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Integrated optics are a vital approach toward scalable trapped-ion quantum computers. We
present numerical results for controlling linearly polarized light with various focusing features
of a pum-beam via grating structures. Furthermore, we discover a multi-wavelength addressing
by optimizing the design of the structure and manipulating the beam's overlap.
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INTRODUCTION

Integrated optics for quantum experiments on chips are an essential toolbox for the miniaturization of the setup
and its robustness, allowing the realization of more complex operations and simultaneously enhancing their
precision. The application range of integrated photonic systems is constantly expanding to areas including trapped-
ion quantum computers (QCs) [1, 2, 3], quantum sensing with trapped ions [4] and neutral atoms [5, 6], as well as
guantum communication [7]. Current approaches to govern and focus laser light for optical addressing typically rely
on the use of bulk optics, leading to undesired influences on the fidelity of operations and preventing further
scalability [1]. Circumventing the large bulk optics and providing the optical requirements of the atoms, in terms of
wavelength and intensity, require an accurate simulation, fabrication, and characterization of the integrated on-
chip systems. Especially for QCs with ions as qubits, the preparation and operation of atoms require addressing
multiple ion transitions with linearly and circularly polarized light in a broad range of wavelengths, from UV to NIR.
This can be accomplished by SisNs- and AIN-based integrated waveguides (WGs) and grating couplers (GCs),
providing an efficient solution for flexible on-chip light routing with a small footprint and integration ability with the
trap electrodes. In addition, integrated optics for multi-wavelength operation help to enhance the robustness of
on-chip light guidance and increase the scalability of quantum chips for a wide range of trapped ion architectures.

Here, we present and numerically demonstrate a WG and focusing GCs for optical ion addressing at the wavelengths
of 1, " #3$%" C and 1. ** )*+" ( based on the Si3zN4/SiO, material platform. The structures are designed for
linearly polarized light with predefined figures of merit, like focused beam sizes (,4 "" - - *%/ () and emission
angles (Ogo ""& - #+1ito #+1). Fig. 1 left shows the schematic overview of the GCs integrated within the ion trap,
and Fig. 1 right schematically demonstrates the WG and GC system in more detail. The electrodes create a trapping
potential above the chip surface, and the optical components allow addressing multiple transitions to prepare and
control the ion-qubits.
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RESULTS AND DISCUSSION
Single-mode waveguide for NIR

The finite-difference eigenmode (FDE) solver of Lumerical MODE was utilized to evaluate single-mode (SM) and
multi-mode (MM) regimes for different SisN4/SiO, WG geometries at !, landi!.. Nested sweeps of the core width
2¢¢ and the core height 3¢ have been performed to investigate the modal confinement and the modal
polarization purity of the fundamental quasi-TE and quasi-TM modes, respectively. Fig. 2 left shows the modal
effective refractive index 4g)) of 5678%-: ;. mode in the SM regime at !, ** #$%." (. SM WG geometries with large
2¢:s <3g( - ratios offer a very high modal polarization purity but suffer from lower mode confinement. To further
expand the functionality of the WGs for scalable light routing on-chip and enable a multi-wavelength operation with
Lo " )*+" ( in the same WG, a reasonable mode confinement factor at the longer wavelength has been
considered in the choice of the WG geometry. Therefore, the WG geometry +-% = -%%" (C was chosen to support
a moderately high confined quasi-TEoe mode with high mode polarization purity and suppression of weakly guided
quasi-TMgo mode. Although the WG is on the border of the SM regime, the higher order mode is near cut-off and is
therefore expected to be extinguished by high bending losses in WG bends.

Additionally, the FDE solver was used to investigate WG bends (see Fig. 2 right). The total mode-mismatch loss of
the input and output interfaces >~ and the radiation loss >, thave been simulated at different bending radii
?¢  at both wavelengths for the quasi-TEq mode of the chosen WG geometry. Subsequently, the total bending
losses >g¢; 1. were calculated using estimated propagation losses >;»43 . Based on experimental data, a
propagation loss per unit length @43 . ** %#+BC<D (lwas assumed for 1. ** )*+* (([8]. Due to the decreased
mode confinement, the longer wavelength dictates the limitations of the bending radius. A minimum total loss of
>¢. a1 WUE*IBClcan be achieved by a radius of 75, " $%ij (. For even more compact light routing on-chip,
we have implemented WG bending radius of ?g " -%iu, where minor losses of >¢, g "" %%)IBC are
expected.
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Focusing grating coupler in forward and backward regimes

The in-coupled laser light is guided by the WG and extended by the taper to the area of the GC. Control over
emission angle (Og,) and grating strength are maintained by nonlinear apodization of grating period (F) and duty
cycle (DC). Altering the radius of the GC (G3() leads to a Gaussian beam profile with a well-controlled focused beam
size at the position of the trapped ion. The described design concept has been applied, and the produced near- and
far-field were studied using a finite-difference time-domain solver (FDTD) of Lumerical FDTD. Forward and
backward focusing regimes for light delivery have been considered (see Fig. 3). By choosing relatively large F and
DC, forward focusing enables the generation of a focused um-beam while maintaining the manufacturing
constraints. However, additional intensity peaks due to higher-order diffraction require further optimization of a
full-layer chip to minimize the parasitic influence of scattered light on the ion. In contrast, the backward focusing
regime can suppress undesired higher-order diffraction but yields a trade-off concerning fabrication limits. The
presented GC designs allow controlling beam parameters independently in the longitudinal (LD) and
transversal (TD) directions of the light propagation, bringing the light above the surface in circular- and elliptical
shapes. Therefore, GCs can be used for addressing not only a single trapped ion with minimum beam crosstalk but
also a chain of the trapped ions by keeping the small beam radius in LD and enlarging it in TD, as shown in Fig. 3A.
Additionally, we have optimized the design of the WG and GC system in such a way that by using the same structure,
light confinement and a beam overlap can be achieved for !, {andi!. simultaneously. Thus, we can substantially
minimize the number of optical components on the chip by addressing two transitions in the same ion concurrently.
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Moreover, we have evaluated the designed GCs efficiency and the influence of the layers on the focused beam.
Hence, the total percentage of light reaching the ion above the chip surface can be expressed in the following way:

]
g e 5678, <
e 45 w8

- | E%%, (1)

where 8§ is the Poynting vector, P, is the input power coupled into the WG, and the GC area is an area above the
GC in the near-field. Thereby, the simulated light efficiency in the near-field with the presence of SiO, layers 98&
7THQCNBOH " +%iP, and the efficiency in the near-field with all layers can drop down to H Q *%{P. Due to the
presence of multiple layers, such as a transparent conductive coating (ITO) and air, a multitude of interference
mechanisms as well as reflections and refraction can occur. This substantially affects the overall optical performance
of the device. However, in the framework of our trapped-ion chip design, the beam characteristics are rather
prevalent. Further optimization of the GC performance can be accomplished by breaking the symmetry of the
structure and varying the etching depth.

OUTLOOK

Based on the insights yielded from our design studies, we are extending the optical control to other polarization
states, such as left and right circularly polarized light. Transferring the applied concepts towards the UV regime, we
aim to utilize the advantages of AIN material to address transitions for photoionization, cooling and detection. The
fabricated structures are then characterized by a near-field beam profiling setup to verify the numerical results and
to encourage further design iterations toward higher beam-shaping features.
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