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Abstract: Results concerning the design, fabrication 

and characterization of a multiaxial two beam com-

biner for astronomical interferometry are presented. 

The devices were fabricated in hybrid sol-gel materi-

als in conjunction with laser direct writing tech-

niques.  

 

1. Introduction 

Long baseline optical (1µm<λ<10µm) astronomical 

interferometry is an emerging technology allowing 

angular resolutions an order of magnitude larger than 

the largest available telescopes [1]. Existing arrays, 

with telescopes separated by 200m baselines, are able 

to reach angular resolutions in the near infrared 

(λ~1µm) of the order of 5 pico-radians. In contrast, 

the largest telescopes (10m diameter) only reach 0.1 

µradians. As the technology matures the number of 

telescopes in the arrays increases and instruments are 

now under design to combine up to 8 telescopes [2]. 

Single mode guided wave optics has a great potential 

for the implementation of several critical functions 

(e.g. beam transportation, equalization, combination 

and metrology) for these broadband single mode in-

terferometers both in ground [3] and space [4]. Inte-

grated optics beam combination devices can be im-

plemented using different basic schemes [3]. The 

coaxial combination arrangement (similar to the con-

figuration of the Michelson interferometer) can be 

implemented with cascaded Y-junctions [5], for field 

splitting and combination. The multiaxial combina-

tion scheme (similar to that of the classical Young’s 

interferometer) can be constructed through angularly 

coded propagation of nearly collimated guided waves 

in planar waveguide sections [6], as discussed below. 

Photometry channels can be included to allow for the 

correction of the interferometric raw signals in terms 

of unequal beam powers due to atmospheric thurbu-

lence. The interferometer arrangements can vary 

from “pair-wise” to “all-in-one” combination [10]. 

Fundamental aspects, such as preservation of polari-

zation and broadband response have to be taken into 

account in the guided wave designs. 

Co-axial beam combiners demonstrators at H 

(λ~1.6µm) and K (λ~2.2 µm) astronomical bands 

have been fabricated with ion-exchange in glass and 

silica-on-silicon technologies [5, 7, 8], some includ-

ing metrology functions integrated with the science 

beam combiner [9]. In this paper we focus on the 

fabrication of a multi-axial beam combiner using 

hybrid sol-gel technology for the J astronomical band 

(λ~1.2 µm). 

2. Hybrid sol-gel technology 

The hybrid sol-gel technology offers an interesting 

potential for simplified fabrication and rapid proto-

typing of integrated optic devices [11], as low tem-

perature processing is used, thick optical layers can 

be achieved in a single deposition and no reactive ion 

etching is needed. Using the MAPTMS-ZrO2 mate-

rial system and UV laser patterning, channel 

waveguides and devices have been demonstrated, 

without recourse to photoinitiator [12]. As this mate-

rial system allows direct photopatterning, it is quite 

suitable for testing of designs and verification of 

concepts.  
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A laser photopatterning system has been developed 

which can produce masks on special plates with a 

focussed laser beam (532 nm), or write directly the 

integrated optic hybrid sol-gel device using a UV 

laser (244 nm). The laser writer is computer con-

trolled, uses the output CAD files from an integrated 

optics simulation package, and the pattern is written 

by X-Y displacement of crossed precision translation 

stages (2nm resolution) under the dynamically focus-

sed laser beam. Figure 1 shows the laser direct writ-

ing machine developed and the multiaxial two beam 

combiner produced. 

 

 

 

Figure 1 – Photograph of the laser direct writing unit and picture 

of the multiaxial two beam combiner written in mask photoblanks  

 

Loss levels measured on single mode sol-gel channel 

waveguides are 0.4dBcm-1 @ 1300 nm, which are 

acceptable from the point of view of rapid prototyp-

ing. High performance devices should, however, em-

ploy lower loss silica waveguides, but their design 

follows very similar rules to those applied in the sol-

gel case. 

 

3. Design of integrated optics beam combiners 

The design of the prototypes of several configura-

tions of coaxial and multiaxial beam combiners for 

the J band used a BPM-CAD commercial software 

package (Optiwave). Channel waveguides were de-

signed with a square core (typically 4×4
2

mµ ) to 

guide a single mode and couple efficiently to single 

mode fibres. Elements such as S-bends, X-crossings, 

Y-junctions and waveguide tapers were individually 

studied and optimized. Figure 2 shows the amplitude 

of the field in a coaxial two beam combiner with 

photometry outputs, based on Y-junctions. 

 

Figure 2 – Field amplitude along the two beam combiner for inputs 

in phase and  π out of phase.  

 

For an even number N of input beams, the design of 

a coaxial all-in-one beam combiner follows almost 

directly from the design for N=2. However, in the 

case of N odd, the design is slightly more complex, 

as it is of fundamental importance to ensure that all 

interfering optical paths have the same length for 

correct broadband operation.  

 

Figure 3 – (a) Schematic layout of a three beam combiner and (b) 

power output as a function of wavelength. 
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Figure 3 shows the layout for a N=3 device with pho-

tometry outputs, and the results of its simulation. 

 The design of multiaxial combiners was also ad-

dressed, and Figure 4 displays a configuration for 

N=3. Waveguide tapers are employed to achieve 

adiabatic expansion of the square core channel 

waveguide field to the fundamental mode of a rec-

tangular core waveguide at the taper end 

(150×4µm2), in order to ensure nearly collimated 

beams in the planar waveguide section. The taper 

axis angles 
iδ  must be chosen carefully in order to 

result in interference fringe patterns with different 

periods for each beam pair combination, in order to 

discriminate between the interferometric spatial pat-

terns. The radius R of the planar waveguide region 

and the angular separation of the taper ends must 

ensure that no coupling occurs between neighbour 

waveguides. 

 

Figure 4 – Schematic representation of a multi-axial beam com-

biner (in this case, 0,0 3,21 <> δδ ). 

The spatial frequency fij of the pattern for the (i, j) 

beam pair is given by 

jiij Cf δδ sinsin −= , where C = neff / λ0 , neff is the 

effective index of the fundamental mode in the planar 

region and 0λ  is the vacuum wavelength. The spatial 

frequencies can be arranged in a 1f0, 2f0, 3f0 series, 

where f0 is the lowest frequency (which depends on 

the specification of the transverse magnification MT 

of the optical system used for fringe detection, and 

on the CCD detector pixel period dpixel; the maximum 

frequency 3f0 should be MT / 2dpixel  in order to 

achieve accurate recording of the pattern). Additional 

information is necessary to calculate a unique solu-

tion; the criterion used was to specify a symmetric 

angular aperture to cover all taper axes (in this exam-

ple, 
31 δδ −= ), resulting in 
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Figure 5 shows the layout of a 2 beam combiner and 

respective field distribution in the interference re-

gion. Photometry outputs were not included, but were 

used in other designs. Particular care was taken in the 

design of S-bends to avoid field distortion at the ta-

pers inputs.  

 

 

Figure 5 – Schematic representation of a two beam combiner and 

intensity distribution at the output plane. 

 

The modal field amplitudes have a distribution which 

causes modulation of the fringe pattern, as shown in 

Figure 5. This implies a certain spatial frequency 

bandwidth for each interference pattern, thus forcing 

a minimum separation between the centre frequen-

cies (n×f0) of the fringe patterns in order to separate 

them in the signal processing stage, for N>2. 

The N=3 combiner design presents more problems, 

as the channel waveguides feeding the tapers must 

provide optical path equalization over the specified 

radiation bandwidth in order to keep the white-light 

fringe well centred and maximum for equal input 
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phases. This resulted in the design of Figure 4, which 

employs an X-crossing and adjustment of the input 

fibre positions. 

 

4. Experimental results 

The production of a master mask used a Canyon Ma-

terials Inc photomask blank and laser direct writing 

(532nm). Amplitude masks were subsequently repli-

cated on fused silica substrates, using standard li-

thography techniques.  

 

 

Figure 6 – Experimental intensity pattern at device output imaged 

in the sensor of a vidicon camera using a 4× microscope objective 

lens, using a semiconductor laser at 1.3µm. The spatial period is ≈ 

20.5µm, in good accordance with the expected value (20.0µm). 

The vertical lines are an artefact of the image. 

 

The sol-gel core layer is 4 µm thick, and was depos-

ited on soda-lime substrates using spin coating 

(ncore=1.5076.@ λ0=1302 nm). The cladding layer 

(nclad=1.4976.@ λ0=1302 nm) was also deposited by 

spinning, and has a thickness of  15µm. The detailed 

fabrication procedure is described in [12]. 

Coaxial all-in-one two and three beam combiners, 

and a two beam multiaxial device, were fabricated 

and tested for their basic functionality. Figure 6 

shows the example of the output fringe pattern ob-

tained from the multiaxial device at λ=1.3µm, as 

captured using a 4× microscope objective at a dis-

tance of 138 cm from an infrared camera linked to an 

image processing system. The spatial period meas-

ured is 20.5 µm, in good agreement with the calcu-

lated value. Further tests are under way in this and 

other devices, in order to extract data on polarization 

and chromatic performance. 

 

 

 

5. Conclusions 

We presented the first fabrication of multiaxial beam 

combiners using hybrid sol-gel technology. Their 

optical properties open the possibility of using these 

devices in the J astronomical band. The combination 

of an integrated optics simulation-CAD package with 

a laser writing machine, linked to the use of hybrid 

sol-gel technology, provides a useful solution to 

rapid prototyping of complex integrated optic de-

vices, such as beam combiners used in astronomic 

interferometry. Design considerations were adressed 

and experimental results of a multiaxial two beam 

combiner were presented. Other implementations are 

presently under investigation. 
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