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ABSTRACT   

Ultrafast laser inscription is a technique to create low-loss three dimensional optical circuits within bulk dielectrics that 
is compatible with a wide range of optical materials. Its unique capabilities and the ability to rapid prototype and quickly 
iterate through different designs has made it exceptionally attractive for astrophotonics. This paper will summarize the 
basic aspects of ultrafast laser inscription and review recent progress in its application to astrophotonics, such as stellar 
interferometry.   
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INTRODUCTION  
It was discovered 1996 by Davis et al. that a tightly focused, sub bandgap, ultrashot laser pulse can induce a permanent 
refractive index modification in transparent dielectrics [1]. This modification is a result of nonlinear optical breakdown 
which leads to energy deposition and subsequently to a change in the material’s optical properties With appropriate 
parameter optimization, just below the optical damage threshold of the material, smooth optical waveguides can be 
created within the bulk of transparent dielectrics by translating the sample through the focus of the laser. 

Since its inception, ultrafast laser inscription of optical waveguides has seen tremendous technological progress. 
Waveguides have been demonstrated in a diverse range of materials, such as optical glass, crystals as well as polymers 
and ceramics. This is because of the underlying mechanism, nonlinear photoionization, can be triggered in virtually any 
dielectric. The great degree of freedom regarding substrate material has resulted in the demonstration of optical 
waveguides for wavelengths ranging from the ultra-violet to the far-infrared of the electromagnetic spectrum. Unlike 
established lithographic technologies to fabricate integrated optical circuits, ultrafast laser inscription is a maskless 
process and thus enables rapid prototyping. In particular for astrophotonics, this makes it a cost-effective technology and 
enables rapid design iterations. One of the most unique attributes of ultrafast laser inscription is, that waveguides are not 
limited to a planar geometry. It enables the creation of arbitrary 3D circuits across millimetres for vertical real-estate [2]. 
Resultingly waveguide crossovers, that are typically lossy and contribute to crosstalk, can be entirely avoided and 
thereby enabling novel, compact and complex designs. Additionally, in the same chip one can combine multimode as 
well as single-mode waveguides. In contrast, lithography is traditionally limited to a guiding layer of uniform thickness 
across the substrate, which either is single-mode or multimode for the wavelength of interest.  

Using ultrafast laser inscription for creating astrophotonic circuits was first proposed in 2009 [3]. This was followed by 
the demonstration of integrated photonic lanterns to split multimode light across an array of single-mode waveguides [4] 
as well as photonic lanterns as virtual slit for diffraction limited spectrographs [5]. Also low-loss ultrafast laser inscribed 
multimode waveguides have been demonstrated [6]. Especially, high contrast imaging based on interferometry to detect 
exo-planets has benefitted from the capability of fabricating 3D single-mode waveguides. Single-mode waveguides act 
as spatial filters, thereby maximizing fringe visibility and instrument stability. Three-dimensional single-mode 
waveguide geometries have been an enabling tool for integrated pupil remapping [7]. This was the first on-sky 
demonstration of an ultrafast laser inscribed photonic chip. Pupil remapping is based on a 2D geometry of single-mode 
waveguides at the input of the photonic chip to sample the pupil of an astronomical telescope. These waveguides are then 
optical-pathlength-matched remapped in 3D to form a linear array at the output. This approach has been extended to 
create a low loss nulling interferometer to enhance the contrast by destructively interfering the overwhelmingly bright 
light from the host star [8]. 
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Due to ease of characterization, the demonstrations of integrated pupil remapping and nulling has focused on the near-
infrared around the standard telecommunication wavelength of 1.55 micron, that coincides with the astronomical H-
band. However, for detecting young exo-planets the mid-infrared spectral region, coinciding with the atmospheric 
transmission window around 4 microns wavelengths, provides enhanced contrast between host star and companion. Yet, 
the mid-infrared requires exotic materials such a chalcogenide or fluoride glass due to strong absorption in common 
silicate glasses. To date, propagation losses of ultrafast laser inscribed single-mode waveguides as low as 0.3 dB/cm in 
fluoride glass [9] and 0.22 dB/cm in gallium lanthanum sulfide chalcogenide glass [10] at 4 microns wavelength have 
been demonstrated. Directional couplers in both platforms have shown promising interferometric results [11,12]. 

SUMMARY 
Ultrafast laser inscription has established itself as a flexible platform for fabricating integrated optical circuits that can 
solve many of astrophotonics’s existing and emerging challenges [13]. It is one of the only techniques that enables the 
fabrication of low-loss 3D optical circuits. Capitalizing on its unique capabilities a wide variety of astrophotonic devices 
starting from basic components such as single- and multimode waveguides up to more complex photonic lanterns, pupil 
remappers, interferometers and beam combiners have been demonstrated. 
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