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Design of an Integrated Bell-State Analyzer on a
Thin-Film Lithium Niobate Platform

Uday Saha

Abstract—Trapped ions are excellent candidates for quantum
computing and quantum networks because of their long coherence
times, ability to generate entangled photons as well as high fidelity
single- and two-qubit gates. To scale up trapped ion quantum
computing, we need a Bell-state analyzer on a reconfigurable plat-
form that can herald high fidelity entanglement between ions. In
this work, we design a photonic Bell-state analyzer on a reconfig-
urable thin-film lithium niobate platform for polarization-encoded
qubits. We optimize the device to achieve high fidelity entanglement
between two trapped ions and find >99% fidelity. Apart from
that, the directional coupler used in our design can achieve any
polarization-independent power splitting ratio which can have a
rich variety of applications in the integrated photonic technology.
The proposed device can scale up trapped ion quantum computing
as well as other optically active spin qubits, such as color centers
in diamond, quantum dots, and rare-earth ions.

Index Terms—Bell-state analyzer, thin-film lithium niobate,
scalable quantum computing, trapped ions, entanglement,
polarization qubits, polarization-independent directional coupler.

I. INTRODUCTION

RAPPED ions are one of the most advanced platforms for

quantum computing and quantum networks. They exhibit
long coherence times [1]—[3], naturally emit photons entangled
with their internal qubit memories [4]-[6], and support high-
fidelity single- and two-qubit gates [7], [8]. Apart from that, they
can be trapped in a compact surface electrode ion-trap with inte-
grated waveguides and grating couplers for ionization, cooling,
coherent operation and quantum state preparation, and detec-
tion [9]. But quantum computers and networks based on trapped
ions also require photonic devices in order to interconnect differ-
ent nodes of the network [10], [11]. The key optical component
in these devices is the photonic Bell-state analyzer [12], which
heralds the successful entanglement between distant qubits.
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Such entanglement provides a photonic interconnect between
trapped ions, which can be used to scale up trapped ion quantum
computers [2], [13] as well as enable long-distance quantum
networks [10], [14]-[16]. But to realize these interconnects in
a scalable way requires compact reconfigurable chip-integrated
devices that can perform Bell-state analysis between trapped
ions at different nodes [10], [14].

Thin-film lithium niobate is a promising material platform to
implement photonic Bell analyzers on a compact chip. Lithium
niobate has a broad transparency window over the visible spec-
trum [17], making it compatible with many ion species. It also
possesses a high electro-optic coefficient, which enables recon-
figurable photonic devices with ultra-fast switching speed [18],
[19]. Moreover, it has excellent thermo-optic and piezoelectric
properties for nanophotonic applications [20]. Recent progress
infabrication has enabled ultra-low loss thin-film lithium niobate
waveguides in both the visible [17] and telecom range [21].
Apart from that, thin-film lithium niobate can be used for quan-
tum frequency conversion which is beneficial for implementing
quantum networks [16], [22]-[24].

But applying thin-film lithium niobate devices to photons
generated by trapped ions is challenging because trapped
ions naturally emit polarization-encoded photonic qubits [25],
[26]. Thin-film lithium niobate waveguides possess small
sidewall angles [27] and require partial etching to achieve
low waveguide loss [17], [21]. These properties create a
large polarization anisotropy, which makes it difficult to
engineer a photonic Bell-state analyzer for polarization qubits.
In particular, the Bell-state analyzer typically employs a
non-polarizing beam splitter, which is hard to engineer with a
highly anisotropic device structure. Previously, slot waveguides
have been developed in the silicon technology [28]-[30] to
achieve polarization-insensitive on-chip components that could
be used for Bell-state analysis. Due to low index-contrast and
reactive ion etching technique [17], it is hard to engineer slot
waveguide structure in thin-film lithium niobate to achieve
polarization-insensitive operation. Recently, polarization-
insensitive modulators and switches have been achieved in a
bulk lithium niobate [31] and hybrid silicon and lithium niobate
platform [32] using polarization diversity where two orthogonal
polarizations have been modulated separately. Very recently,
Zhang et al. [33] designed a polarization-insensitive directional
coupler with fully etched ridge waveguide structure which can
suffer high waveguide loss [17], [21], [34]. Apart from that,
two orthogonal polarizations can experience different sidewall
surface roughness in a fully etched ridge waveguide structure
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which can induce polarization-dependent losses making
the structure polarization-sensitive. Polarization-insensitive
operation with partial etching and small sidewall angles
required for low waveguide loss in thin-film lithium niobate,
has not been reported yet for polarization qubits. Although
in principle it is possible to convert polarization qubits to
time-bin qubits, the relatively long excited-state lifetimes of
trapped ions [35] would necessitate impractically large on-chip
delay lines. Realizing a photonic Bell-state analyzer with
polarization-encoded qubits in thin-film lithium niobate would
therefore be an important step towards applying this powerful
platform to trapped ion quantum interconnects.

In this work, we propose and analyze a design for a photonic
Bell-state analyzer for polarization-encoded qubits in thin-film
lithium niobate with a partially etched rib waveguide struc-
ture and small sidewall angles. To overcome the polarization
anisotropy, we optimize the dimensions of the device to achieve
the desired unitary operation of the transverse electric (TE) and
transverse magnetic (TM) polarization components simultane-
ously. We design the Bell-state analyzer to operate at the main
transition wavelength (493.55 nm) of trapped barium ions (3*Ba
+ and '38Ba™), which are a leading candidate for optically
active qubits for trapped ion quantum computing [2], [36]. We
further optimize the input coupler to achieve nearly identical
light coupling efficiencies for the TE and TM modes (66.16%
and 65.52%, respectively). Our numerical analysis shows the
optimized device can mediate entanglement between distantions
with fidelities exceeding 99%. Moreover, we achieve arbitrary
polarization-independent power splitting ratio by adjusting the
coupling length of the device. The proposed Bell-state analyzer
provides a promising approach to interconnect trapped ions,
which would enable the scaling of trapped ion quantum comput-
ers [2], [13] as well as other optically active spin qubits such as
color centers in diamond [37], quantum dots [38], and rare-earth
ions [39].

II. DEVICE STRUCTURE

Fig. 1 illustrates the operating principle of the photonic
Bell-state analyzer and how it mediates entanglement between
trapped ions. The Bell-state analyzer is composed of a non-
polarizing 50/50 beam splitter and photon detectors. Each ion
emits a spin-photon with an entangled quantum state given by
[v) = |)|V) + [{)|H) where |1) and |]) represent the spin up
and spin down states of the ions, and |H) and |V') denote two
orthogonal polarization states of the emitted single photons. The
photon from each ion is injected into the respective input port of
the beam splitter. A coincidence detection event between the two
detectors heralds a projective measurement of the two-photon
state onto the Bell-state [¢p™),, = %(|HV) — |VH)) [5]. If no
coincidence is detected, the measurement produces an incon-
clusive result. Although this measurement is probabilistic, it
is sufficient to herald entanglement between ions in order to
scale up trapped ion quantum computers [2], [13] or establish a
quantum network [14]. Improved configurations can yield higher
efficiencies [40], but in this work we will consider this simple
Bell analyzer device.
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Fig. 1. Entanglement experiment of two ions through quantum interference
on a non-polarizing 50/50 beam splitter. Here, a and b' represent the input
bosonic operators and ¢ and df are the output bosonic operators.

Although conceptually simple, chip-integration of this device
is challenging due to the requirement that the beam splitter must
be non-polarizing. To satisfy this requirement, we consider the
directional coupler structure shown in Fig. 2(a), which acts as
an on-chip beam splitter. The directional coupler is composed
of two waveguides that are brought together at a coupling region
of length L., where they can interact through their evanescent
fields. Each waveguide supports a TE and TM mode, which
define the polarization qubit basis of a propagating photon.
The two input modes enter through ports 1 and 2, and the
two output modes leave through ports 3 and 4, as illustrated in
Fig. 2(a). Photodetectors at the output ports herald entanglement
generation. To connect these ports to the coupling region, we use
S bends that taper the initial distance (y) of 2 pwm between the
waveguides over a distance of L. To generate a S bend, we use a
Bezier curve with 4 points located at (— L /2, —y/2), (0,—y/2),
(0,y/2), (Ls/2,y/2). Fig. 2(b) shows the cross-sectional view of
the device structure in the coupling region. The layer structure
is composed of 300 nm thick X-cut lithium niobate on 2 pm
thick silicon dioxide (SiO2). Each waveguide is formed from a
partially etched rib waveguide structure with 75° side angles [27]
and partial etch depth and width of h. and w, respectively.
We define the slab thickness as hgq, = (300 — h.) nm. The
waveguides are separated by a gap distance of g. They are also
encapsulated in a 2 pm thick SiOs cladding layer.

III. RESULTS AND DISCUSSION

The goal is to design a beam splitter that exhibits 50/50 power
splitting ratios for both TE and TM modes. To gain a better un-
derstanding of how to achieve this condition, we apply coupled
mode theory to analyze the coupling region of the device [41].
The coupled waveguides form two new modes, a symmetric and
anti-symmetric mode (Fig. 7 in the Appendix A). The power
splitting between the waveguides depends sinusoidally on the
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Fig.2. (a) 3D schematic of the proposed non-polarizing on-chip beam splitter
fabricated on a thin-film lithium niobate platform. (b) Cross-sectional view of
the non-polarizing beam splitter in the coupling region.

difference of the effective refractive indices of these modes
(An), which we define as the coupling factor. If light is initially
injected into port 1 with power Pr, then the power in ports 3 and 4
are givenby P3 = Py cosz(’rf—O"Lc) and P, = P; sinz(“f—O"Lc),
where A is the operating wavelength.

Due to the large anisotropy in the shape of the waveguides, the
TE and TM modes will in general have different An, which will
lead to different power splitting ratios for the two polarizations.
To achieve a non-polarizing beam splitter, we need to first
minimize this disparity. We denote Anrg and Anpy, as the
coupling factor for the TE and TM modes, respectively. We
define the ratio & = ﬁ;ﬁfd as the figure of merit for our device,
with the optimal device achieving £ = 1.

We calculate £ using a finite difference eigenmode solver
(Lumerical Mode solutions). To avoid material anisotropy of
lithium niobate, we consider X-cut lithium niobate where light
is propagating along Z- axis so that TE and TM polarized light
experience the ordinary refractive index of 2.34 [42], [43]. In this
respect, the difference of ordinary and extraordinary refractive
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Fig. 3. The change in ¢ as a function of (a) the width (w) and etch depth

(he) of the non-polarizing beam splitter at g = 65 nm and (b) as a function of
the gap distance (g) at w = 475 nm and h, = 110 nm. Here, markers are the
simulated values of £ and solid blue line represents the fitted line through those
data points showing the dependence of £ with respect to g.

indices is ~0.093 [42], [43]. In our calculations, we set the
refractive index of SiOs to be 1.462 [44].

To achieve £ = 1, we vary the width and etch depth of the
non-polarizing beam splitter with a gap distance of g = 65 nm
(Fig. 3(a)). The contour line of & = 1 passes through multiple
combinations of the width and etch depth. From these com-
binations, we select a width of 475 nm and etch depth of
110 nm where £ = 1. Then, we observe the effect of the gap
on ¢ at that width and etch depth (Fig. 3(b)). We find that &
increases monotonically with the gap of the coupling region.
We achieve £ =1 at our previous simulated gap of 65 nm.
There are multiple combinations of the width, etch depth, and
gap that can lead to £ = 1 and polarization insensitivity for the
coupling region of the non-polarizing beam splitter. We select
a combination of w = 475 nm, he = 110 nm, and g = 65 nm
for our following analysis where & = 1.

In order to design the full device, we must also consider the
S bend regions (Fig. 2(a)), which can significantly contribute
to the power splitting ratio. The bending regions create addi-
tional complications by introducing greater anisotropy as well
as polarization-dependent loss. Using the previously optimized
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width and etch depth, we optimize the bending length (L) to
achieve minimal bending losses and a small device footprint that
can route quantum information efficiently (Fig. 8 in Appendix
B). We choose L to be 30 microns, as this value results in high
transmission for both the TE and TM modes (0.993 and 0.994,
respectively).

Using the previously optimized width (w), etch depth (h.),
gap (g), and bending length (L), we then simulate the complete
device with the S-bends. To perform the simulations, we use
Eigen Mode Expansion (EME) solver provided by Lumerical
(we discuss the details of simulation methodology in Appendix
C). To analyze the polarization-insensitive operation of the
device, we investigate how the normalized power values at ports
3 and 4 change with the coupling length (L.) for the TE and
TM modes (Fig. 4(a)). In this case, the normalized power at
both ports do not match for the TE and TM modes, resulting
in a polarization-dependent power splitting ratio for the non-
polarizing beam splitter. This problem arises because the S-bend
region contributes significantly to the power coupling between
the waveguides. As TE and TM polarized light have different
effective refractive indices, this coupling is highly sensitive to
polarization, leading to polarization-dependent power splitting
for the overall device. Given the effect of the S-bend, we need to
reoptimize the parameters to achieve a polarization-independent
power splitting ratio for the whole device.

To achieve polarization insensitivity for the full device includ-
ing the S-bends, we vary the gap, which significantly controls the
power splitting ratio of the non-polarizing beam splitter, while
keeping the other parameters fixed at their previously optimized
values (w = 475 nm, h, = 110 nm, Ly = 30 wm). We define
a polarization-dependence parameter, ¢ which is the difference
in the normalized powers of the TE and TM modes of port 3 at
specific coupling length. Here, ( = P{¥ — PI'M  where PI'F
and P{™ represent the normalized power of port 3 for TE and
TM modes, respectively. To achieve any arbitrary polarization
insensitive power splitting ratio, we calculate the root mean
square value of ¢ for coupling lengths of 1 to 25 um, which
contain all the possible power splitting ratios, and define the
parameter as 0. Here, § contains the polarization dependent char-
acteristics of non-polarizing beam splitter over coupling length

2124
of 1 to 25 um and we express itas § = M, where

(1, C2y e v ee ... .(y represent the value of ( at different coupling
lengths and n is total number of coupling lengths over 1 to
25 pm. We then minimize 6 by varying the gap, which occurs at
g = 40 nm (Fig. 4(b)). Here, finite J represents that, we can not
achieve exact polarization-independent device but minimizing §
can lead us close to any polarization-independent power splitting
ratio. Fig. 4(c) shows the normalized power values at ports 3 and
4 for the TE and TM modes with respect to the coupling length
(L) at g = 40 nm, which virtually overlap. As a result, we
can approximately achieve any polarization insensitive power
splitting ratio by varying the coupling length from 6.4 pm to
21.5 pm. These results show that in addition to achieving a 50/50
power splitting ratio, we can attain any desired ratio by varying
the coupling length. This ability is key to realizing different types
of photonic quantum gates for polarization-based qubits [45],
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Fig. 4. (a) The change in the normalized power at ports 3 and 4 with respect
to the coupling length (L) for TE and TM polarizations at g = 65 nm. (b) The
variation of § as a function of g. Here, ¢ contains the polarization dependent
characteristics of non-polarizing beam splitter over coupling length of 1 to
2 2 2
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represent the value of ¢ at different coupling lengths and n is total number of
coupling lengths over 1 to 25 p#m.(c) The change in the normalized power at ports
3 and 4 as a function of the coupling length (L) for TE and TM polarizations
at g = 40 nm.

25 pum. We express it as § =

[46]. Apart from that, g = 40 nm corresponds to top gap of
~100 nm between the waveguides which can be realized with
existing fabrication technology [17], [39], [47].

To predict our device performance for entangling two remote
ions, we calculate the error in entanglement. On a beam splitter,
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(a) Variation of the error of entangling two ions as a function of L. (from 12.5 pm to 15 pm). (b) and (c) represent the electric field propagation through

the non-polarizing beam splitter at L. = 13.95 pum for TE and TM polarization, respectively.

the input-output relationship can be written in the following way:

At Al
)| _ |ty Th@) | | Ch) )
b} r —t d!
h(v) h(v) h(v) h(v)
in which dll(v) and lA);(v) represent the input bosonic operators

of ports 1 and 2 for horizontal (vertical) polarization and é}; ()

and dAL (v) Ar€ the output bosonic operators of ports 3 and 4 for
horizontal (vertical) polarization. The parameters t},(,,) and 7,
are the transmission and reflection coefficients of the photonic
beam splitter for horizontal (vertical) polarization, respectively.
Upon simultaneous detection of photons in the detectors, we can
write the detected state as

(rhrﬂ|\l/>a|ll\>b - thtv|T>a|\L>b) (2)

W)> detected — W

The fidelity of detecting the entangled ion state [~ )y =
F5 (D) althe = [1)ald)s) will be

B 1 (rpry + thty)?
F = (0 Wetecrea) | = S0 T Inb)™ )

) r2r2 4 t2¢2
Then, we define the entanglement error as
EFE=1-F 4)

Fig. 5(a) depicts the error of the entanglement of the two
ions as a function of the non-polarizing beam splitter’s coupling
length (L.). To obtain high fidelity entanglement between two
remote ions, we simulate a sweep of the coupling length from
12.5 pmto 15 pm, where a 50/50 power splitting ratio occurs, as
shown in Fig. 4(c). We achieve a minimum error of 2.48 x 10~
at L. = 13.95 um. This corresponds to a power splitting for
ports 3 and 4 0of 49.7/48.9 (Fig. 5(b)) and 50.7/48.3 (Fig. 5(c)) for
the TE and TM modes, respectively. These findings demonstrate
we can achieve a compact integrated Bell-state analyzer on a
thin-film lithium niobate platform to generate high fidelity en-
tanglement between remote qubit systems. We discuss the effect
of change in the width, etch depth, slab thickness, operating
wavelength, and surface roughness on the device performance
in Appendix D. Fabrication imperfections can create variations
in the width, etch depth, and slab thickness. In this regard, we can

achieve >98% fidelity over 10 nm variation of width and etch
depth. In the case of slab thickness, we can attain >96.3% fidelity
over 30 nm variation. Our designed device is also broadband
over 20 nm wavelength range where we can achieve >97%
fidelity.

Although we design this polarization-insensitive photonic
Bell-state analyzer for remote ion entanglement, coupling light
into the chip independent of polarization is crucial to maintain
high fidelity entanglement between ions. If the TE and TM
modes couple with different efficiencies, that will destroy the
polarization insensitivity of the device and reduce the fidelity of
entanglement. Therefore, we analyze and optimize the coupling
efficiencies for the TE and TM modes.

To couple light into the chip, we consider a specific coupling
scheme based on a lensed fiber. This approach can maintain
the polarization insensitivity and yield high coupling efficien-
cies [48]. In this scheme, a lensed fiber is edge-coupled to
the chip and the fiber numerical aperture (NA) is matched to
waveguide’s NA. We determine the coupling efficiencies by
calculating the mode overlap integral between the lensed fiber
mode and waveguide mode (Fig. 6(a) and (b) represent the TE
and TM modes, respectively)

Fig. 6(c) represents the light coupling efficiency for the TE
and TM modes with respect to the NA of the lensed fiber.
At lower NA, the gaussian beam of the lensed fiber is larger
than the waveguide mode. Due to the mode mismatch, we
achieve lower coupling efficiencies at lower NAs. By increasing
the NA, we can decrease the mode size of the lensed fiber
and make it closer to the waveguide mode to achieve higher
coupling efficiencies. However, we vary up to 0.6 NA which is
commercially available. At this NA value, we obtain 66.16%
and 65.52% coupling efficiencies for TE and TM polarizations,
respectively. Taking these coupling efficiencies into account, we
further calculated the error in entanglement and found an error of
2.54 x 10~* in entangling two remote ions. We also can achieve
polarization-independent coupling of >50% with an alignment
error between chip and lensed fiber (Appendix E). Through our
design, we can incorporate light in a polarization-independent
manner, which enables an efficient interface for transferring
quantum information from polarization qubits. High efficiency
light coupling is crucial for achieving high entanglement rate
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between ions [26]. Achieving >60% light coupling efficiency
is a practically good result. Although it would lead to a <40%
reduction in entanglement rate, the entanglement rate of trapped
ions is far longer than the decoherence rate to tolerate this
loss. To obtain higher light coupling efficiencies, other methods
like tapered waveguide structure [49],grating coupler [50], and
evanescent field coupling between the waveguide and conical
tapered optical fibers [51], etc., can be used. These approaches
might achieve even higher efficiency than what we achieve in
this work but will require careful design and may be significantly
more complex to fabricate and use.

IV. CONCLUSION

In summary, we design an integrated photonic Bell-state
analyzer on a thin-film lithium niobate platform that exhibits
greater than 99% fidelity for the entanglement of two remote
trapped ion qubit systems. To overcome polarization-mode
anisotropy, we optimize the etch depth, width, gap, bending
length, and coupling length of the non-polarizing beam split-
ter and achieve polarization independent 50/50 power split-
ting and minimum error in entangling two remote ions. We
also analyze and optimize the numerical aperture of a lensed
fiber to achieve a polarization-insensitive light coupling in-
terface and achieve identical coupling efficiencies for TE and
TM polarizations (66.16% and 65.52%, respectively). Apart
from entangling two remote trapped ions, we can achieve any
polarization-independent power splitting ratios in the directional
coupler by adjusting the coupling length, which can be used to
realize different quantum gates and integrated photonic devices.
Moreover, the design of the photonic Bell-state analyzer can be
modified to create optical interconnects between optically active
spin qubit systems, such as color centers in diamond, quantum
dots, and rare earth ions, etc. By using electro-optic modulation,
our proposed device can be engineered to act as a reconfigurable
polarization-maintaining switch fabric, which may be useful for
other quantum applications. Therefore, this integrated photonic
Bell-state analyzer design could enable a new generation of
compact and reconfigurable integrated photonic devices that can
serve as efficient quantum interconnects for quantum computers
and sensors.

Disclosure: The authors declare no competing financial inter-
est.

(a) and (b) represent the electric field intensity of the waveguide for TE and TM polarization, respectively. (¢) The change in the light coupling efficiency
from fiber to chip with respect to the numerical aperture (NA) of the lensed fiber.

APPENDIX A
SYMMETRIC AND ANTI-SYMMETRIC MODES IN THE COUPLING
REGION OF THE NON-POLARIZING BEAM SPLITTER
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Nofr =2.211847
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Fig. 7. Electric field distribution of the symmetric and anti-symmetric modes
for the TE ((a) and (b)) and TM ((c) and (d)) polarizations, respectively, at
w = 475 nm, he = 110 nm, and g = 65 nm.

APPENDIX B
OPTIMIZING THE S BEND FOR COMPACT,
POLARIZATION-INSENSITIVE OPERATION
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Fig. 8. Dependence of the transmission through the S bend as a function of
the bending length (L) for the TE and TM modes.
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TABLE I
COMPARISON BETWEEN EIGEN MODE EXPANSION (EME) AND FINITE
DIFFERENCE TIME DOMAIN (FDTD) METHODOLOGY OF OUR FINAL
SIMULATION RESULTS

Transmission for Transmission for
Transverse Transverse
Simulation Electric (TE) Magnetic (TM) Fidelity of
Method Polarized light Polarized light Entangling
(%) (%) Two
Trapped
Tons(%)
Port 3 Port 4 Port 3 Port 4
Eigen
Mode
Expan- 497 489 50.7 483 99.99
sion
(EME)
Solver
Finite
differ-
ence 493 485 50.4 48.8 99.99
Time
Domain
Method
APPENDIX C

SIMULATION METHODOLOGY

To simulate the complete device with S-bends, we use Eigen
Mode Expansion (EME) solver to solve Maxwell’s equations
through a frequency domain method. In this algorithm, we
decompose the electromagnetic field into the basis set of eigen-
modes. To compute eigenmodes, we divide the geometry into
separate cells and solve for the modes at the interface between
adjacent cells. We then calculate the scattering matrices for
each section by matching tangential electric (£) and magnetic
(H) fields at the cell boundaries. After that, we propagate the
solution of the scattering matrices bidirectionally and calculate
the scattering matrix for the entire device. We use 15 nm mesh
size in EME simulations. We also consider 50 cells on each side
of the S-bend and 10 cells in the coupling region of our device.

We verify our simulation results with the Finite Difference
Time Domain (FDTD) method. Table I represents the com-
parison between EME and FDTD simulation methods of our
final device structure (w = 475 nm, h, = 110 nm, g = 40 nm,
L. =13.95 pmand Ls; = 30 pm). We find a decent agreement
between EME and FDTD methods. We use Lumerical FDTD
and Mode solutions to perform these simulations.

APPENDIX D
DEVICE TOLERANCE

A. Change in Width (w) and Etch Depth (h.)

We investigate the effect of width (w) and etch depth (h.)
on the fidelity of entangling two remote ions of our optimal de-
vice structure (g = 40 nm, Ly = 30 pm, and L. = 13.95 um).
Fig. 9 represents the fidelity with respect to the width and
etch depth. We get the maximum fidelity at w = 475 nm and
he = 110 nm which is the optimum case. If the device’s width
and etch depth are 10 nm away from their optimal values, we
can still get >98% fidelity for entangling two remote ions. These
findings suggest that our designed non-polarizing beam splitter
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Fig.9. Fidelity of entangling two ions with respect to width (w) and etch depth

(he) of our optimal non-polarizing beam splitter (g = 40 nm, Ls = 30 um,
and L. = 13.95 um).
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Fig. 10. Dependence of the fidelity as a function of slab thickness (hg;qp) of
the non-polarizing beam splitter (w = 475 nm, h. = 110 nm, g = 40 nm,
Ls =30 pmand L. = 13.95 uwm). The total thickness of the thin film s (he +
hslab) nm.

is tolerant to fabrication imperfections which can result a change
in width and etch depth.

B. Change in Slab Thickness (hsiap)

As the thickness of thin-film niobate may not be uniform
across a wafer, we analyze the effect of slab thickness on the
fidelity of the non-polarizing beam splitter (Fig. 10). For these
simulations, we use the previous optimized parameters w =
475 nm, he =110 nm, g =40 nm, Ly =30 um and L. =
13.95 pym. The total thickness of the thin-film lithium niobate
can be found by adding the slab thickness (hs;45) With the etch
depth (he). We observe >96.36% fidelity over 30 nm variation
of the slab thickness.

C. Operating Wavelength

We examine the effect of operating wavelength on the de-
vice performance (Fig. 11) of the non-polarizing beam splitter
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(w =475 nm, he =110 nm, g =40 nm, Ls = 30 wm and
L. =13.95 pm). Although our device is designed to work at
the main transition wavelength (493.55 nm) of Barium ions, we
can achieve fidelity of >97% over 480 nm to 500 nm wavelength
range.
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D. The Effect of Surface Roughness

Desiatov et al. reported the surface roughness of 7 A in
sidewalls and 6 dB/m loss in the visible wavelength range [17].
As our device is only ~74 pm long, total loss due to the surface
roughness can be negligible.

APPENDIX E
DEPENDENCE OF LIGHT COUPLING EFFICIENCY ON
ALIGNMENT ERROR

As alignment error between chip and fiber can induce
polarization-dependent coupling efficiencies to the waveguide,
we analyze the variation of coupling efficiency as a function
of the alignment error (Fig. 12). We define Ay and Az as the
deviation from the optimal coupling position in the Y and Z- di-
rection, respectively. We observe <2 % and <1 % polarization-
dependent variation of coupling efficiency over 240 nm of
Ay and Az, respectively. That indicates that we can achieve
polarization-independent light coupling to the waveguide with
an alignment error. Apart from that, we can achieve >50% of
coupling efficiency over +120 nm of alignment error in the Y
and Z-direction.
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