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Abstract

In this paper a design of a cross-dispersion spectrograph for astrophysical applications using the Al>O3
waveguide platform is shown. The design consists of an optical chip, a single lens and a CMOS sensor. The
input of the optical chip is a fibre containing the stellar light of a single object from a telescope. This chip-
based spectrograph system significantly reduces the size and weight compared with a conventional free-
space based system.

Introduction

Currently, most astrophysical instruments make extensive use of free-space optics, which
causes them to be large, weighty and sensitive to alignment due to the number of parts.
This is especially critical for instruments deployed in spaced. For example, half the weight
of the NIRspec spectrograph on board of the James Webb Space Telescope (JWST), 100
kg, is used for mechanical mounting and stabilisation of the system [1]. Using an optical
chip, parts of the free-space optics system can be combined onto a single chip leading to
a significant reduction of size and weight. In recent decades, integrated optics already has
appeared in some areas of astrophysics. Current applications include data links between
satellites [2] and coherent beam combining, which allows construction of images made
from multiple telescopes as is done by GRAVITY at the VLTI [3]. In the area of
spectroscopy, the Potsdam Arrayed Waveguide Spectrograph (PAWS) demonstrates a
cross dispersion spectrograph by combining an on-chip AWG for horizontal dispersion
and free space optics for vertical dispersion [4, 5].

In this work we take inspiration from PAWS but aspire to combine both horizontal and
vertical dispersion on a single photonic chip by using a 2D phase array antenna. The
system is designed based on the Al,O3 waveguide platform developed in the Integrated
Optical System group (IOS) at the University of Twente, which has low loss from UV to
IR wavelength range [6]. The operation wavelength range of the device has been chosen
to be 800 nm to 1000 nm as an example. This covers an astronomically interesting spectral
range used in the Gaia satellite [7] and is also convenient to test on the ground due to
atmospheric transparency. Although this chip is designed around this wavelength range,
the design process is applied to other wavelength ranges as well.

System design

Overview of the optical system design is shown in Figure 1. Stellar light from a telescope
is coupled into the input waveguide through for a fiber. It is also possible that position
the input waveguide facet directly at the image plane of the telescope without a fiber in
between. Light is then guided through a modified arrayed waveguide grating (AWG) to
introduce a wavefront tilt in the 0-direction based on the wavelength. The free spectral



range of the AWG is smaller than the spectral operating range we aimed. This results in
multiple overlapping diffraction orders in the 0-direction (as shown in Figure 2). At the
out-coupling grating region, a grating is oriented perpendicular to the arrayed waveguides
to deflect the light out of the chip plane in ¢@-direction. This out-coupling grating separates
the overlapping orders of the AWG into different angles ¢. This creates a unique 6-¢
direction for every wavelength, which then be focussed with a single lens on to a CMOS
sensor. For illustration purposes, two beams with different 6-¢ directions are shown in
the image, along with their focused positions on the CMOS chip. Note that for better
readability, the CMOS has been drawn in parallel with the paper plane. In the real setup
however, the CMOS sensor is on the focal plane of the lens. In order to achieve high
spectral resolution (high angular resolution), the beam size from the out-coupling grating
should be as large as possible. In this study we are aiming at millimetre size beam, which
is why the array consists out of 500 waveguides and the grating is placed in the cladding
(far enough from the waveguide core to reduce the grating strength).
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Figure 1: System overview. The light from the telescope coupled into the chip through a fiber. Light with different
wavelength coupled out of the chip through optical phase array antenna (waveguide array and grating) has different
angle. By using a lens, different wavelength then focused on different location of the CMOS sensor.

Performance simulation

There is a fixed length difference between every adjacent waveguide in the arrayed
waveguide region. This results a linear tilted wavefront in the 0 direction (Figure 1)
respect to the waveguide direction in the out-coupling grating region. This tilt is
calculated and shown in Figure 2 with the following condition: waveguide height 400 nm,
waveguide width 630 nm, waveguide sidewall angle 80 degree, waveguide separation in
the out-coupling grating region 4.5 um, the length difference between adjacent waveguide
32 um. The free spectral range (FSR) of the waveguide array increases when going to
higher wavelengths: from ~12 nm around 800 nm to ~20 nm at 1000 nm.

In order to obtain a single diffraction order in the upward direction, the out-coupling
grating period is designed to be A =607 nm. A 2D FDTD simulation is performed and
shown in Figure 3. In this 2D simulation, a single waveguide and the grating in the top
cladding is considered. The result is the diffraction angle ¢ (Figure 1) as a function of the
wavelength. In this simulation, a grating length of ~100 pm is used due to the limited



computation power. In the real chip, the grating length will be 4 mm, thus sharper peaks
(better resolution) is expected.
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Figure 2: Diffraction angle in 0 direction resulting from the waveguide array.

The grating not only has upward diffraction however, but also downward diffraction. Part
of the downward diffracted light is reflected by the Si substrate and interferes with the
upward diffracted light. Therefore, by including the Si substrate in the simulation, a
chaotic far-field pattern is obtained, as shown in Figure 4. This simulation results clearly

indicates the need to either remove the Si substrate in the fabrication or design a grating
which could diffract most of the light upward.
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Figure 3: Simulated far-field diffraction pattern of the grating in the p-direction without Si substrate.
Conclusions

In this paper, we demonstrate a cross-dispersion spectrograph system design with a 2D
phase array. This could significantly reduce the dimension of the current free-space-based

system. We simulated the diffraction performance in both the horizontal (0) and vertical
() direction. To achieve good out-coupling performance, back reflections coming from



the Si substrate should be avoided, possibly by removing the substrate after production
of the chip. An even better solution is to design a grating only diffract light upwards. The
current design will be fabricated and tested soon.
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Figure 4: Simulated far-field diffraction pattern of the grating in the p-direction including Si substrate.
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