimum number of Zernike coefficients (see Fig. 3 first and second rows), we were

not able to lower the 2D εRMS between the top hat target and the calculated intensity below 6%.

When using just one Zernike coefficient (defocus - Noll’s index C4), it is clear that a top hat

distribution is out of reach as adding an aberration of defocus simply enlarges the spot size in

the geometrical focal plane of a lens, see Figs. 3(b) and 3(c). In that case, the algorithm finds a

coefficient that enlarges the spot size to its best fit with the top hat distribution yielding a εRMS

of 11%. When the optimization is conducted on the 3 first spherical Zernike polynomials co-

efficients, the εRMS drops to 6.4%, see Fig. 3(e) and 3(f). When 5 coefficients are involved, the

performance increases with a reduced root mean square errors to 3.1%, see Fig. 3(h) and 3(i).

The corresponding optimized phase masks are shown in Fig. 3(a), 3(d), and 3(g). Clearly, this

numerical study shows that by using an increased number of optimized C j, the beam shaping

quality is superior in the case of the top hat target.

Additional results are depicted on Fig. 4 for the top hat 4(a) and the three-steps 4(b) intensity

profiles. The number of optimized C j was 5 and 10 respectively. The number of optimized C j

was determined after several trials of the optimization with various number of C j just as for
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Fig. 3. Numerical results of phase mask calculation through optimization of C j to achieve

a top hat disk intensity distribution for an increasing number of optimized C j (due to the

circular symmetry of the target, only the spherical C j terms where included here). a) d) and

g) Optimized calculated phase modulation shown on the unit circle, b) e) and h) optimized

calculated intensity distribution, c), f) and i) cross section of the intensity distribution com-

pared with the target shown in the inset bottom right. First row, optimization of the first

spherical term C4 alone (defocus) yielding a εRMS of 11%. Second row, optimization with

the 3 first spherical terms yielding 6.4% εRMS. Third row, with the 5 first spherical terms

yielding 3.1% εRMS.

Fig. 3. Here also, the targets include the point spread function influence. The εRMS between the

target and the intensity distribution obtained after phase mask optimization is below 5% in both

cases. We point out here that the εRMS is calculated slightly differently for the three steps shape.

This target comes from a desired ablation profile obtained by beam scanning on a surface. Thus,

the calculated intensity levels are accumulated along the direction of beam scanning yielding

a vector of accumulated intensity levels. The εRMS is calculated following Eq.(1) in only one

dimension. The benefit of the method is that the number of optimized C j can be tuned according

to the SLM or DM’s ability to achieve high orders of Zernike polynomials. Naturally, for a SLM

or a DM with a limited number of correctly reproduced Zernike polynomials, some intensity

targets may remain out of reach. The Fig. 4(c) addresses this point for the three-steps target

intensity and the top hat target. Fig. 4 (c) is a numerical calculation of the dependence of best

attainable εRMS with the number of C j. εRMS decreases with the number of optimized C j for

both targets. This result strengthens the intuitive expectation that the more C j are optimized,

the more precise the beam shaping is. Noteworthy, a higher number of optimized C j is required

to obtain a satisfactory three-steps profile (εRMS below 5% for 10 C j and more), than for the

top-hat profile (εRMS below 5% for 4 C j and more). As a rule of thumb, one may infer that a

more complex target (e.g with multiple fluence levels, as for the three-steps profile) requires a
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Fig. 4. Numerical results of phase mask calculation through optimization of C j. Compari-

son of the calculated intensity cross section (red squares) and the target (black disks) for a

top-hat distribution a) and ’three steps’ intensity distribution b) at the focal plane of a lens.

c) Evaluation of the best attainable RMS error εRMS with the number of C j involved in

the optimization for the top-hat (red squares) and three-steps (black disks) target. A higher

number of optimized C j is required to obtain a satisfactory three-steps profile (εRMS below

5% for 10 C j and more), than for the top-hat profile (εRMS below 5% for 4 C j and more).

higher number of optimized C j than a ’simple’ target. Though, a detailed study of this possible

trend is outside the scope of this paper. In practice, the number of optimized C j is a trade-off

between a sufficiently low εRMS numerically and the number of C j correctly reproduced by the

SLM.

Among the limitations of the proposed technique, one should mention the reduction of the

calculation performance when reducing the number of Zernike coefficients. Also, the compu-

tation cost may greatly increase for a large number of C j and high resolution modulator re-

quiring high sampling rates for the beam propagation calculations. Also, we mention here that

this method requires that the phase modulator to be well described by its ability to reproduce

Zernike polynomials [3,14] or other functions forming a basis (e.g spatial modes of a DM [16])

on which the same optimization can be conducted.

3.2. Experimental intensity profiles and surface processing

Experimental intensity distributions are compared to calculated distributions in Fig. 5. The C j

represented on Fig. 2 (III) and the phase mask represented on Fig. 2 (IV) are those that per-

mitted to obtain the experimental shaped beam on Fig. 5(b). The intensity distributions are

close to the theoretical ones, although residual aberrations of the optical system worsen the

comparison. The spatially shaped beam in a) was obtained by applying 3.7 of vertical trefoil

(C9), -1.17 of 1st order spherical aberration (C11) and -0.61 of vertical astigmatism (C6). The

spatially shaped beam in c) was obtained by applying 2.3 of astigmatism in the x direction

((C5), -3.7 of astigmatism in the y direction (C6), 0.3 of coma in the y direction (C7), -0.8 of

coma in the x direction (C8) and 2.8 of 2nd order astigmatism in the x direction (C13). The

RMS error between experimental (a) and calculated (b) right spatial is calculated as follows.

We recall that the scope of this beam shaping is to generate a groove with a controlled section

(three-steps shape). For that, the beam is translated during laser machining along the horizontal

direction of Fig. 5. Therefore, for both calculated and experimental beam profiles, a sum of

the intensity levels along the scanning direction is achieved, yielding an accumulated inten-

sity profile, similarly to our previous work [11]. The RMS error is then calculated between the
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Fig. 5. a), c) theoretical and b), d) experimental intensity distributions of spatially shaped

beams in the processing focal plane obtained with phase modulation by the SLM. The beam

shape in a) is the intensity distribution that permits to generate a three step shaped micro-

groove by scanning the beam on the steel surface along the horizontal direction of this Fig.

The Zernike polynomials coefficients C j permitting to obtain a) are represented in Fig. 2

(III) and the corresponding phase in Fig. 2 (IV).

two profiles and is below 3%. This is a sufficient precision for the surface machining reported

hereafter. We underline here that the experimental verification does not require any wavefront

sensor, nor adaptive optics loop, which eases the applicability of this method. Naturally, as

for any wavefront modulation system, the experimental beam shaping quality can be improved

by using an adaptive loop for corrections of the aberrations of the optical system (e.g as we

have previously employed [19, 21]). This correction can also be done with the help of Zernike

polynomials [14, 22]. However, this not the scope of this paper that presents a phase mask cal-

culation based on Zernike polynomials as an alternative to more common techniques (Iterative

Fourier Transform Algorithm, Lens an gratings...) and demonstrate its applicability to surface

machining. Also, this would add complexity to the experimental set up by adding a wavefront

sensor and running the adaptive loop. Lastly, the obtained beam shaping quality is more than

sufficient for the surface machining application that is discussed hereafter.

To illustrate the potential of this technique in surface machining, some surface processing re-

sults (grooves and dimples) achieved using this beam shaping technique are presented in Fig. 6.

With rather low peak fluences (below 1 J/cm2), the interaction takes place in the gentle ablation

regime where the ablation shows very low collateral effects [20]. It is well-known that a variety

of detrimental effects take place during the light matter interaction e.g nonlinear propagation in

the air before reaching the target [23], heat accumulation or particle shielding effect in the case

of multiple pulses irradiation [24] with consequences on the energy coupling efficiency and on

the post-irradiation surface topology. However, using the empirical fluence/ablation depth rela-

tionship presented above is sufficient to assess for the efficiency of the laser beam shaping tech-

nique presented here. Moreover, the fairly low repetition rate (5 kHz), peak fluence (1 J/cm2)

and pulse energy puts the interaction on steel in a regime where any nonlinear propagation, heat

accumulation or particle shielding effects can be neglected [23, 24].

Figure 6 shows an example of micro-groove (a) and dimples (b) machined on steel observed
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Fig. 6. a): ”three-steps” shape micro-groove (optical microscopy) processed by translating

the spatially shaped beam illustrated in the insert corresponding to the beam in Fig. 5 (b),

b): micro-dimples achieved with the same beam (zoom in the insert). c) horizontal profile

of the micro-groove (black line) a) compared to the targeted ablation profile (red triangles),

RMS error is below 4%. d) corresponding injected polycarbonate topology (interferometric

microscopy).

by optical microscopy. The inset shows the experimental beam profile. The horizontal profile

of the micro-groove (a) compares well to the ablation target in Fig. 6(c). The goal here is to

obtain a three-steps shaped groove. The micro-groove is obtained by translating the beam in the

insert in Fig. 6(a) along the white arrow at a speed of 25mm/s. The desired three-steps section

appears clearly. The RMS error between these the target profile (red triangles) and the actual

micro-groove profile (black line) is below 4%. We point out here that the beam was translated

with respect to the sample surface with the scanner head while keeping small scanning angles to

avoid beam distortions at high scanning angle. In practive the laser-induced micro grooves ap-

peared uniform all along their length (2 cm). The spatially shaped beam was also implemented

to generate dimples shown in Fig. 6(b). The resulting three-steps cross sectional profile can

not be easily obtained without spatial shaping considering the different intensity levels inside

the distribution. These ablation profiles have a strong interest in machining injection molds to

confer specific wettability properties on polymer parts. A detailed study of these surface effects

will be the subject of a future report. We point out here that this technique is not limited to ultra-

fast lasers as it relies on a modulation of the spatial wavefront. Indeed, lasers having a thinner

spectral bandwidth are more adapted to spatial beam shaping [25]. However, the possibility

offered by ultrafast lasers to finely control the ablated layer with the number of pulses and the

laser fluence level makes easier the illustration of the possibility to control the ablation profile

according to a user-defined fluence distribution, which is a key element of this report.

4. Conclusion

We report on an efficient method to implement Zernike polynomials for ultrafast laser ma-

chining of surfaces, and experimentally demonstrate its efficiency with an optically addressed
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spatial light modulator. An wavefront modulation function resulting from the sum of different

balanced Zernike polynomials is used to modulate the spatial phase of an incident femtosecond

beam. The weight of each polynomial is determined by a least square algorithm to fit a user

defined target intensity, matching an arbitrary ablation profile. This method allows for unique

machining profiles very difficult to reproduce without spatial tailoring because of the differ-

ent intensity levels inside the distribution. Thanks to the possibility to adjust the number of

optimized Zernike coefficients , it can be implemented taking into account the optical perfor-

mance of the phase modulator. Microtexturations with arbitrary profiles are achieved using this

technique on steel injection molds for the fabrication of polymer objects.
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Ultrafast Laser Processing using Optimized Spatial Beam Control

7.7 Delivery of molecules into human corneal endothelial

cells by carbon nanoparticles activated by femtosec-

ond laser

Clotilde Jumelle, Cyril Mauclair, Julien Houzet, Aurélien Bernard, Zhiguo He, Fabien Forest,
Michel Peoc’h, Sophie Acquart, Philippe Gain, and Gilles Thuret (2015c). “Delivery of molecules
into human corneal endothelial cells by carbon nanoparticles activated by femtosecond laser”.
In: PloS one 10.7, e0132023
This work corresponds to the PhD work of C. Jumelle during the ANR SupCo project in
collaboration with the BIIGC. Despite the fact that this papert does not report strong advances
on the subject of spatial beam shaping and in-situ monitoring, it it still interesting to note
that a very fine tuning of the laser beam size and energy was indispensable to find the proper
irradiations conditions for cell transfection in a reproducible manner. A home-made brightfield
microscope was built to observe the cellular layer and analyze at the same time the femtosecond
laser spot in that very plane. Indeed, this was indispensable for reproducible transfection results,
showing the importance of in-situ monitoring.
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Abstract

Corneal endothelial cells (CECs) form a monolayer at the innermost face of the cornea and

are the engine of corneal transparency. Nevertheless, they are a vulnerable population

incapable of regeneration in humans, and their diseases are responsible for one third of cor-

neal grafts performed worldwide. Donor corneas are stored in eye banks for security and

quality controls, then delivered to surgeons. This period could allow specific interventions to

modify the characteristics of CECs in order to increase their proliferative capacity, increase

their resistance to apoptosis, or release immunosuppressive molecules. Delivery of mole-

cules specifically into CECs during storage would therefore open up new therapeutic per-

spectives. For clinical applications, physical methods have a more favorable individual and

general benefit/risk ratio than most biological vectors, but are often less efficient. The deliv-

ery of molecules into cells by carbon nanoparticles activated by femtosecond laser pulses

is a promising recent technique developed on non-adherent cells. The nanoparticles are

partly consummated by the reaction releasing CO and H2 gas bubbles responsible for the

shockwave at the origin of cell transient permeation. Our aim was to develop an experimen-

tal setting to deliver a small molecule (calcein) into the monolayer of adherent CECs. We

confirmed that increased laser fluence and time exposure increased uptake efficiency while

keeping cell mortality below 5%. We optimized the area covered by the laser beam by using

a motorized stage allowing homogeneous scanning of the cell culture surface using a spiral

path. Calcein uptake reached median efficiency of 54.5% (range 50.3–57.3) of CECs with

low mortality (0.5%, range (0.55–1.0)). After sorting by flow cytometry, CECs having upta-

ken calcein remained viable and presented normal morphological characteristics. Delivery

of molecules into CECs by carbon nanoparticles activated by femtosecond laser could

prove useful for future cell or tissue therapy.
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Introduction

Corneal endothelial cells (CECs) are the sole engine for corneal transparency but cannot divide

in vivo in humans and are therefore vulnerable. They form a monolayer of tightly packed cells

in the posterior part of the cornea, separating it from the aqueous humor. Equipped with

numerous ionic pumps of different and complementary functions and with a rich mitochon-

drial network, they permanently maintain the gradient of concentration of ionic species

between the corneal stroma and aqueous humor, which extract water from the hydrophilic

stroma. This active deswelling maintains the organization of collagen fibers implicated in crys-

tal-clear corneal transparency. This population of approximately 350000 CECs in each cornea

is therefore paramount in visual function, but several diseases specifically target CECs, result-

ing in permanent corneal edema. Up to now, the only option for treating corneal edema is cor-

neal grafting using a donor cornea. Corneal endothelial diseases are responsible for one third

of corneal grafts performed worldwide. There is a great global scarcity of corneal tissue. We

recently identified 185000 grafts performed annually in the world (personal communication)

whereas several million would be necessary to eradicate the 5 million cases of bilateral corneal

blindness [1] and 10–12 million unilateral cases [2]. Alternative solutions are therefore crucial.

Among possibilities, is improving the endothelial quality of stored corneas to reduce the num-

ber of tissues discarded at the end of storage period. By increasing endothelial cell density

(ECD) during storage period, an estimated 20–30% of usually discarded grafts could be spared.

In addition, corneas with super-high ECD would survive longer in recipients, thus avoiding or

postponing regrafting which, in very active centers, may be one of the three main indications

for corneal grafting. Increasing ECD seems possible by interfering with cell cycle regulation

[3]. Complementarily, production by CECs of anti-apoptotic molecules like p35 of Bcl-x(L)

would reduce ECD attrition during storage [4] and probably also during and post operation.

Another solution to prolong graft survival in recipients is to reduce the number of immune

rejection episodes. Repeated rejections, particularly the most severe ones with delayed treat-

ment, decrease ECD and result in chronic endothelial dysfunction that requires regrafting in a

difficult situation of higher failure risk due to allosensitization. Gene therapy of CECs, allowing

a release of immunosuppressive molecules like IL10, would reduce rejection episode frequency

and severity [5]. All these potential interventions require pre-graft altering of CECs with mini-

mal toxicity. Fortunately, the cornea can be stored in eye banks for several weeks using organ

culture, the preferred method in Europe [6]. This long period in conditions that favor meta-

bolic activity (unlike short-term cold storage) provides an exceptional opportunity to alter

CECs while controlling the efficiency and safety of the intervention, with a high level of safety

before grafting the modified cornea in the recipient.

Numerous methods have previously been experimentally assessed to deliver molecules into

CECs. Overall, viral vectors are the most efficient methods for delivering nucleic acids into

cells, and CECs are no exception [7–10]. Nevertheless, for clinical applications in this field, an

important issue is method acceptance by the health authorities. For instance, gene therapy

using viruses, which can induce endogenous recombination, oncogenic effects and immuno-

logical stimulation, would unlikely be accepted for non-lethal diseases, nor for visual disability

less severe than blindness caused by diffuse retinal or optic nerve diseases. Additionally, unlike

transfection of cells for experimental purposes where high mortality may be tolerable, delivery

of molecules into CECs for therapeutic purpose requires minimal collateral damage. It also

seems unrealistic to remove the 350000 CECs from the cornea, treat them in suspension, then

reseed them in their initial location, therefore only in situ delivery methods on the intact endo-

thelial monolayer would be a useful approach.
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Among non-viral methods, various categories of chemical vectors have been developed

(phospholipids, polymers, chitosan) and some have been applied to CECs [11–13]. They have

similar modes of action, based on natural pathways of molecule internalization by cells, like

endocytosis. Mostly used for gene delivery, they usually have low toxicity but also low efficiency

compared to viruses, because of the high risk of nucleic acid degradation during

internalization.

Physical methods are the last category used to deliver molecules directly and specifically

into target cells. They work by transiently destabilizing the phospholipid bilayer cell membrane

to allow therapeutic molecules crossing of the impermeable barrier. Several physical principles

have been used in numerous cell types. Ballistic: the gene gun propels gold nanoparticles conju-

gated with genes at high velocity directly into cells. This may be efficient but is difficult to con-

trol and showed high damage to cells, especially CECs [14]. Electricity: electroporation by very

short high voltage pulses triggers the formation of holes in cell membranes and electrophoresis

of charged molecules. We previously reported 7 ± 11% of CECs transfected by GFP genes in

situ in stored human corneas [15]. Iontophoresis uses low voltage current to push charged

molecules across cell membranes, but is limited by the size of molecules delivered, precluding

gene delivery in particular [16]. Both electrical methods have been combined to deliver siRNA

into mice corneal epithelial cells [17]. Ultrasound: sonoporation uses ultrasound waves to dis-

rupt cell membranes thanks to contrast agents such as microbubbles that collapse and create

membrane pores. This has already allowed in vitro and in vivo transfection of rabbit corneal

keratocytes [18]. Light: photoporation uses lasers to permeabilize cell membranes, with two

principles described for gene therapy. Optoinjection by focusing a laser beam onto the cell sur-

face to create a pore is an efficient single-cell treatment but remains of limited use for applica-

tion to whole tissues. Transfection by laser-induced stress waves uses short laser pulses to

generate stress waves that induce a transient increase of cell permeability without affecting cell

viability [19]. However, none of these photoporation techniques has been tested on ocular tis-

sues. Recently, nanoparticles (i.e. between 1 and 100 nanometers in size) activated by femtosec-

ond laser (FsL) pulses have been used to deliver molecules of a wide range of sizes into cells

with very high efficiency and without significant toxicity. Plasmonic effect induced by gold

nanoparticles activated by FsL pulses has been used to transfect plasmids into non-confluent

adherent melanoma cells [20], and photoacoustic effect of carbon nanoparticles (CNPs) acti-

vated by FsL (Fig 1) has been used to deliver calcein, albumin and plasmid into prostate cancer

cells in suspension [21].

In the present article, we describe for the first time the delivery of a small molecule (calcein)

into a fully confluent adherent monolayer of CECs, mimicking the human corneal endothe-

lium, using carbon nanoparticles activated by FsL pulses.

Materials and Methods

Materials

Immortalized CEC line B4G12 (ACC 647) was purchased from DSMZ (Braunschweig, Ger-

many). Human Endothelial Serum-Free Medium (SFM), 24 well tissue culture plates, ZO-1

antibodies and AlexaFluor 488 Goat anti-mouse IgG (H+L) antibodies were purchased from

Fisher Bioblock Scientific (Vaulx-Milieu, France). Fibroblast Growth Factor (FGF-2), calcein,

sodium dodecyl sulfate (SDS), propidium iodide (PI), trypsin/EDTA 1X and Hoechst 33342

were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France). Balanced Salt Solution

(BSS) was purchased from Alcon (Rueil-Malmaison, France). Black carbon nanoparticles of

15-nanometer diameter (Black Pearls 470) were purchased from Cabot Corp and Business

(Billerica, MA). Ti:Sa laser system was purchased from Thalès (Neuilly-sur-Seine, France).
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ANT-130 XYZ motorized stage and A3200 Software-Based Machine Controller were pur-

chased from Aerotech (Pittsburgh, PA). The inverted fluorescence microscope was purchased

from Olympus (Tokyo, Japan). FACSCalibur flow cytometer was purchased from Becton Dick-

inson (Franklin Lakes, NJ). Gentamycin was purchased from PAA Laboratories, (Pasching,

Austria). Phalloidin was purchased from Cytoskeleton (Denver, CO).

Human Corneal Endothelial Cells

The immortalized CEC line B4G12 was cultivated in Human-Endothelial-SFM supplemented

by 10 ng/mL FGF-2 at 37°C in a humidified atmosphere with 5% CO2. In order to obtain a cell

monolayer with an area close to the actual human corneal endothelium area, CECs were seeded

in 24-well plates. The well diameter of 15.6 mm, larger than corneal diameter, prevented arti-

facts caused by the vertical well walls during laser exposure. To ensure reproducible ECD,

1x104 cells were seeded in each well and cultivated for 10 days, corresponding to a tightly

packed cell monolayer similar to the native corneal endothelium.

Nanoparticles and irradiation medium

Stock CNP suspension solution was prepared by sonication of 0.03g of carbon nanoparticles in

50mL of BSS with 0.077g SDS. This solution was autoclaved as per the three phases recom-

mended for liquids: air evacuation, sterilization at 121°C for 20 min (norm NFS 90–320), and

natural cooling. This stock solution was stored at room temperature until use. Stock solution

of 90μg/mL of calcein was prepared by dissolution in BSS and sonication for 2 minutes. Just

before the experiments, an intermediate CNP solution was prepared with 5 mL of stock

CNP solution and 28.5 mL of BSS, and a solution containing CNPs, calcein and CEC culture

Fig 1. Principle of delivery of molecules by carbon nanoparticles activated by femtosecond laser pulses (adapted from Chakravarty et al. [21]). (A)
Cells are immersed in a solution of carbon nanoparticles (CNPs) and molecules of interest; (B) a laser pulse triggers CNP heating, C(s)+H2O(l) = CO(g)+
H2(g) (s: solid; l: liquid; g: gas) and gas bubble formation. (C) once laser stops, bubbles collapse, resulting in shockwave propagation to cells. Cell
membranes are permeabilized and the molecules penetrate into the cells; (D) cell membranes quickly return to their normal organization, limiting mortality;
(E) rinsing removes the CNPs not consumed during reaction and molecules of interest that did not penetrate into cells.

doi:10.1371/journal.pone.0132023.g001
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medium 1:1:1 v/v/v was prepared. Final concentration of calcein was 10 μg/mL in the irradia-

tion medium. Three concentrations of CNPs were first assessed (10, 30 and 90 μg/mL), and

30 μg/mL finally used for all the subsequent experiments.

Femtosecond laser irradiation

Prior to laser irradiation, culture medium was removed and 600μL of the irradiation medium

was added. The culture plate was irradiated by a focal spot of a Ti:Sapphire FsL at a wavelength

of 800 nm, with a pulse duration of 150 fs and a frequency of 5 kHz. Mean fluence received by

CNPs closest to the cells was calculated by dividing the pulse energy delivered by the laser sys-

tem (in joules) by the focal spot area (in cm²). The FsL irradiation system is shown in Fig 2.

The FsL spot diameter was set by the micrometric adjustment of the height of a convergent

lens. It was measured precisely using an in situ system of beam observation, composed of two

lenses and a camera (CMOS). We successively used two types of FsL irradiation: static and

scanning.

Firstly, static irradiation was performed in order to establish the relationships between

FsL/CNP/cells interactions and calcein uptake. A 1 mm diameter FsL spot was used to irradiate

only a specific zone of the CEC monolayer. Using exposure time of 5 minutes and fluence of

8 mJ/cm2, we had previously determined that efficiency of calcein uptake decreased with the

3 CNPs concentrations of 10, 30 and 90 μg/mL (data not shown). The intermediate value of

30 μg/mL was then chosen because it allowed testing a wider range of laser parameters. Three

exposure times (3, 5 and 10 min) and three mean fluences (6, 8 and 10 mJ/cm²) were used, as

per the initial work of Chakravarty et al. who worked on non-adherent cells [21], and our own

preliminary studies.

Secondly, a scanning irradiation was performed in order to irradiate the whole area of the

cell monolayer cultivated in a well. An XYZ motorized stage was used to displace the culture

Fig 2. Adjustment of femtosecond laser fluence. (A) Schematic layout. D: Laser beam diameter before focus, H: Distance between lens/cells, d: Effective
local spot area, F0: Focal distance of the convergent lens; The beam shape was observed in real time in order to verify the actual irradiated area and allow
precise calculation of fluence. (B) Experimental settings. a: cell culture plate, b: XYZmotorized stage, c: femtosecond laser path, d: in situ system of beam
observation.

doi:10.1371/journal.pone.0132023.g002
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plate under the FsL spot by following a spiral trajectory with a velocity of 3.5 mm/s (the same

as Baumgart et al. [20]). Preliminary experiments using velocities of 2.0, 3.5 and 5.0 mm/s, all

other parameters being fixed, had established a relationship between velocity and efficiency of

calcein uptake, with higher uptake with a 2.0 mm/s displacement than with the 2 others (data

not shown). The intermediate value was chosen because it allowed testing a wide rage of laser

energy; Movements of this stage were controlled with a precision of 250 nm for XY axis. Con-

trary to static irradiation, the exposure time was considerably reduced due to culture plate dis-

placement, and mean fluences were increased to allow CNP activation. To obtain sufficient

fluences (from 38 to 96 mJ/cm²), we used a 500 μm diameter FsL spot.

Immediately after FsL irradiation, the irradiation medium was gently removed, cells were

then rinsed with BSS to remove excess calcein and CNPs, and culture medium was renewed.

The culture plates were returned to the incubator for 2 hours to reduce cell stress. Three types

of controls were performed in the same conditions: (1) CECs alone (no CNPs, calcein or FSL)

to determine cell autofluorescence, (2) CECs incubated with CNPs and calcein without FsL to

determine spontaneous calcein uptake, and (3) CECs exposed to FsL in presence of calcein but

without CNPs to confirm the necessity of laser-CNP interaction. In the latter condition, the

absence of CNPs in the medium led to increased laser exposure of CECs because no CNPs

absorbed the light, resulting in high cell mortality (data not shown). After having measured,

using spectrophotometry, that CNPs alone absorbed half of the energy (data not shown), we

divided by two the fluence for this control. Experiments were repeated on three independent

cell cultures and for each point at least two wells were considered (2–4).

Assessment of calcein uptake and mortality

A qualitative method and a quantitative method were used. Two hours after irradiation, cells

were first observed with an inverted fluorescence microscope to determine the localization of

cells with uptake of calcein (calcein + CECs) and of dead cells, as well as alterations in mono-

layer organization. After FsL irradiation, a working solution with Propidium Iodide (PI) stock

solution (1 mg/mL) at 1:200 in culture medium was prepared and incubated with cells for

15 min at 37°C. Cells were then rinsed and culture medium was renewed. Cultures were

observed using a FITC filtre set (ex: 460–500/em: 512–542). Secondly, cells were studied using

flow cytometry to quantify delivery efficiency and toxicity. Briefly, cells were harvested from

the culture plates using 200 μL trypsin/EDTA 1X for 3 min at 37°C, resuspended in culture

medium to neutralize trypsin, centrifuged at 1400 rpm for 10 minutes at 20°C, and diluted at

1x 106 cells/mL in BSS. Cell suspension was assessed using a FACSCalibur flow cytometer in

order to quantify the percentage of calcein+ cells (FITC+) and the percentage of PI+ cells (Cy3

+). Cell autofluorescence was first determined on cells exposed to neither CNPs nor calcein.

Subcultivation of cells with calcein uptake

In order to verify whether calcein+ CECs remained viable and kept a normal phenotype,

calcein+ CECs were sorted by flow cytometry and subcultured by seeding 3x105 per well in

12-well plates (22.1 mm diameter, 3.8 cm²) until confluence in the medium previously de-

scribed supplemented by 50 μg/mL gentamycin to prevent any contamination. At confluence,

medium was removed and cell monolayer was gently rinsed with BSS, fixed with 4% PFA for

staining or methanol 100% for immunostaining for 10 minutes at room temperature and per-

meabilized with Triton 100X at 0.5% in BSS for 5 minutes at room temperature. The CEC cyto-

skeletons were then stained with phalloidin at 1:500 for 15 min at room temperature to reveal

F-actin, cell nuclei with Hoechst 33342 at 1:200 for 15 min at room temperature to allow deter-

mination of endothelial cell density (ECD), and apical tight-junctions were immunolabeled
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with anti-ZO-1 antibodies at 1:400 for 1 night at 4°C and revealed by AlexaFluor 488 Goat

anti-mouse IgG (H+L) antibody secondary antibodies using a protocol that we previously

described [22].

Statistics

Percentages of cells with calcein uptake and of dead cells, quantified by flow cytometry, were

described as median (range) and compared with the non-parametric Mann-Whitney test.

Analyses were done using IBM SPSS Statistics V.20.

Results

Static irradiation

No spontaneous calcein uptake was observed in the absence of either FsL irradiation or CNPs.

With constant fluence of 10 mJ/cm², calcein+ CECs were visible even for 3 min exposure, but

their number seemed to increase with exposure time. The area of the cell culture where uptake

of calcein was present was strictly restricted to the area irradiated by the FsL (1 mm in diame-

ter), showing that the reaction was very localized. With a constant exposure of 10 min, calcein

+ CECs were visible only from 8 mJ/cm² and increased with fluence (Fig 3). The static irradia-

tion proved the concept of delivery of a small molecule by CNPs activated by a FsL in a mono-

layer of adherent cells, and of the possibility to modulate efficiency with the laser parameters

(fluence and exposure time).

Scanning irradiation and optimization of laser path

The whole culture plate area was irradiated using a scanning displacement under the FsL spot

with a 15.6 mm diameter Archimedean spiral trajectory. With a spiral space interval (pitch)

of 500 μm, corresponding to the FsL spot width, and a velocity of 3.5 mm/sec, the scanning

Fig 3. Static laser beam: Effect of fluence and exposure time on calcein delivery into adherent corneal endothelial cells. (A) constant fluence at
10 mJ/cm² and increasing exposure times; (B) constant exposure time at 10 min and increasing fluences. All images were obtained with a x10 objective and
merged phase contrast/FITC. Green fluorescence (FITC+) indicated uptake of calcein. Scale bar 200 μm.

doi:10.1371/journal.pone.0132023.g003
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irradiation lasted 2 min but microscopy observations showed that calcein uptake was not

homogeneous within the monolayer. The calcein+ CECs seemed more evenly distributed in

two 100 μm bands on either side of the FsL spot trajectory. With a space interval readjusted to

200 μm but the same velocity, irradiation lasted 5 min and calcein uptake was more homoge-

nous (Fig 4).

Scanning irradiation—Quantification of efficiency and toxicity

Calcein uptake increased significantly and almost linearly with fluence, from 38 mJ/cm² to

96 mJ/cm², while it remained almost nil for the three controls (Fig 5). The best efficiency,

Fig 4. Scanning laser beam: Effect of beam pitch on calcein delivery into adherent corneal endothelial cells. (A) 500 μm pitch; (B) 200 μm pitch; All
wells were irradiated at 142 mJ/cm² with a velocity of 3.5 mm/s. Merged phase contrast/Cy3/FITC/overlay representing the laser path. Note that mortality (red
PI+ cells) was high in this experiment because fluence was purposely high in order to be sure to obtain uptake of calcein. It was reduced in the subsequent
experiments. Green fluorescence (FITC+) indicated uptake of calcein. Scale bar 200 μm.

doi:10.1371/journal.pone.0132023.g004
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median 54.5% (range 50.3–57.3) of calcein+ CECs, was obtained with 96 mJ/cm². Toxicity on

adherent cells was not significantly increased by any of the fluences of the scanning laser beam

tested. However, we did not measure the rate of cell shedding following FsL irradiation.

Subcultivation of cells with calcein uptake

With 3x105 calcein+ CECs seeded in 3.8 cm²-well, confluence was reached after 1 week (tripli-

cate), as for untreated CECs (7+/-1 day for 60 cultures). Twenty-four hours after seeding, cells

lost their green fluorescence. At confluence, ECD, phalloidin and ZO-1 staining patterns were

fully comparable with unirradiated control CECs (Fig 6).

Discussion

Permanent or transient alteration of CECs by delivery of specific molecules during corneal

storage would help improve the availability, quality and/or outcomes of corneal grafts. The use

of an efficient and non-toxic method, easily acceptable by health authorities is essential to

envisage clinical applications. In the present study, we reported for the first time the use of

CNPs activated by FsL to deliver a small molecule into fully confluent in vitro cultures of

CECs, mimicking the native corneal endothelium, which ECD typically varies between 2000

and 3000 cells/mm2 in eye banks [23]. For target applications like stimulating CEC prolifera-

tion, increasing their resistance to apoptosis and releasing immunomodulators, an efficiency of

up to 54% of cells with uptake of a specific molecule and toxicity below 5% can be sufficient.

Delivery of molecules into cells using FsL activated nanoparticles is a recent, highly effective

method, described to date on a non-confluent adherent melanoma cell line [20] and on cells of

a human prostate cancer line and rat gliosarcoma cells in suspension [21]. The efficiency of

Fig 5. Effect of laser fluence on intracellular uptake of calcein andmortality of corneal endothelial
cells. Box plots of the percentage of cells. The thick horizontal lines show the distribution median; boxes, the
interquartile range (IQR); and individual circles, outliers. Whiskers show the highest and lowest non-outlying
values. A circle is between 1.5 and 3 times the IQR. * P<0.05 for calcein uptake compared to non-irradiated
cells. # P<0.05 for calcein uptake compared to the previous point.

doi:10.1371/journal.pone.0132023.g005
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this new method, which can compete with viral vectors, led us to first apply the method to a

confluent monolayer of tightly packed CECs, before adapting the principle to human corneas.

We chose to work with B4G12 cells, one of the three well characterized immortalized lines of

CECs, instead of primary CEC cultures, which present huge donor to donor variability in

terms of population doubling time, of ECD at confluence, and of morphology, and risk pre-

senting endothelial-mesenchymal transition resulting in major changes in phenotype. We also

chose CNPs and not gold nanoparticles because their incubation time was shorter and less

expensive, both important characteristics for future routine applications. We found a logical

relationship between exposure time, laser fluence, area of cells irradiated with the scanning dis-

placement under the FsL spot, and efficiency of delivery. Like Baumgart et al. [20], we used a

scanning irradiation to increase the area of adherent cells exposed. We used irradiation of

CECs along a spiral path in order to keep the displacement speed constant and consequently

avoid local variation in fluence potentially associated with changes in direction in case of irradi-

ation along parallel lines. Nevertheless, we obtained a lower rate of cells with calcein uptake

than previously reported. Indeed, although we probably did not reach maximum efficiency

because our FsL settings did not allow us to increase laser power, our maximum rate of 54.5%

Fig 6. Morphology of calcein positive corneal endothelial cells after subsequent cultivation. ZO-1 and Phalloidin staining on calcein+ cells sorted by
flow cytometry and further subcultured for 1 week were compared to control seeded at the same initial density. Nuclei were counterstained with Hoechst
33342. Merged DAPI/FITC. Scale bar 100 μm.

doi:10.1371/journal.pone.0132023.g006
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of cells with calcein uptake is far below the near 100% efficiency reached by both previously

described techniques. Baumgart et al. [20] presented efficiency up to 70% and mortality around

80% with fluence of 100–120 mJ/cm². For Chakravarty et al. [21], the best efficiency/toxicity ratio

was obtained at a fluence of 10 mJ/cm² for 3 min with 80% efficiency and toxicity under 10%.

The main difference with our experiments is the ratio between nanoparticles and the plasma

membrane area of each single cell freely exposed to the medium. The entire surface of cells in sus-

pension and approximately half of the surface of non-confluent adherent cells are accessible. In

the case of confluent CECs with high ECD, this surface is significantly smaller. Further optimiza-

tions remain possible to increase fluence, such as reducing spot diameter and scanning velocity.

Solutions also exist to decrease the mortality triggered by molecule delivery. As plasma

membrane damage may be the first cause of toxicity, the use of surfactants that help heal

wounds in the phospholipid bilayer after induction of holes by the photoacoustic shockwave

could reduce CEC mortality. We previously showed that poloxamers and poloxamines, two

macromolecules with surfactant properties, are well tolerated by CECs [24, 25]. Our next step

is therefore to assess the extent to which poloxamers and poloxamines could reduce CEC death

during molecule delivery by FsL-activated CNPs, while retaining high efficiency.

We must acknowledge several limitations in our study. First, we did not take account of cell

detachment inside a well during irradiation and only focused on adherent cells, because it

remains difficult to distinguish between whole cells and debris in culture supernatant. How-

ever, it is likely that overall mortality is slightly higher than mortality measured only on the

adherent fraction. This is also a reason why, as mentioned above, we plan to assess poloxamers

and poloxamines in further experiments, especially on whole corneas. Secondly, we assessed

the delivery only of a small molecule of 622 Da, and results cannot be extrapolated to bigger

ones like proteins or nucleic acids, which require specific experiments in our laboratory. How-

ever, delivery of high quantities of small molecules specifically into CECs can in itself be a

useful goal because, for instance, rapamycin (approx. 900 Da) or ROCK-inhibitors (approx.

320 Da) have shown potential high interest respectively in corneal endothelial protection

against oxidative stress [26] and in wound healing [27]. Finally, in vitro experiments cannot be

directly extrapolated to the intact endothelium of stored cornea, although we used the human

cell line most similar to the native tissue. To take a step forward, we are determining the

parameters to deliver molecules directly into CECs of whole corneas during organ culture. This

is particularly challenging because the shape of the cornea and the endothelial folds may induce

variation of exposure to the shockwave triggered by the reaction between laser and CNPs.

Notably, cornea is by far the human tissue most exposed to FsL, a fact that could also facili-

tate the health authorities’ acceptance of this new technique. Delivery of molecules into corneal

cells using an FsL could be a new application for ophthalmology FsL, which at present is

devoted solely to corneal cutting for refractive surgery and corneal graft. As the FsL is a com-

mon device easily available in Western countries and already present in several eye banks for

corneal graft preparation, it could be a way to disseminate the new technique while avoiding

the need for access to a research FsL.

In conclusion, this study demonstrates that the delivery of small molecules by CNPs acti-

vated by a femtosecond laser is efficient and has low toxicity in confluent adherent CECs mim-

icking the corneal endothelium, and anticipates what could be done on whole human corneas

to improve outcomes of corneal transplantations.
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Ultrafast Laser Processing using Optimized Spatial Beam Control

7.8 In-situ high-resolution visualization of laser-induced

periodic nanostructures driven by optical feedback

Alberto Aguilar, Cyril Mauclair, Nicolas Faure, Jean-Philippe Colombier, and Razvan Stoian
(2017a). “In-situ high-resolution visualization of laser-induced periodic nanostructures driven
by optical feedback”. In: Scientific reports 7.1, p. 16509
This paper corresponds to the postdoctoral stay of A. Aguilar in the frame of the LABEX project
SERMONIS. There, high resolution in-situ monitoring of the femtosecond laser irradiated
surface unveils fundamental physical phenomena in play during the formation of HSFL LIPSS.
Noteworthy, the experimental effort of building a structured light microscope on a ultrafast
laser irradiation beam path is not the strongest message here. It is rather the observation of the
physics that triggers one’s attention. Again, these physical phenomena (stable LIPSS pattern
and absolute LIPSS phase) would not have been observed without the in-situ scheme.
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In-situ high-resolution visualization 
of laser-induced periodic 
nanostructures driven by optical 
feedback
Alberto Aguilar, Cyril Mauclair, Nicolas Faure, Jean-Philippe Colombier & Razvan Stoian

Optical feedback is often evoked in laser-induced periodic nanostructures. Visualizing the coupling 

between surfaces and light requires highly-resolved imaging methods. We propose in-situ structured-

illumination-microscopy to observe ultrafast-laser-induced nanostructures during fabrication on 

metallic glass surfaces. This resolves the pulse-to-pulse development of periodic structures on a single 

irradiation site and indicates the optical feedback on surface topographies. Firstly, the quasi-constancy 

of the ripples pattern and the reinforcement of the surface relief with the same spatial positioning 

indicates a phase-locking mechanism that stabilizes and amplifies the ordered corrugation. Secondly, 
on sites with uncorrelated initial corrugation, we observe ripple patterns spatially in-phase. These 

feedback aspects rely on the electromagnetic interplay between the laser pulse and the surface relief, 

stabilizing the pattern in period and position. They are critically dependent on the space-time coherence 

of the exciting pulse. This suggests a modulation of energy according to the topography of the surface 

with a pattern phase imposed by the driving pulse. A scattering and interference model for ripple 

formation on surfaces supports the experimental observations. This relies on self-phase-stabilized far-

field interaction between surface scattered wavelets and the incoming pulse front.

The interaction of ultrafast pulsed laser radiation with materials in ablative regimes is at the origin of spectac-
ular material structures with characteristic sizes beyond the diffraction limit at the incident wavelength1. These 
fabricated features are then able to add a range of novel properties to the engineered material. From a process 
control perspective, the fundamental challenge stays with defining those light and material characteristics able to 
facilitate structuring of matter on mesoscopic scales. The controlled and reproducible fabrication of laser-induced 
structures significantly smaller than the processing optical wavelengths has thus the potential to open up the 
way towards efficient laser-based nanostructuring strategies. In this perspective, the ability to go on sub-micron 
dimensions in a controlled manner is critical for the development of laser nanotechnologies and for the design 
of multiscale structured materials. New surface functions can be obtained from combining structures sizes into 
hierarchical ensambles mixing micron and nanoscale features. These functions span a large application field, from 
optical and surface color design2,3 to controlled hydrophobicity4–6, hydrophilicity7 and bio-mimetic properties8,9. 
Besides the fabrication aspect and in a perspective of enforcing control, the challenge consists of visualising 
structures with the highest achievable accuracy10. The need to monitor the fabrication process in a rapid manner 
makes optical technologies of interest. A tremendous effort was made recently in interrogating structures and 
objects with optical means giving access to the nanoscale. To overcome the diffraction limit in optical microscopy, 
a variety of techniques have been developed preserving at the same time the advantages of non contact investiga-
tions11. For instance, Stimulated Emission Depletion (STED) microscopy, a super-resolution technique based on 
functional groups of molecules that show fluorescence can achieve a lateral resolution of 20 nm12. Also, stochastic 
super resolution techniques such as Stochastic Optical Reconstruction Microscopy (STORM) and Photoactivated 
Localization Microscopy (PALM) can be used to overcome optical diffraction limit with similar performance13–15. 
These developments together with the present laser processing techniques enable an increased ability to produce 
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and observe at the same time laser-induced structures at and below the diffraction limit, during fabrication, 
improving the understanding and facilitating the control of the structuring process.

The nonlinear interaction involving ultrafast laser radiation can confine the energy on spatial scales below 
100 nm via direct focusing1,16. This represents a localized absorption event that can structure matter beyond the 
diffraction limit. The ultimate size of the modification is then defined mainly by the material response to energy 
absorption and transport, with scales significantly smaller than those related to light confinement. This response 
can be of thermomechanical, hydrodynamic, or ablative nature1,17,18. One of the most spectacular laser nano-
structuring processes is the formation of sub-wavelength ripples on materials ranging from metals to dielec-
trics. Specifically, laser radiation can trigger periodic arrangements of matter with periods going down to λ/5n, 
with λ being the processing wavelength and n the material optical index, (see refs19,20 and references therein) in 
spite of spatially smooth, slowly-varying incident optical fields. The so-called laser-induced periodic structures 
(LIPSS)21 combine nonlinear interaction with matter destabilization and light effects on surface topographies and 
are dynamically driven by optical feedback. This represents an intricate relation between the field, surface topog-
raphy and its growth dynamics, where the coupling will spatially shape laser fields and local domains of energy 
absorption into the material. The definition of local and nonlocal collective interactions are key to the develop-
ment of nanoprocessing control strategies on larger areas22. Thus, the understanding of the behavior of dynamical 
surfaces and the evolving coupling between topography and light is of paramount importance in upgrading the 
ripples arrangement quality, but equally in providing the physical insights behind material periodic rearrange-
ment. Visualizing the process in-situ with resolutions capable of resolving the arrangement periods is therefore 
key to grasping the material dynamics and its feedback-driven topography. In the context of periodic arrange-
ments, the sub-wavelength λ/n spaced low-spatial-frequency LIPSS (LSFL) carry a particular interest for devel-
oping patterning methods that can render particular optical, mechanical and tactile functions. Their periodicities 
in the range of 500–700 nm (for the typical 800 nm processing wavelength) can create optical effects in the visible 
domain and morphology effects on liquid contact angles on surfaces. Therefore, there is a particular interest in 
observing in-situ how the optical response of a real surface in the context of ripple formation can be drastically 
influenced by the surface morphology and its evolution towards ordered corrugation.

We discuss here using in-situ spatially-resolved observations the development of LSFL on metallic glass sur-
faces on a single site, from the pristine surface to the full development of the ripple pattern. The material choice is 
motivated the quality of ripples formation. The LIPSS alignment, which suffers often from periodicity errors and 
bifurcations believed to originate from self-organizational dynamics23, has a particular quality in laser irradiated 
metallic glasses24. In the ripple development we indicate the action range of two types of optical feedback; one 
related to surface topography (scattering and localization at inhomogeneities) and the second determined by 
the self-driven coherent interactions between driving and scattered light at constant relative phase. We apply a 
super-resolution optical method based on structured illumination microscopy (SIM) to observe and reconstruct 
LIPSS behavior during multipulse formation with ≈100 nm accuracy. This allows to clearly define the topography 
role in establishing and growing rippled patterns. The optical resolution allows for a very high quality in the opti-
cal imaging with resolving features not observable in standard optical microscopy. The in-situ implementation 
of the technique permits to observe the gradual development of regular structures from rough surfaces under 
multipulse exposure on the same site and allows to put forward a mechanism that stabilizes the pattern spatially. 
By analyzing the evolving relief on the single site, an accurate analysis of the role of light coupling on complex 
topographies and pattern locking mechanisms is conducted. We demonstrate intrinsic phase-locking stabilizing 
patterns and periodicities during ripples growth that is related to surface corrugation and light scattering. The 
technique allows equally to define a second feedback that can phase-lock and stabilize the pattern from independ-
ent random sites. The mechanism is intrinsically related to the self-interference between the driving and scattered 
light at constant relative phase. We believe that this approach carries a significant potential to observe features 
that are essential for nanostructures formation, that were only elusively indicated before. The understanding of 
periodic arrangement is essential for strategies of large area patterning using laser-based technologies.

Results and Discussion
High-resolution microscopy observation. A Zr41.2Ti13.8Cu12.5Ni10Be25.5 (atom%) metallic superalloy 
undercooled to a glassy structure (bulk metallic glass, BMG)25,26 is used for laser nanostructuring, in the condi-
tions where its thermoplasticity above the glass transition temperature can render high quality LIPSS24,27. Single-
side polished Zr-BMG samples (Ra < 20 nm) with a diameter of 8 mm and a thickness of 3 mm were used in the 
experiment. Polishing was done using diamond paste and alumina powder with grit size down to 0.1 µm. The 
sample, positioned on high precision XYZ stages, was then subject to ultrafast laser irradiation derived from an 
amplified Ti:Sapphire laser system delivering 120 fs laser pulses at a nominal repetition rate of 1 kHz and 800 nm 
incident wavelength. Single pulse where selected using electro-optical and mechanical shutters and are impinging 
on the surface along the normal direction. The irradiation geometry follows a common path with the observation 
tool, as described in the Methods section, with a rather tight focusing. For each pulse, the in-situ SIM-picture 
acquisition was performed in order to follow the pulse-to pulse LIPSS growth.

The results of laser irradiation on the Zr-based metallic glass sample are depicted in Fig. 1(a–c) using different 
microscopy techniques including standard optical reflection microscopy (Fig. 1(a), OM), structured illumination 
microscopy with contrast enhancement (Fig. 1(b), SIM) and scanning electron microscopy (Fig. 1(c), SEM). The 
figure shows clearly the potential of structured illumination microscopy to resolve topography details with high 
resolution, matching in this type of observations the information provided by SEM. We will then apply the SIM 
technique for in-situ observation of ripple development on specific sites with the number of pulses incident on the 
same spot. Various fluence regimes are used, unveiling explicit behaviors of LIPSS formations.
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Fluence-dependent ripple evolution. We observe now the gradual development of ripples on a single irradiated 
site for different incident laser fluences, starting from the threshold vicinity to ablative regimes. The results are 
shown in Figs 2, 3 and 4. The irradiation sequence commences on the pristine polished surface and stops at the 
full development of the ripples pattern.

First a low fluence dose (peak fluence of 0.09 J/cm2) is used that generates topography ripples on the BMG 
surface with a period in the range of 600 nm, slightly evolving with the number of incident pulses and fluence. 
The pattern begins to be observable at a relatively high number of pulses (N > 10). This indicates that the modifi-
cations after each pulse are minimal, the structures growth is slow, almost erosion-like, and rely heavily on incu-
bation effects. The results of irradiation with increasing number of pulses (N) on the same site are given in Fig. 2. 
The patterns are analyzed in the following way. For successive number of pulses incident on the same site, SIM 
images were taken and processed. A section is then made across the impact zone and, for each image correspond-
ing to a given N, the resulting profiles (ripples relief) are concatenated and displayed in Fig. 2(a) for the whole N 
sequence. Thus the evolution at a specific location can be reconstructed. These profiles are horizontal cuts across 
a vertical arrangement of ripples and display the regular modulation. This representation gives an indication of 
the topography development with N, where the lateral dimension corresponds to structure periodic topography 
and the vertical dimension shows the irradiation development with the number of pulses (N). Figure 2(b) shows 
examples of different N sequences at the same spot, from where the section was sampled (the position of the sec-
tioning line is given in the figure for the case N = 100). If topography features appear after several pulses, they are 
ill-defined up to N = 30. The pattern acquires good visibility after N = 50 and shows a remarkable spatial stability 

Figure 1. Visualisation of sub-wavelength ripples. LIPSS on a Zr-based BMG surface created after N = 5 
ultrafast laser pulses using a peak fluence of 0.3 J/cm2. The same pattern is visualized by a range of imaging 
techniques. (a) Impact zone observed using a conventional bright field optical microscope (OM) in reflection 
mode. (b) Impact zone observed in-situ using SIM based technique during structuring (see text for details). (c) 
Impact observed ex-situ using a SEM technique.

Figure 2. Evolution on LSFL formation on Zr-BMG in the low fluence regime (peak fluence of 0.09 J/cm2). (a) 
Evolution of a section profile with the number of pulses N (false colors). Sectional cuts made on LIPSS images 
are concatenated together for each N. The LIPSS pattern is visible after a relatively high number of pulses. Light 
colors represent zones of higher elevation. (b) Samples of the original SIM images. The direction of the electric 
field and the position of the sectioning line are given on the figures.
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with well-defined topographical features preserving their positions for the present experimental conditions. It is 
though expectable that the period will further decrease for a high number of pulses, a situation not analysed here.

We underline here that the observation of this pattern stability is greatly facilitated by the in-situ SIM imaging. 
A similar analysis is applied for a moderate fluence regime (peak value 0.15 J/cm2) where rippled patterns appear 
early in the pulse sequence and resist for a large number of pulses. The results are displayed in Fig. 3(a,b). The pat-
tern develops gradually and grows laterally from pulse to pulse, but preserves constant topography in the affected 
region from pulse to pulse, with ripple peaks holding constant positions.

The last fluence regime corresponding analysis relates to a relatively high fluence (peak fluence of 0.31 J/cm2) 
where rippled patterns disappear after a certain number of pulses leaving place for an ablation crater. The results 
are displayed in Fig. 4(a,b). We see that the topography features appear already from the first pulse and the 
structures are well defined for a low number of pulses. A slightly higher period of 750 nm is found here. With the 
number of pulses, hydrodynamic movement from the melt is observed culminating with large disordered melting 
and ablation feature appearing in the crater.

In all cases we observe a continuity of the pattern from pulse to pulse. The features of the profiles are spa-
tially invariant. This is a remarkable outcome, observable only with an in-situ observation technique with a 
sufficiently-high resolution, such as the SIM microscopy employed here. The ripple pattern stays stable during 

Figure 3. Evolution on LIPSS formation on Zr-BMG in the moderate fluence regime (peak fluence of 0.15 J/
cm2). (a) Evolution of a section profile with the number of pulses N (false colors). Sectional cuts made on LIPSS 
images are concatenated together for each N. The LIPSS pattern is detectable earlier in the pulse sequence. 
Topography features appear already from the first pulses and novel features develop laterally. Light colors 
represent zones of higher elevation. (b) Samples of the original SIM images. The direction of the electric field 
and the position of the sectioning line are given on the figures.

Figure 4. Evolution on LIPSS formation on Zr-BMG in a high fluence regime (peak fluence of 0.31 J/cm2). (a) 
Evolution of a section profile with the number of pulses N (false colors). Sectional cuts made on LIPSS images 
are concatenated together for each N. At this regime, the rippled pattern appears early in the pulse sequence 
and is then followed by the formation of an ablation crater. Light colors represent zones of higher elevation. (b) 
Samples of the original SIM images. The direction of the electric field and the position of the sectioning line are 
given on the figures.
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the ripples growth with the increasing number of pulses for all fluence ranges. The surface relief stabilizes and 
becomes reinforced with each pulse, indicating that the topography can lock the pattern distribution. The relief 
acts as an effective phase and mode-locking mechanism in position and period. This type of stabilizing mecha-
nism is important in developing strategies for patterning large areas, stitching together nanostructured domains 
and achieving high-quality corrugation upon laser scanning. A feedback mechanism based on both local (plasma 
evolution and near-field scattering/enhancement) and non-local (far-field scattering and interference) contri-
butions that filters periods and drives the modulation on large domains, growing seamlessly nanostructures was 
considered essential22,28 to develop aligned structures on different periodicity scales, a mechanism which was sug-
gested already in the early studies29. The potential origin and the action range of such mechanism are discussed 
below from an electromagnetic perspective.

Scattering, interference, and light trapping. The experimental behavior is analyzed first from an elec-
tromagnetic perspective. The electromagnetic approach described in the Methods section includes an electromag-
netic scattering model associated with a straightforward ablation model reflecting the local fluence dependencies 
and the deposited energy via evanescent components. With this simplified approach we simulate the growth of a 
specific laser-induced relief. We recall that for metal surface nanostructuring, two different scales of LIPSS forma-
tion are usually reported. They correspond to scattering events implying local field enhancement and near-field 
interactions at roughness features, referred to as high spatial frequency LIPSS (HSFL), and superposition of 
far-field scattered fields on these roughness centers with incident/refracted fields, referred to as low spatial fre-
quency LIPSS (LSFL)30. Let us now concentrate on the most regular ripples pattern, the LSFL.

Scattering and interference on rough surfaces. If an optical influence was early recognized21 for ripple forma-
tion, a comprehensive electromagnetic theory associated with roughness features appeared almost two decades 
latter31. Sipe et al.31 indicated that a rough surface induces inhomogeneous absorption, where particular spatial 
frequencies are being preferentially absorbed and imprinted in the material. Thus, the numerical description of 
the field distribution on surfaces with given topographies is becoming important to evaluate the experimental 
observations. Following the Sipe analytical approach developed for predicting for which Fourier components 
the rough surface will concentrate the incident laser energy, we have first simulated a statistical rough surface 
defining the “selvedge region” where modulation and field enhancement will occur. A typical example of a 
spatial pattern of deposited energy on a randomly rough surface is given in Fig. 5(a) showing that the energy 
distribution becomes structured and spatially inhomogeneous. The initial roughness is assimilated to a distri-
bution of 15 nm size nanoparticles and a filling factor of 50%. This distribution was chosen to optimize the field 

Figure 5. Electromagnetic field computations. (a) Simulated energy deposition pattern on Zr-BMG after 
exposure to a single fs laser pulse on a rough surface. A surface model is used where roughness is estimated via 
a distribution of 15 nm size nanoparticles and 50% filling factor. (b) Simulated energy deposition pattern on 
Zr-BMG after exposure to N = 10 laser pulses. We observe the onset of a clear regular pattern with a periodicity 
below the wavelength. The insert indicates preferential light trapping and localization at surface depressions. 
(c) Evolution on a sectional topography profile (line section of the surface relief) with the number of pulses. (d) 
Typical computed 2D surface topography profiles for an increasing sequence of incoming pulses.
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modulation contrast for the sake of visibility, on the expense on a slight reduction of period. The period can be 
adjusted via the particles size and spacing32. The physical origin of the initial roughness can be intrinsic (polishing 
effects) or extrinsic (laser-induced). The latter is most probably the consequence of a laser-induced nucleation or 
spallation process at fluences around the melting threshold, process that exhibits a statistical dependence of an 
Arhenius-like activation energy. A first laser pulse interacting with an initially flat surface close to ablation thresh-
old nucleates solid-liquid transitions17,33 at specific “weak” sites, triggering subsurface voids formation, swelling 
or hydrodynamic instabilities34. This randomly modifies the topography of the surface seen by a second pulse, 
for which the light coupling will be more complex. The coupling complexity involves polarization and scattering 
effects on the roughness centers, as well as interaction with the incoming field, defining a surface wave pattern35. 
From the near- and far-field interaction of scattered and incident wavelets different distributions of evanescent 
fields emerge, imprinting their pattern on surfaces, where regular features may appear. In other words, the first 
step is the appearance of an interference pattern containing the beginning of regular features. For LSFL, with 
periodicities close to the incident wavelength, the driving field represents the interference between scattered light 
and the incident wavefront30.

The corrugation mechanism and light trapping. To describe evolving surface topographies, the electromagnetic 
simulation is coupled to an ablation model, whenever the threshold is surpassed by the local fluence. In the pres-
ent model the inter-pulse feedback mechanism was simplified using an holographic ablation model36, where the 
material numerical domains (cells) absorbing more energy were considered to be removed, being replaced by air 
medium in our simulation. This way, both concentration and amplitude of roughness can evolve during a mul-
tipulse simulation. Using the absorption energy map with local concentration of energy driven by interference 
and near-field enhancement27, the application of an ablation model creates an evolving surface topography with 
elongated surface depressions at the place of energy absorption peaks. Considering the ablation after each pulse, 
the topography after N irradiation events can be reconstituted. Figure 5(b) represents a typical energy deposition 
pattern upon normal incidence on an initially rough surface, showing the relative value of the electromagnetic 
energy absorption on the irradiated surface after N = 10 absorption-removal cycles. With increasing number of 
pulses, the order imposes itself with clear ordered patterns. It is noteworthy to mention that a second process 
occurs in addition to the interference pattern. Local surface depressions of certain depth trap preferentially the 
light energy, as indicated in the inset in Fig. 5(b). The region between crests is becoming more hollow, develop-
ing the ripple contrast pattern at fixed locations. With the evolution of the profile the field distribution becomes 
potentially more complex, with the appearance of additional Fourier components in its spatial spectrum.

The evolution of the topography. We follow now the evolution of the topography contrast upon the arrival of a 
successive number of pulses. The gradual exposure with increasing number of pulses acquires a structural profile. 
Using a section cut in the simulated 2D surface profile and concatenating the sequences as before, similar to the 
experimental situation, Fig. 5(c) retraces the evolution of the surface profile with the number of pulses. Each pro-
file is derived from sectioning computed surface topography charts exposed to a varying number of pulses given 
in Fig. 5(d). The single site condition is ensured by adopting the same initial surface for each simulated N–case. 
From the profile evolution in Fig. 5(c) we observed a similar representation to that derived from the experimen-
tal results in Figs 2, 3 and 4. The simulation clearly shows that, within the removal feedback assumption here, 
the location of maximal energy absorption does not evolve from pulse to pulse. This strongly corroborates the 
phase-locked profile amplification scenario reported above based on a scattering and interference effect creating 
the periodicity and strong light trapping into surface depressions, reinforcing the contrast. This indicates that 
the main physical features are well grasped by the model, supporting the physical mechanisms proposed above. 
If the corrugation effect related to pulse-to-pulse evolution can involve a more complex physical picture relying 
on local ablation, growth, or lateral diffusion of the resulting pattern via liquid displacement, depending on the 
thermomechanical conditions, the main features of the stabilising feedback are essentially related to interference 
and potential light trapping.

Stabilizing patterns on random roughness distribution. We have defined above a first type of optical 
feedback related to a corrugated topography based on the interference of scattered wavelets with the incident 
field and light trapping into the corrugated profile. This was facilitated by super-resolved observations enabling to 
follow in-situ the gradual development of ripples on a unique irradiated site. A unique site means explicitly a sin-
gle initial distribution of scattering centers and a singular ablation path, which deterministically constraints the 
corrugation. Following a scattering model with local and de-localized actions, we indicate that the corrugation 
defines the scattered pattern and field accumulation regions.

The question that appears now is: will a statistical ensemble of different initial sites with apriori random rough-
ness distributions affect the pattern arrangement within the laser spot? The in-situ method allows to compare the 
irradiation results on different zones on the surface. We have performed the experiment for N = 4 laser pulses per 
site and 40 different initial zones on the sample surface. After acquiring all images, where the relative alignment 
is ensured by the observation method, we add the images and observe the average result. The procedure is sche-
matically described in Fig. 6(a) and the averaging result is given in Fig. 6(b). The result preserves clearly a periodic 
character indicating a common absolute pattern of the LIPSS despite the random character of features on the 
irradiation sites, i.e. the initial surface inhomogeneities. The average of random corrugation patterns before irra-
diation would have given an uniform gray level distribution. The results is confirmed by performing random 
image correlations, with the average shift of correlation peak (a measure of the spatial phase) being smaller that 
Λ/4, Λ being the average pattern period. We have equally performed using the electromagnetic model described 
above simulations starting from several random initial distributions and summed up the results. A total of 16 
simulated profile charts for N = 10 starting from initial random roughness functions were calculated and summed 
up in Fig. 6(c). We equally observe (as indicated in Fig. 6(c)) a permanent corrugation despite the initial random 
character of the distribution of scattering centers. The reason for this behavior lies in a subtle effect of the 
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electromagnetic interaction between scattered waves and the incident field. Assuming that the scattered field Escatt 
on a surface point (xs, ys) will contain a random phase φ(xs, ys) compared to the incident field Einc, the modulated 
energy on the surface is related to the interference pattern ∼ ∼

φI E E eint inc scatt
i x y( , )s s . As the correlation function 

φ is the single random variable and that the diffuser center (xs, ys) is δ-correlated, it can be shown that the corre-
lation function is independent of the surface properties. This means that the phase of the final pattern will be 
defined by the phase of the laser electric field but not by the roughness properties. This is what we observe both 
numerically and experimentally where the initial surface roughness is randomly distributed.

The ensemble of experimental and numerical results indicate that an electromagnetic scattering and interfer-
ence approach is able to reproduce and explain the observed facts, specifically the pattern stability within the laser 
spot, delivering at the same time the mechanism of spatial phase locking. A generalized electromagnetic approach 
as originally proposed by ref.31 is therefore a good approximation. A relevant question in this perspective is if the 
observed facts can equally be explained by a surface plasmon interference20,37. Similar as scattered wave inter-
ference with the incident field, the plasmon interference (surface plasmon polariton model) would lead in our 
opinion to a similar conclusion with respect to the spatial arrangement. A detailed inspection of the nature of the 
created evanescent fields exceeds however the frame of this work and requires detailed analysis of the scattered 
waves35. The present scattering approach has however no explicit requirement to rely on plasmonic excitation (in 
view to their propagation limitations on rough surfaces38) as evanescent fields can be coherently generated by 
scattering mechanisms, and it thus represents a more general case.

Methods
Experimental procedure: structured illumination microscopy. The irradiation system presented in 
Fig. 7 uses a common path excitation and observation module. The SIM is integrated in the irradiation setup 
following the same path as the processing ultrafast laser beam. This allows the in-situ observation of the nanos-
tructures during the laser structuring events.

Structured illumination microscopy (SIM) is a full-field super resolution optical technique enabling super 
resolution using a sinusoidal modulation on the light projected over the sample. It allows to improve by a factor 
of two the standard optical resolution defined by the imaging optics. Conceptually, the structured illumination is 
equivalent to an artificial augmentation of the observation numerical aperture, collecting and adding high-spatial 
frequency information to the image that is missing in standard optical microscopy. This type of microscopy 
was first demonstrated on fluorescent polystyrene micro-spheres39 and is adapted here to investigate the LIPSS 
growth in-situ on surfaces. The SIM concept is briefly recalled here. A regular optical microscope has a resolu-
tion limit mainly related to the objective’s numerical aperture (NA), leading to a cut-off in the spatial frequency 
domain. Thus, the microscope acts as a low-pass filter whose cut-off frequency limits the optical transfer function 
(OTF) of the microscope. For simplicity, this can be represented as a limiting circle in the Fourier Domain (FD) 
(see Fig. 7(a)). Any high frequency information of the object outside this circle is lost when imaging through 
the microscope. With SIM, a sinusoidal modulation of the illuminating light is performed using e.g. an ampli-
tude grating. This modulation acts as a frequency shift of the object in the Fourier domain. If the modulation 
period equals the optical microscope diffraction limit, the object high spatial frequencies can be moved within 
the microscope’s OTF (see Fig. 7(b)). By recording several images with different angles and translations of the 
grating, a super resolution image can be reconstructed (see Fig. 7(c)) with a resolution overcoming the diffraction 
limit by a factor of two. The technical description of the microscopy setup is provided below. A LED source is used 
for the setup with a central wavelength of λ = 405 nm and a bandwidth of 13 nm; the light is filtered by a diffuser 

Figure 6. Statistics on random sites. (a) Individual images (40) of rippled sites irradiated on various different 
surface zones of the sample are summed up and averaged. (b) The mean result of the images in (a) showing 
a visible corrugation pattern in the sum of the various irradiated zones, suggesting a quasi-stable pattern in-
spite of different initial roughness conditions. A line section is equally given, emphasising spatial modulation. 
(c) Electromagnetic calculations showing the average pattern obtained by summing up 16 computed images 
initiated from a corresponding set of random initial distributions. The average of random corrugation patterns 
would give an uniform gray level distribution.
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and collimated, achieving an uniform incoherent epi-illumination. The objective NA is 0.9, yielding a Rayleigh 
criterion of ko = 275 nm in bright-field mode. The structured illumination light projection is performed using 
an amplitude grating. The grating used in our experiment is a Ronchi ruling with a period of 60 lines/mm. The 
grating is mounted on rotation and translation stages, such as its position and rotation can be adjusted for data 
gathering for the spectral domain OTF extension process. The grating can be projected onto the back focal plane 
of the microscope objective by means of a beam splitter. The grating magnification is given by imaging system, 
achieving a period of the fringes on the samples of 300 nm, which is purposely very close to ko. Using this exper-
imental apparatus, the attained SIM resolution is 150 nm.

To enhance the figure contrast a image treatment procedure was applied. Periodic nanostructures contrast was 
enhanced using a band pass filter in the spatial frequency domain. The filter was designed to cut off the informa-
tion with spatial frequency not corresponding to the nanostructures; once the filtered image was processed, an 
average of the filtered nanostructured image and the background image was done.

Modeling approach: electromagnetic model. An electromagnetic model in 3D geometry30,40 is used 
to calculate field irradiation patterns. The light pattern is assumed to result from a superposition of scattered 
wavelets from individual scattering centers with the incoming field. The inhomogeneous energy deposition below 
the material rough surface is computed based on 3D Maxwell’s equations solved within the Finite-Difference 
Time-Domain (FDTD) method depicted in ref.30. To construct a rough surface, the dielectric function of the top 
layer of the simulated material is described by a two-value function εr(x, y). That is, εr(x, y) = εBMG, for the filled 
region and εr(x, y) = 1 for the unfilled region, where εBMG is the dielectric function of the simulated material. The 
filling factor F defined as the mean value of the binary function f (f(x, y) = 1 for the filled region and f(x, y) = 0, 
otherwise) was set to 0.5. Above the roughness layer, the source consisting of the electric field component Ex is 
injected into the computation grid as a soft source. The pulse duration was fixed to τ = 30 fs to ensure a steady 
state solution. The pulse travels downward towards the material, impinging the surface at normal incidence. To 
maximize the interaction area between the incident pulse and the rough surface, the fluence distribution was 
a super-Gaussian type of order 7. To simulate the increasing dose a simplified ablation model is used implying 
material removal (15 nm rate, equivalent to 1 cell) where local fields exceed the ablation threshold. The energy 
absorbed in the selvedge zone is calculated in the medium assuming non-evolving optical properties, BMG 
ε = −6 + 15.16i and air ε = 1. The dielectric function of the BMG does not vary significantly during the excitation 
period as measured by time-resolved ellipsometry32, particularly due to its multicomponent nature resulting in a 
large electronic density of states.

Figure 7. Experimental set-up for in-situ investigations of LIPSS growth using SIM. The fs laser beam in red 
is injected into the light path of the microscope. (a) Bright-field epi-illumination microscopy whose OTF is 
limited by the Rayleigh criterion k0. (b) SIM microscopy where a sinusoidal amplitude grating (AG) is imaged 
onto the sample surface. This sinusoidal modulation yields a frequency shift in the FD allowing to observe a 
fraction of the higher object spatial frequencies. (c) By recording images for an ensemble of AG positions, the 
SIM permits to achieve an extension of the OTF as illustrated by the pictures with and without SIM of the USAF 
target. The achieved lateral resolution is 150 nm.
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Conclusion
In conclusion, we have developed a super-resolved optical method for in-situ observation of laser nanostructur-
ing processes relying on structured light illumination microscopy in a common path with the irradiation beam 
steering. Based on the achieved resolution and optical contrast, we have monitored the ripple formation on metal-
lic glasses with the accumulated dose in various fluence regimes involving slow, gradual erosion-like changes at 
low fluence as well as the apparition of molten phases at higher fluences. We have established the action of a spa-
tial phase-locking mechanism in the generation of laser-induced periodic structures, originating from the coher-
ent interaction of incoming and scattered waves. This involves an implicit effect where the initial field repartition 
on a rough surface with corrugation in a periodic pattern will fix the light distribution for the incoming pulse. 
This corrugation effect acts as an effective mode-locking mechanism, filtering the resulting periodicity. The effect 
relies on field scattering, interference and light enforcement in surface topographical depressions. Additionally, a 
more subtle effect can spatially fix the pattern even on surfaces with random roughness and topographies. This is 
based on the fact that the superposition of scattered wavelets are self-referenced on the driving field, fixing their 
far-field interaction with the incoming incident light front. The phase of the pattern fixing its relative position is 
thus imposed by the incoming field. The highly-resolved in-situ observation allows thus novel essential features 
into the development of laser periodic nanostructures, with feedback that corrects and stabilizes period and shift. 
The understanding of laser-driven self-arrangement of surfaces and the driving feedback will contribute to a high 
level of process control in emerging laser large-scale nanostructuring techniques.
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