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ABSTRACT   

In this publication we present the results of a detailed study into directly written multimode waveguides for astronomical 
applications. We show that waveguides up to 100 μm across can be inscribed with the cumulative heating form of this 
technique. The waveguides have 2 concentric guiding regions which are elliptical; a core that has an average ellipticity 
of 1.1±0.1 and an outer cladding with an ellipticity of 0.15±0.03. It was demonstrated that the ellipticity of the 
waveguides could be reduced by creating “structured” waveguides which consist of several waveguides stacked together. 
The 7 mm long waveguides demonstrated insertion losses at 800 nm as low as 39% when light was launched and 
collected by a standard multimode fibre (50 μm core diameter and numerical aperture of 0.12), which is representative of 
the fibres currently used on astronomical installations. More importantly, we show for the first time that structured 
waveguides designed to have outer cladding regions which match the dimensions of the core of the launch and collection 
fibers, have lower insertion losses than  structured waveguides designed to have matching core dimensions. It is believed 
that by moving to longer wavelengths of operation and exploring other structuring and beam shaping techniques it may 
be possible to reduce the losses even further and make these waveguides of practical use for astronomy.  

Keywords: Multimode waveguides, direct-write technique, femtosecond laser, ultrafast material processing, 
astrophotonics. 
 

1. INTRODUCTION  
A commonly encountered problem by ground-based telescope installations is the non-diffraction limited beam quality of 
the light in the focal plane. This arises as a result of refraction of the light as it propagates through the turbulent 
atmosphere on its final journey to the telescope. As a result, multimode (MM) optical fibres are used to route the light 
from the focal plane to various instruments, such as spectrographs, as this light couples extremely poorly to single-mode 
(SM) fibres. However, there are benefits to using SM optical fibres1, including the ability to filter out atmospheric OH 
emission lines with fibre Bragg gratings2. Consequently, systems that convert between the MM and SM formats are 
required. One such device that has been proposed and demonstrated recently is the “photonic lantern”3. This device takes 
a single MM fibre input and converts it into many (several to several hundreds) SM fibre outputs. Ideally, an integrated 
format is preferable as it reduces the number of components required. In addition, integrated approaches enable 
miniaturisation of the entire device and allow further on-chip coupling to other components required to analyse the 
optical signal arriving from space. 

A technique that has been widely used to create integrated photonic devices is the direct write technique4. The direct 
write technique involves focusing a femtosecond laser pulse into a dielectric material (such as a block of glass) thereby 
modifying the index of refraction within the focal volume of the objective lens. By translating the focal point through the 
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material it is possible to create tracks of modified index. If the index change is positive, then waveguiding regions are 
formed and these can be used to guide and manipulate light within the block of glass. Using this technique it is possible 
to fabricate complex integrated photonic devices in a miniaturised and inherently stable platform. In addition, the direct 
write technique offers the possibility to pattern not only 2D circuitry, but also allows one to move to the third dimension, 
which can not easily be achieved using lithographic techniques5. 

To date, research in direct write technology has been primarily focused on single-mode waveguide structures6,7 and there 
are very few reports of multimode waveguides and their properties5. To integrate an optical circuit with MM fibres 
typically used on astronomical telescopes, a detailed study of MM waveguides must first be undertaken. With this in 
mind, we investigate MM waveguide structures created using the direct write technique. In particular we characterise 
parameters such as waveguide dimensions, refractive index profile and insertion losses of these large guides for the first 
time. In addition, we demonstrate a technique for reducing the waveguide ellipticity so as to optimise coupling with 
standard MM fibers used on current telescopes. We discuss the suitability and potential of such easily produced 
waveguides for astronomical applications. 

2. EXPERIMENT 
2.1 Waveguide writing procedure 

Waveguides were inscribed using the setup shown in Fig. 1 below.  

 
Figure 1: Schematic diagram of waveguide writing setup. A zoomed in view illustrating transverse formation of an  

index modification at the focus of an objective lens can be seen on the right hand side of the figure.  

A femtosecond laser operating at 800 nm was used to inscribe the waveguides. It had a pulse repetition frequency of 
5.1 MHz and a pulse duration of <50 fs. The ultrashort pulses were focused into a 7 mm long Eagle2000 glass sample 
(which is an alkaline earth boro-aluminosilicate), with a 100× oil immersion objective lens which had an extremely high 
numerical aperture (NA) of 1.25. Pulse energies between 100 and 350 nJ were used in conjunction with translation 
velocities between 100 and 1500 mm/min in order to create large MM waveguides. 
 
2.2 Waveguide formation process 

Dielectric materials such as Eagle2000 have a large band gap, that is, they are transparent to 800 nm radiation. However, 
at the focus of a high NA objective lens, the intensity becomes high enough to efficiently drive nonlinear processes such 
as multiphoton and tunnelling ionization. These processes ionize the glass forming a plasma, which means the local 
environment can reach temperatures that exceed the softening point of the glass, which leads to melting. As the pulse is 
over in a very short timeframe, the glass rapidly cools, a process called quenching, and resolidifies into a modified 
structural arrangement which brings with it a change in the refractive index of the local environment4.   

However, as the laser system used in the experiments has an inter-pulse time of 192 ns and the thermal diffusion time is 
~1 μs in silicate based glasses, the glass does not fully cool down after interaction with an initial pulse before the next 
pulse arrives to modify the glass further. This high repetition rate regime is known as the cumulative heating regime7 and 
was used to inscribe all the guides in this paper. 
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3. RESULTS AND DISCUSSION 
3.1 Waveguide dimensions and morphology 

Figure 2 displays MM waveguides with a range of dimensions. It is clear that a large range of waveguide sizes are 
achievable. Figure 2 also shows that the waveguides have a complex concentric ring structure. There is a large central 
region, which guides the light of the microscope, surrounded by a narrow dark region, which does not guide light, all 
encompassed within an even larger outer guiding ring. We will refer to these regions as the core, depressed cladding and 
outer cladding respectively throughout this publication. Interestingly, this structure is consistent from guide to guide and 
is independent of waveguide size. Figure 3 shows the refractive index profile (measured with a refractive index 
profilometer; Rinck Elektronik) for a typical waveguide, measured with 633 nm light. It can be seen that the core has a 
non-uniform index profile which is skewed towards the direction of the writing laser beam and has a peak index contrast, 
∆n = 1.6×10-2. This represents the highest index change ever achieved with the direct write technique. The depressed 
cladding has a negative index contrast with a magnitude of ∆n = -3.2×10-3, which aids in confining the light in the core. 
Finally the outer cladding has a ∆n = 4.2×10-3 and is relatively uniform over the entire region (N.B. the ripples to the 
right of the image are artefacts from the measurement procedure). These values are representative of the various regions 
for such guides. As both the core and outer cladding possess strong positive index contrasts, then waveguiding is 
expected in both of these regions.   

 

 
 

Figure 2: Micrographs of MM waveguides taken with a differential interference contrast microscope in transmission. 

From Fig. 2, it can be seen that the waveguides are elliptical. Indeed, over the large parameter scan conducted the 
average core ellipticity, given by η = hc/wv

 – 1, where hc is the half height of the core and wc is the half width of the core, 
was 1.1±0.1. Note that on this scale a circular core would have an ellipticity of 0. The average outer cladding ellipticity 
was 0.15±0.03. Interestingly the outer cladding has a much lower ellipticity than the core but is still elliptical. This 
ellipticity is not ideal as the aim is to be able to couple these MM waveguides efficiently to MM fibres which are circular 
in cross-section. Therefore it is important to try and create guides that are more circular in cross-section. 
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Figure 3: Refractive index profile of a typical MM waveguide written by the direct write technique.  
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3.2 Reducing ellipticity of directly written multimode waveguides 

A possible avenue to reducing the ellipticity of directly written MM waveguides is to stitch several waveguides together 
to create a larger structured waveguide. This technique has been previously proposed for smaller single mode 
waveguides9.  

To demonstrate this concept, we first chose a target waveguide diameter which would couple efficiently to a given MM 
fiber. For this purpose we chose a standard off-the-shelf MM optical fiber with a 50 μm core and an NA of 0.12 as the 
launch and collection fiber for the structured waveguides. Additionally, this low NA fiber was selected because it is 
representative of the NA of fibers currently used on astronomical installations.  

There are two ways in which a structured guide can be designed to match the dimensions of an MM fiber. The first is to 
create a structured guide which has outer cladding dimensions that match those of the core of the MM fiber. This is 
referred to as an “outer cladding matched” structured guide. The second option is to fabricate a structured guide which 
has a core region with overall dimensions that match those of the fiber. This type of guide is referred to as a “core 
matched” structured guide. Both methods are explored below. 

In the case of the outer cladding matched structured waveguide, the specific experimental parameters that yielded a guide 
that most closest matched the  circular 50 μm diameter requirement were: pulse energy of 160 nJ, translation speed of 
750 mm/min, offset between neighboring waveguides was 5 μm and the number of guides used was 2. From here on we 
refer to the overall guide as a structured waveguide and the waveguides it is made up of as “tracks”. Figure 4 displays a 
micrograph of the cross-section of the resulting structured waveguide and a second with a larger inter-track offset of 10 
μm.  

 

 
Figure 4: Micrograph of the cross-section of cladding matched structured  

waveguides with outer cladding regions designed to be circular 50 μm diameter.  

It can be seen that the structured waveguide in the left of Fig. 4 has a circular outer cladding with close to the required 
dimensions while the structured waveguide on the right has an overly large offset between the two tracks, and hence is 
elliptical once again. Interestingly, it can be seen that the second track to be written, re-writes over the core region of the 
previous track, so much so that there is a narrow depressed region in the middle of the structured guides core, making it 
discontinuous. However, even though there is a discontinuity in the core region, the outer cladding of the two structured 
waveguides appears to have merged seamlessly. 
 
In the case of the core matched structured waveguide, the specific experimental parameters that yielded a guide that most 
closely matched the circular 50 μm diameter requirement were: pulse energy of 310 nJ, translation speed of 1000 
mm/min and an offset of 25 μm for the double track structure and 12.5 μm for the triple track structure. Figure 5 displays 
a series of structured guides designed to achieve the requirement.  
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Figure 5: Micrograph of the cross-section of structured waveguides with core regions designed to be circular with a 50 μm 

diameter.  

In Fig. 5 it can be seen that the double and triple track structured guides have overall core dimensions close to the 
required diameter. Once again for the triple track structure, the latter track to be written, i.e. the central track, has over 
written the other two and there are two narrow dark regions surrounding this track. The central track is smaller than the 
neighboring tracks which we attribute to refraction of the writing beam when trying to focus through the two high-index 
core regions of the previously written tracks.   

3.3 Propagation losses and mode profiles 

After the fabrication of MM waveguides with a greatly reduced ellipticity and closely matched dimensions to that of 
standard MM fibers, the waveguides were probed using the experimental setup outlined in Fig. 6. 

  
Figure 6: Schematic of the experimental setup used to probe the losses and mode profiles of the MM waveguides.  

The MM waveguides were probed at a wavelength of 800 nm. The launch and collection MM fibers were aligned with 
the waveguides inscribed into the 7 mm long Eagle2000 sample with high precision 6 and 3+2-axis translation stages 
respectively. The launched and transmitted powers were measured with a germanium photodetector and a power meter. 
The output mode profiles of the launch fiber and the structured waveguides were captured with an objective lens and a 
camera.  
 
The normalized transmitted power and insertion losses for the structured guides are summarized in Table 1 below. The 
outer cladding matched structured waveguide, which had an offset between tracks of 5 μm, had the greatest throughput 
of just over 60 %. This is to be expected as it most closely matched the core dimensions of the launch and collection MM 
fibres. Both outer cladding matched structured guides were ~10% less lossy than the core matched structured 
waveguides. Indeed, from the latter type of structured guide, it was the single and double track structures, which had 
minimal overlap of the core regions of neighboring tracks, which were the least lossy.  We attribute the increased losses 
of core matched structured guides to the fact that the core regions were not perfectly circular and as such, light that was 
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Table 1: Normalized transmitted power through various structured MM waveguides at 800 nm. 

Description of structured waveguide Normalized transmitted 
power (%) 

Insertion losses (%) 

Outer cladding matched waveguide with 
5 μm offset between waveguides. 

61 39 

Outer cladding matched waveguide with 
10 μm offset between waveguides. 

57 43 

Core matched waveguide – single track 50 50 

Core matched waveguide – double track 49 51 

Core matched waveguide – triple track 41 59 

 
launched into the outer cladding region may not have coupled back into the collection MM fiber, as the outer cladding 
was larger than the probe fibers. Encouragingly, creating a structured guide which reduced the ellipticity and closely 
matched the dimensions of the launch and collection fiber reduced the propagation losses by 10% when compared to a 
single elliptical waveguide. However, we note that the single track waveguide had a larger area than the collection fiber 
which may explain some of this additional loss.  

The output mode profiles of the launch MM fiber, and all of the 5 structured waveguides listed in Table 1 above, are 
displayed in Fig. 7 below. 

 

   
Figure 7: Mode profiles of the output of the launch MM fibre (a) and of all the guides listed in Table 1.  
(b) Outer cladding matched structured waveguide with a 5 μm offset, (c) with a 10 μm offset, (d) core  

matched structured waveguide with a single track, (e) double track and (f) triple track. 
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Firstly, it is important to note that even the mode profile for the MM fibre does not show a uniform intensity distribution, 
but rather has hotspots, as can be seen in Fig. 7(a). This may seem counter intuitive at first glance for those not familiar 
with multimoded fibers. However, this is to be expected and is the due to interference between the modes in the fibre as 
each mode has a distinct phase. If the fibers length were to be altered, then the intensity distribution would also change 
as the phase relationship between the modes is modified.  

It can be seen that the mode profiles for the outer cladding matched structured waveguides with both the 5 and 10 μm 
offsets, (b) and (c) in Fig. 7, reveal that the majority of the light is confined to an area that is similar in size to the core of 
the MM collection fiber, as highlighted by the dashed circle in the figure. This explains why these guides had the lowest 
losses as they had the greatest overlap with the launch and collection fibers. In contrast the mode profiles of the single, 
double and triple track structured guides highlight the fact that some energy is launched into the outer cladding and is 
therefore not coupled into the collection fiber at the output as speculated previously. This explains the greater losses for 
these waveguide structures.  It can also be seen from the mode profiles that these waveguides confine the majority of the 
light to the high index contrast core regions of the tracks.  

4. DISCUSSION 
The insertion losses determined for the waveguides could not easily be deconvolved into coupling and propagation 
losses. However, it is believed that the majority of the losses are due to coupling and not propagation. This is because the 
light is coupling from a uniform index profiled launch fiber into a waveguide with a complex index structure, which will 
no doubt cause some degree of mode mismatch, and hence a drop in the coupling efficiency. Additionally, by moving to 
longer wavelengths for probing of the waveguides, such as the 1550 nm spectral region, the losses should be reduced as 
the field at the longer wavelengths does not see all the fine index structure, such as the dark regions, in the guides. This 
would make the waveguides of practical interest, as the large losses currently limit their application in astronomical 
installations. 
 
Other techniques of reducing ellipticity may also help reduce the insertion losses. One such technique would involve 
creating a structured waveguide which consists of many (10’s) small waveguides. If the cores of the waveguides are 
packed close enough to each other and the wavelength of light is relatively long, then the field won’t see each individual 
guide but instead an increase in the average refractive index and hence form one large guiding structure. Another option 
would be to try shaping the focus of the laser beam. Currently, the laser is focused to a point that is less than 1 μm in 
diameter and due to heat accumulation grows backwards towards the incoming laser beam (see Fig. 2 for orientation). 
This is what causes the ellipticity. However, if the laser was focused to a line, instead of a single spot, it may be possible 
to control the growth rate of the guides so as to fabricate circularly symmetric guides. 
 
By moving to longer wavelength operation and engineering the waveguides even further as outlined above, it should be 
possible to decrease the insertion losses to a negligible level. 
   
An important property that has not been discussed thus far but must be characterized before these guides are of practical 
use to astronomers is whether these guides exhibit focal ratio degradation or not. This is an unfavorable property in 
waveguides were the focal ratio of the launched light is not conserved upon propagation through the guide, i.e. it 
decreases with propagation. No such measurements have been made on these guides yet, but will be in the near future. 
However, with such a complicated index profile, it would be difficult to imagine that the focal ratio would be entirely 
conserved.  

5. CONCLUSIONS 
In this publication we have reported on the use of the direct write technique and specifically the cumulative heating 
regime, to fabricate large multimode waveguide structures. The guides can be designed to be small enough to guide light 
in a single mode and all the way up to structures that measure 100 μm across the outer cladding region which are highly 
multimoded. The cross-sectional index profiles revealed that the structures are elliptical with the high index contrast core 
region possessing an average ellipticity of 1.1±0.1, and the lower index contrast outer cladding region having and 
ellipticity of 0.15±0.03. This ellipticity was reduced by creating structured multimode waveguides from several 
individual waveguides. It was determined that a waveguide designed to have an outer cladding dimension which closely 
matched that of the collection and launch fibres, had lower insertion losses than a waveguide designed to have a core 
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region designed to match the fibres (39% compared with 51%). This is the first report of the measurement and 
optimisation of insertion losses of multimode waveguides of any sort. In the current format, the losses of the guides are 
too high to be of practical use in astronomy, however, by moving to longer wavelengths of operation for the waveguides, 
and creating less elliptical guides by other means, it may be possible to reduce the losses to a tolerable level. 
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