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ABSTRACT

We report the ultrafast laser inscription (ULI) of a 2-telescope integrated optics (I0) beam combiner for K-band
interferometry in commercial Infrasil glass. The ULI setup used for this work is based on a 1030 nm femtosecond laser
which is paired with a spatial-light-modulator (SLM). The SLM controls the numerical aperture of the focused beam used
to write waveguides in the substrate. The optimum ULI parameters were found to inscribe straight single-mode waveguides
exhibiting an insertion loss of 1.1 + 0.1 dB for a 17 mm long chip over the entire K-band. To develop optimal directional
couplers, we focused our efforts on investigating the effect of varying the core-to-core separation and the effect of detuning
the waveguide parameters in the coupler. By doing so, we have identified fabrication parameters that are suitable for the
fabrication of a beam combiner integrating an achromatic 3 dB directional coupler and two photometric taps with a splitting
ratio of 80:20. These results demonstrate the capability of the ULI fabrication technique to inscribe efficient achromatic
directional couplers in the K-band range. A final fabrication step will involve simple assembly of the beam combiner with
input/output fibers in preparation for on-sky testing at the CHARA array planned for July 2022.

Keywords: Astrophotonics, beam combiner, integrated optics, ultrafast laser inscription, CHARA, K-band

1. INTRODUCTION

Since the first demonstration of laser emission in 1960 by Maiman [1], photonic and laser technologies have transformed
our society. The field of astronomical instrumentation is now also benefiting from photonic approaches and technologies,
and the burgeoning field of “astrophotonics” is beginning to bear fruit. Key examples of astrophotonic technologies
currently under development include integrated echelle gratings [2] and the optical fibers used in fiber-fed spectrographs
[3-4]. Integrated optics (10) beam combiners have also enabled impressive demonstrations and are currently exploited at
the Very Large Telescope Interferometer (VLTI) with GRAVITY [5] and PIONEER [6]. Nevertheless, current 10 beam
combiner manufacturing routes are based on silica-on-silicon technology that is optimized for H-band (1.5-1.8 um)
operation, and results in waveguides that exhibit additional losses in K-band (2.0-2.4 um) due to OH contamination. In
addition, this conventional technique cannot be used to access the mid-infrared wavelength range, which is where the
important so-called chemical “fingerprint” region lies.
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One manufacturing technology that has the potential to enable the fabrication of integrated optics in a diverse range of
optical materials is ultrafast laser inscription (ULI), and ULI has already been used to manufacture devices for a range of
astrophotonic applications [7-11]. Recently, ULI has been used to inscribe K-band waveguide components in commercial
Infrasil glass (IG) which exhibits improved transparency in the K-band compared to standard fused silica. In this work, an
efficient asymmetric directional coupler was reported to exhibit a 3 dB splitting ratio (50:50) with a high interferometric
contrast of 92 % [12], a figure similar to that of the K-band interferometric instrument, GRAVITY at VLTI, that has
demonstrated an impressive contrast of 95 % [13].

In this paper, we report on the development and fabrication of a 2-telescope beam combiner in a 17 mm square IG chip.
The beam combiner is composed of three asymmetric directional couplers; a 3 dB (50:50) coupler for interferometry, and
two photometric taps with a splitting ratio of around 80:20. In the near future, this device will be permanently connected
to input/output fibre VV-grooves to enable a packaged 2-telescope K-band 10 beam combiner which we intend to test at the
CHARA array in July 2022 [14-15].

2. ULI OF EFFICIENT K-BAND SINGLE MODE WAVEGUIDES

The ULI fabrication system is based on a Light Conversion PHARQOS laser that delivers 185 fs pulses of 1030 nm light
with a repetition rate of 500 kHz. The setup also integrates a spatial-light-modulator (SLM) (Hamamatsu, LCOS-SLM
X13138) and writing objective with a maximum numerical aperture of 0.67 (OptoSigma, PAL-50-NIR-HR-LCO00). The
SLM allows us to arbitrarily control the size of the laser beam entering the objective lens, and hence control of the effective
NA of the focus used to fabricate waveguides. All waveguides were fabricated using the multiscan technique [16,17] with
a scan separation of 200 nm and a substrate translation speed of 4 mms*. Our UL investigation spanned a range of number
of scans, from 25 to 37 in steps of 2, pulse energies, from 60 to 177 nJ in incremental steps of +7 %, and effective NAs
from 0.45 to 0.6 in steps of 0.05.

The waveguide characterization setup utilizes a supercontinuum source (SC) (NKT Extreme-K), the bandwidth of which
is filtered by a K-band bandpass filter centred on 2250 + 250 nm (Thorlabs FB2250-500). This filtered light is then coupled
into a 1 m commercial single-mode fiber (Nufern SM1950) that is used to butt-couple light into the waveguide under test.
Initially, the effect of varying the effective NA used to fabricate waveguides was investigated by measuring the insertion
losses with a simple thermal power meter (Thorlabs SC305), Fig. 1(a). After optimum ULI parameters were found, the
insertion loss of the optimal waveguide across the K-band was investigated by replacing the thermal power meter with a
broadband optical spectrum analyzer (OSA) (Thorlabs OSA205) [12], as shown in Fig. 1(b). Figure 1 presents the main
results of the straight waveguide investigation showing the loss evolution as a function of the pulse energy for all the
effective NAs (Fig 1(a)), as well as the insertion losses of the best waveguide (Fig 1(b)).

(a) 5 T T T T (b) 2.0 T T
—
4t M 16} :
K=
—
m o _ »
3r ®1.2r 0g99”%0 o A [
E 2 030‘00“@‘0&"00‘0’30 ot \ a/
w : DOQ
82t Sosf .
-l E -
1+ g 04 20 um T
1 1 1 1 o-o 1 1
100 120 140 160 180 2000 2100 2200 2300
Pulse energy (nJ) Wavelength (nm)

Figure 1. (a) Evolution of the waveguide insertion loss as a function of the focused pulse energy written with 31 scans for the
effective NAs: 0.6 (black squares), 0.55 (blue upward triangles), 0.5 (red dots), 0.45 (green downward triangles). Inset: Near-
field intensity pattern of best waveguide for each NA. The red cross and dashed rectangle highlight the measurement obtained
at 135 nJ for the selected NA of 0.5. (b) Evolution of the insertion losses of the best straight waveguide as a function of the
wavelength where each point represents a raw data average of + 4 nm. Inset: scaled micrograph of the ULI waveguide.
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The optimum ULI parameters were judged to be those that minimized the insertion loss, but also enabled stable and
repeatable fabrication. For this reason, the optimum parameters were determined to be a pulse energy of 135 nJ when using
a NA of 0.5 and 31 scans, as represented by the red cross in Fig. 1(a). Figure 1(b) shows the insertion loss as a function of
the wavelength for this waveguide, showing an average value of 1.1 + 0.1 dB between 2 and 2.3 um, corresponding to a
global throughput of ~78 %. All spectra were measured using the highest OSA resolution and sensitivity setting, which
provided 6806 raw data points over the whole K-band with a spectral resolution of 0.25 cm™, a spectral accuracy of
+ 2 ppm, and a level sensitivity of — 40 dBm/nm for an optical path difference (OPD) of + 4 cm. Each black point in
Fig. 1(b) is an average over a wavelength span of + 4 nm. Furthermore, as one can observe in Fig. 1, the whole K-band
(2.0-2.4 pm) cannot be fully characterized due to insufficient light intensity from the SC source after 2.3 um. A bend loss
study was also performed, demonstrating negligible additional losses when a waveguide undergoes a transverse deviation
of 59.5 um over a length of 3.5 mm, corresponding to a minimum radius of curvature of ~42 mm.

3. ULI FABRICATION OF A 2-TELESCOPE 10 BEAM COMBINER

3.1 Development of achromatic directional couplers

A study was performed to develop couplers capable of achromatic splitting ratios of 50:50 and 80:20. To achieve this, we
investigated the effect of varying two key parameters: the waveguide core-to-core (CC) separation and the sizes of the
waveguides in the interaction region. The former can be used to control the strength of the coupling between the two
waveguides in the interaction region, while the latter regulates the detuning of the coupled modes, and thus allows us to
achieve evanescent couplers that are more achromatic [18-19].

Figure 2(a) shows a schematic of an asymmetric directional coupler fabricated for our study, where the input optical power
Po(A) is coupled in Arm 1 and the two output powers Pai(A) and Pa2()) are recorded with the OSA. The mode coupling
between the two arms occurs in the interaction region where the two arms are sufficiently close for the evanescent tails of
the modes to partially overlap with each other. To characterize the directional coupler behavior, we determined the splitting
ratio of the directional coupler by calculating the fraction of input power that is in the same input waveguide after splitting
with the power ratio formula: Ri(4) = Pai(4) / (Pa1(2) + Pa2(4)). Our goal is to tune the asymmetric directional couplers
while maintaining the necessary splitting ratios. To achieve this, the couplers were designed using two principles: (i) each
arm of the coupler is created from two counterposing S-shaped bends with no straight interaction length, (ii) the width of
the waveguides in the interaction region are mismatched to achieve the desired detuning in the propagation constants. The
waveguide width is increased in Arm 1 while the waveguide in Arm 2 is detuned to a smaller size, when compared to the
other arm, to correctly detune the propagation constants of the waveguides and, thus, produce a more achromatic coupling
ratio across the K-band. The evolution of waveguide widths in the interaction region is described in Fig. 2(a) with Arm 1
exhibiting a width W, wider than the optimum width w, while the detuned waveguide in Arm 2 shows a smaller width
W’p, where W’p = D-W” with D < 1 the detune parameter. The width #” was determined experimentally by studying the
beam quality of wider than optimum waveguides fabricated by increasing the scan separation to produce waveguide widths
in increments of 10 %. In this way, the maximum waveguide width "’ =1.2-w which maintained single-mode beam
quality was selected.
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Figure 2. (a) Schematic of an asymmetric directional coupler with a description of the width evolution of the waveguide from
w (black) to the larger W' (red) and the detuned waveguide b (blue) with the detune parameter D in the interaction region.
(b) Representation of the final beam combiner composed of three asymmetric directional couplers with two photometric taps
(pink) and a 3 dB coupler (purple) with the labels Input/Output.

Based on the optimum ULI parameters presented in the previous sections and the directional coupler design, a first
investigation was performed on the CC separation, the key parameter that controls the energy transfer between the two
waveguides, from 8 pm to 13 um in steps of 1 um. Figure 3(a) presents the 2D map that summarizes the experimental
results of the CC study by representing the evolution of the splitting ratio R1(A) (fraction of power which propagates in the
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input waveguide) as a function of the CC separation, where both waveguides present the same width /#” in the interaction
region (D =1 for Arm 2). One can observe a flatter splitting ratio over the whole wavelength span for the smaller CC
separations. Then, we inscribed directional couplers with CC separations ranging from 8 pum to 11 pm while also detuning
Arm 2 width W’p to perform a detuned coupler investigation and acquire the desired asymmetric behavior. Figure 3(b)
presents the 2D map of Ri(A) as a function of the wavelength and the detune parameter D for a CC separation of 9 um.
One can observe a clear achromatic splitting ratio for the smaller detune parameters over the whole wavelength span. In
particular, with a CC of 9 pum, the two desired splitting ratios were found with D = 0.6 and D = 0.7 for the 3 dB asymmetric
directional couplers and the photometric tap respectively. Also, one can highlight an interesting point from Fig. 3(b) on
the global behavior of the beam combiner. Indeed, the photometric tap couplers, written with a detune parameter D = 0.7,
shows that 80 % of the incoming light is transferred in the opposite arm of the described asymmetric directional coupler.
It is crucial to highlight that this splitting ratio behavior implies that to obtain a maximum of optical power in the 3 dB
couplers for interferometry measurements (Al and A2 waveguides), the two inputs from the telescopes must be coupled
in the two outer waveguides, labeled It and Itz in the beam combiner schematically represented in Fig. 2(b). These
experimental results demonstrate the capability of the ULI fabrication technique to inscribe efficient asymmetric
directional coupler with the desired splitting ratio in the K-band spectrum range.
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Figure 3. (a) 2D heat map representing the experimental measurements providing the R1(}) as a function of the core-to-core
separation and the wavelength. (b) 2D heat map representing the experimental measurements that provide the R1(X) of the
detuned coupler investigation for directional couplers with a core-to-core separation of 9 pm.

3.2 Beam combiner fabrication

A complete beam combiner was fabricated based on the results from the ULI parameter and coupler optimization studies.
The same setup described above was used to characterize the beam combiner, except now we measured three optical
powers per input to fully characterize the splitting ratios. To do so, light from the SC was coupled into I11 (I12) and the
optical powers were measured at outputs of Oy, Al, and A2 (Or,, Al, and A2). Figure 4 presents the results of the beam
combiner characterization experiments, by describing the power ratio evolution R1()) and Ro(A) of the 3 dB coupler (a, b)
and the photometric tap coupler Tap 1 (c) and Tap 2 (d).
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Figure 4. (a-d) Coupling ratio R1(X) (red dots) and R2(A) (blue diamonds) of an ultrafast laser inscribed beam combiner
characterized by coupling input light in the inputs I1 and It2 to obtain two experimental measurements of the 3 dB asymmetric
directional coupler (a, b) and one for each photometric asymmetric tap directional coupler, labeled Tap 1 (c) and Tap 2 (d).

4. CONCLUSIONS

We report on the development and the fabrication of a 2-telescope prototype K-band beam combiner by ultrafast laser
inscription. We used an SLM to correctly tune the effective NA of the focused laser used to inscribe waveguides. The
optimum waveguide fabrication was found to exhibit a low insertion loss of 1.1 + 0.1 dB, corresponding to a global
throughput of ~78 % over the K-band in a 17 mm long substrate of commercial Infrasil glass. Subsequently, we developed
achromatic evanescent field couplers by minimizing the bend losses, studying the effect of core-to-core separation, and by
investigating the effect of detuning the waveguide properties in the coupler interaction region. The resulting set of ULI
parameters was established to provide the two desired splitting ratios for the asymmetric directional couplers required by
the full-beam combiner. Finally, a 2-telescope 10 beam combiner was fabricated with three achromatic directional
couplers: a 3 dB coupler for interferometric measurements and two photometric taps with a splitting ratio around 80:20
for calibration, which are in good agreement with the initial specifications. The final step will involve connecting
input/output fiber V-grooves to update K-band interferometric instruments at the CHARA array.
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