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Development of Grating for the Optical Addressing
of Sr+ Ions With Data Analysis Techniques
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Abstract—In this study, SiN-based gratings with various radius
of curvature (r) are designed and fabricated for the optical ad-
dressing of trapped Sr+ ion. The beam width of the light coupled
out from the gratings is investigated using a self-developed Python-
based data analysis technique. It is found that the r values have
insignificant influence on the beam width along x-axis; whereas
the beam waist along y-axis reduces from 13.96 to 12.3 µm as r
increases from 15 to 20 µm, then increases gradually to 20.51 µm
as the r value further increases to 60 µm. The obtained results can
provide a versatile solution on the optical addressing of trapped
Sr+ for applications in quantum engineering.

Index Terms—Arrayed waveguide gratings, optical beams,
python, qubit, silicon photonics.

I. INTRODUCTION

O PTICAL addressing is a crucial part in the realization
of quantum devices with trapped ions, such as quantum

computer and quantum clock [1], [2]. In quantum operations,
trapped ion qubits require optical addressing from laser light
of specific wavelengths for various operations, including ion
cooling, <1> to <0> state shifting, clearing out energy level,
etc. To minimize the form factor of chip-based ion trap de-
vices, silicon photonics (SiPh) integration has been widely
developed [3].

In the field of SiPh-integrated ion trap devices, Lincoln Lab-
oratory exhibited a chip-based surface-electrode ion-trap that
with integrated waveguides and grating couplers to provide the
all wavelengths of light needed for the optical addressing of Sr+

quantum bits [4]. Meanwhile, ETH Zurich used a scalable SiPh-
integrated surface-electrode ion trap to achieve high-fidelity
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multi-ion quantum logic gates, with direct fibre coupling on
multiple channels [5]. Recently, Sandia National Laboratory
reported integration of SiPh components on surface ion trap,
including waveguides, grating couplers, optical modulators, and
single-photon avalanche detector (SPAD) for quantum devices,
including quantum computer and quantum clock [6].

For precise optical addressing of trapped ion, the focusing
of light beam coupled out from the grating structure is crucial.
One of the well-established techniques include apodised grating
structure which reported to show high efficiency of −3.10 dB
[7]. However, apodised grating only focuses the light beam from
the in-plane axis of the grating. Thus, in our previous work, we
reported the investigation on the focusing of grating coupler
with various radius of curvatures (r) on Silicon-On-Insulator
(SOI) platform. Beam focusing along the out-of-plane axis has
been observed [8]. However, the focusing was demonstrated
on 1630 nm wavelength on silicon-on-insulator (SOI) platform,
which is not applicable for optical addressing of trapped ions. At
the same time, the determination of beam waist along x-axis (in-
plane) and y-axis (out-of-plane) was carried out through manual
measurement and one-by-one computational techniques. This
hinders realization of fast, standardize analysis of multiple beam
profiles, especially analyzing mass amount of beam profile
data.

In this study, we explored the focusing of light beam coupled
out from the grating coupler fabricated on Silicon Nitride (SiN)
platform under 1092 nm wavelength laser light, which was
widely used for the clear-out operation for the trapped Sr+

ions quantum computers. It has been reported that SOI platform
is suitable for silicon photonics at near- to mid-infrared (NIR
and MIR) range, due to the high transmissivity of silicon for
NIR to MIR light (∼1200 nm onwards) [9]. Thus, the SOI is
selected for grating design under 1630 nm wavelength in our
previous study [8]. In the case of 1092 nm, SiN platform is
selected due to the high transmissivity of SiN for visible and
NIR range, which covers the wavelength-of-interest in this study
[10].

For automated, fast computation of beam waists, full-width
half maximum (FWHM) and other crucial parameters, the ob-
tained data is analyzed using Python-based data analysis tech-
nique. The obtained result can add significant technical values
to the SiPh-integration of ion trap devices. At the same time, the
Python-based data analytical techniques developed for the study
can provide an automated computational solution to obtain the
parameters needed from the obtained beam profiles.
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Fig. 1. (a) Illustration on the optical addressing of trapped ion with grating
structure, (b) simulation model.

II. DESIGN AND SIMULATION

Fig. 1(a) illustrates the optical addressing of trapped ion with
integrated grating coupler. As shown in the illustration, trapped
ion requires planar electrodes with a combined RF/DC field
to create a minimal pseudopotential point. The details of the
ion-trapping mechanism are illustrate in ref. [11]. To investigate
the effect of grating’s radius of curvatures (r) on its corre-
sponding beam waist, Finite-Difference Time-Domain (FDTD)
simulation is carried out on gratings with various r, where the
simulation model is shown in Fig. 1(b). Both y-plane monitor
and z-plane monitors are included in the model, where z-plane
monitors are placed at 10–70 μm above grating to investigate
the light propagation along z-axis. 3-μm-thick top-oxide-layer
(TOX) and buried-oxide-layer (BOX) is also included in the
model. The material of the grating is SiN, where the pitch, duty
cycle, SiN thickness, etch depth are fixed at 1.2 μm, 0.5, 0.4 μm,
and 0.4 μm, respectively.

Fig. 2 shows the E-field distribution obtained from z-plane
monitors in Fig. 1(b). The E-field data is first imported as
DataFrames and plotted with Python. To investigate the changes
in beam waist along z-axis for various r values, the beam waists
along x- and y-axis at various heights are investigated. From
Fig. 2, it is shown that the widths (along x- and y-axis) of the
light beam focuses at 20 μm height, then increases gradually
at increasing height. This shows the Gaussian properties in the
propagation of light beam coupled out from the grating structure
[3], [12], [13]. At the same time, the presence of multiple beams
are observed along x-axis, due to the presence of multiple modes
of the 1092 nm light coupled out from the grating structure [14],
[15].

To determine the beam waists along x- and y-axis, linear lines
parallel to x- and y-axis can be plotted on the light beams, where

Fig. 2. E-field distribution in z-plane monitors from 10–70 µm (r = 20 µm).

the beam waists can be determined by finding the width of the
plots. As the dimension of the z-plane monitors are fixed at
180 × 40 μm, the beam waist along x-axis is determined by
plotting the E-field at y = 20 μm. For beam waist along y-axis,
the beam waist is determined by searching the maximum value
of the DataFrame used for E-field plotting, where the associated
column of the maximum value is plotted as the E-field along
y-axis. The abovementioned plots are shown in Fig. 3. As shown
in Fig. 3(a) and (c), the peak electric fields reduce gradually at
increasing heights. At the same time, multiple peaks present
in every height, corresponding to the multiple modes present.
These observations align with the E-field distribution plotted
shown in Fig. 2. Comparing gratings with r = 20 and 60 μm,
the beam waists along x-axis does not have significant changes
across different values of r. On the contrary, the beam waist of
r = 20 μm grating is significantly narrower than r = 60 μm.

To further investigate the beam waists of light coupled out
from the corresponding gratings, the peak position, peak width,
and FWHM of the beams across various r values and heights
are computed using the scipy package in Python. The relevant
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Fig. 3. E-field from grating with r = 20 um, (a) along x-axis, (b) along y =
axis; E-field from grating with r = 60 um, (c) along x-axis, (d) along y = axis.

Fig. 4. E-field along (a) x-axis, (b) y-axis; FWHM along (c) x-axis, (d) y-axis;
peak width at 1/e2 to the peak value along (e) x-axis, (f) y-axis.

Python code is given in ref. [16]. The FWHM is computed at
0.5 of the peaks; while the peak width is computed at 0.135,
equivalent to 1/e2 of the peaks [17]. The typical plots of peak
position, peak width, FWHM and E-field along x- and y-axis are
shown in Fig. 5(a) and (b)(r = 30 μm grating at 10 μm height).

From Fig. 4(a), multiple peaks with corresponding FWHM
and peak widths are found using scipy package in Python. This
also in-line with the contour plot observed in Fig. 2, where mul-
tiple modes are observed along x-axis at various heights. Thus,
only the peak width/FWHM with the highest corresponding peak
values are taken and recorded. The peak widths and FWHM from
grating with r= 15–60μm at various heights, along x- and y-axis
are shown in Fig. 4(c)–(f).

From Fig. 4(c) and (e), the beam waist and FWHM along
x-axis do not correlate with the r values of the grating. This
aligns with our previous study, where the x-axis width of the
beam profiles from grating structure depends mainly on the
pitch structure, including pitch size, duty cycle, etc. [8] From the

Fig. 5. (a) MPW die of this study, (b) test structures with r = 15 to 60 µm,
(c) typical test structure of the gratings showing tested gratings and reference
grating; (b) beams coupled out from the gratings viewed under CCD camera.

FWHM plot in Fig. 4(c), it can be observed that the beam waist
along x-axis does not show significate changes with varying
r values. Gratings with r = 50 and 60 μm focuses at 30 μm,
which continues to propagate with beam waist similar to other
investigated r values above 30 μm height. Similar observation
was shown in Fig. 4(e). The beam waist from r = 15 to 60 μm
at 1/e2 focuses at 40 μm height, then shows similar beam waist
along x-axis at heights above 40 μm. This shows that the radius
of curvature does not have significant impact on the beam waist
along x-axis. For the varied FWHM in Fig. 4(c), this can be due
to the varied peak position from different r values, which result
in varied FWHM.

On the contrary, both beam waist and FWHM along y-axis
changes with increasing r values of grating, as shown in Fig. 4(d)
and (f). Generally, the FWHM and peak width of the beam
coupled out from the grating increases along y-axis, except for
r = 15 and 20 μm where the beam focuses at 20 and 30 μm
heights. The beam waists along x-axis at the focal point of r =
15 and 20μm 4.41 and 6.23μm, respectively. With r values from
30 to 60μm, the beam waist along y-axis increases steadily from
15.12 to 29.46 μm. Similar trend was also observed in FWHM,
where FWHM along y-axis focused from 9.42 to 5.16 μm as r
increases from 15 to 20 μm, then increases steadily from 12.73
to 20.33 μm when r value increases further from 30 to 60 μm.

III. EXPERIMENTAL DETAILS

Silicon Nitride (Si) gratings used in the simulations in
Section II are fabricated from a multi-project wafer (MPW)
scheme. The fabrication is carried out on 200 mm silicon
wafer. First, 3 μm buried-oxide-layer (BOX) is deposited on
the silicon surface, followed by 0.4 μm SiN. The SiN layer is
then dry etched to form etch-through grating structures. 3 μm
top-oxide-layer is then deposited on the grating structure. The
obtained MPW die is shown in Fig. 5(a), where the location of
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Fig. 6. (a) GDS design of the test structures, (b) measurement system for the
beam profiles; beam profiles of: (b) r = 15, 20, and 30 µm; (c) r = 40, 50, and
60 µm under XC-130 ophir beam profiler.

the test structures is labeled. The test structures are split into
two components: r = 15, 20, and 30 μm; and r = 40, 50, and
60 μm, as shown in Fig. 5(b). A typical SiN-based grating test
structure is shown in Fig. 5(c), where an input grating is used to
couple 1092 nm light into the waveguide, and split into multiple
channels with multi-mode interferometer (MMI) to respective
gratings. As 1092 nm is near to the visible range of 400–700 nm,
the beams are visible under CCD camera, as shown in Fig. 5(d).

The test structure shown in Fig. 5 can be further elaborate
from the GDS designs illustrated in Fig. 6(a). As shown in
Fig. 6(a), An optimized input grating with 0.8 μm pitch and
0.5 duty cycle is used as the input grating coupler, where the
input fiber is aligned at 13° from the z-axis. The angle between
the fiber and the sample chip, θ = 13° is computed using the
following equation:

Λ=
mλ

N − n1sinθ
(1)

whereΛ, m. λ, N, and n1 are the grating pitch, mode, wavelength,
effective index of the grating, and index of the fiber, respectively.
As compared to our previous study on the optimization of SOI
grating under 1630 nm wavelength [8], the wavelength, λ, used
in this study is lower (1092 nm). At the same time, the effective
indexes, N values, of both studies are different. The N value
of SOI grating under 1630 nm wavelength is ∼2.687; while
the N value of SiN grating under 1092 nm used in this study
is ∼1.758. Thus, the pitch and duty cycle used in both studies
are different, where the pitch and duty cycle used in SOI grating
under 1630 nm wavelength are 0.65μm and 0.63, while the pitch
and duty cycle used SiN grating under 1092 nm are 0.8 μm and
0.5. Apart from (1), there are more parameters to be considered
in designing a grating, including SOI/SiN layer thickness, etch
depth, duty cycle, which are not considered by (1). Thus, the
ultimate design parameters employed in this study are optimized
using FDTD techniques.

During a typical measurement, the fiber is aligned onto the
sample chip to couple 1092 nm light into the test structure via
the input grating. The coupled light is then propagated through
waveguides of 10 μm and then split into separated gratings via
optimized MMI. The light is then coupled out from gratings with

Fig. 7. Beam profile of light coupled out from r = 30 µm grating:
(a) Centralized, (b) non-centralized; photon/s plot along: (c) x-axis, (d) y-axis.

various r values and reference grating into the beam profiler
through the objective lens. Once the beam profiles appeared
on the beam profiler, the distance between the profiler and
the sample is manually adjusted to obtain the sharpest-possible
beam profiles. A snippet of the test system is shown in Fig. 6(b).
The reference gratings shown in Fig. 6 is the identical, optimized
grating same as the input grating. The reference grating serves
two purposes. First, it serves as a reference point to accurately
locate the gratings with respectively r values. As shown in
Fig. 6(c) and (d), the image of the grating is not visible under
the beam profiler. By identifying the beam coupled out from the
ref. grating, we can easily identify which beam belongs to r =
15, 20 and 30 μm. Second, the reference grating can be used
to normalize the photon count per second (photon/s) captured
by the beam profiler. Since r = 15, 20, 30 μm and r = 40, 50,
60 μm are located and different test structures, the fiber-to-chip
alignment was carried out such that the maximum photon/s from
the reference grating from both gratings reaches 3800∼3900
photon/s with variation of <5%.

IV. RESULTS AND DISCUSSION

Fig. 6(c) and (d) shows the beam profiles of light coupled out
from gratings with r = 15–60 μm under ×20 magnification.
The separation distance between each beam is measured as
∼105 μm, similar to the GDS design shown in Fig. 6(a) The
coupling loss of the input and reference grating is measured as
12.53 dB per grating. On top of that, the propagation loss of the
1× 0.4 μm SiN waveguide is measured as 3 dB/cm. As Fig. 6(c)
and (d) is plotted from the data points of DataFrames in Python,
to investigate the beam waists and FWHM of beams coupled out
from respective gratings, the DataFrames are sliced as presented
in Fig. 7(a).

Typically, the FWHM and beam waist at 1/e2 can be deter-
mined by finding the widest part of the beam along x-axis and
y-axis (Fig. 7(a)), plot the photon/s against the respective x-
and y-position, and determine the respective FWHM and beam
waist at 1/e2 using the scipy package in Python, as described
in ref. [16]. Similar plots of photon/s along x- and y-axis with
respective peaks, FWHM, and beam waist are shown in Fig. 7(c)
and (d). However, the output beam has asymmetrical shape,
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possibly attributing geometrical deviation during the fabrication
process. Thus, it is challenging to use visual judgement to
determine the widest widths of the beam. As a result, the point
where the beam has the highest photon/s value may not have the
widest FWHM and beam waist. As this study mainly focuses on
the development of grating structure for the optical addressing
of trapped ion (Fig. 1), our main concern is to “hit” the trapped
ion with the buried grating. Thus, the main figure-of-merit is the
FWHM and beam waist of the light from the grating.

Thus, our aim is to develop an automated technique which
locates the widest beam waist and FWHM with high photon/s
along x- and y-axis, regardless of the irregularity of the beam
profile and the non-centralized positioning of the beam, as shown
in Fig. 7(b). To achieve this, every column and row of the beam
profile’s DataFrame is plotted. Peaks, FWHM and beam waist
of each row and column is computed to find the widest FWHM
and beam waist among the plotted rows and columns, similar to
the method described in ref. [16]. However, as the experimental
data of the beam profile can be uneven and asymmetrical, merely
finding the widest beam profile may result in undesired plot.
For instance, the white dotted line shown in Fig. 7(a) has the
widest beam waist as computed, which is undesirable in our
application.

The full Python code to find the widest-beam waist plots along
x-axis and y-axis is shown in ref. [18]. In the case of y-axis, each
column of the DataFrame is plotted and their respective peaks,
beam waist, and FWHM is computed using scipy package in
Python. Then, the columns will be filtered into a new DataFrame
under two conditions. For each column (or each plot along
y-axis), the column will be selected if: (1) the second highest
peak of the column is ‘n’ times smaller than the highest peak
of the column; (2) the highest peak of the column is no less
than 60% of the maximum value in the DataFrame. Within the
new DataFrame, the column with the largest beam waist will be
identifies where the corresponding beam waist and FWHM will
be computed. The same technique can be used for rows in the
DataFrame, which corresponds to the plots along x-axis. As a
result, the Python code can accurately identify the widest part of
the beam along x- and y-axis, regardless of the asymmetrical
shape, irregular distribution of photon/s, and non-centralized
positioning. (ref. Fig. 7(a) and (b)).

Fig. 8(a) and (b) show the photon/s plots along x- and y-axis
for gratings with r values ranging from 15 to 60 μm. These
plots are created as a result of columns and rows selection
described earlier, where columns and rows with largest beam
waists are selected for these plots. From Fig. 8(a), more than one
peak is observed along x-axis due to the presence of multiple
modes of light from the grating structure [19]. This aligns well
the simulation results presented in Fig. 2. However, compared
to Fig. 2, less beam spots are observed in the beam profiles
presented in Fig. 7 and the photon/s plots in Fig. 8. This can
be due to the sensitivity limitations of the beam profiler. As
higher order modes have weaker intensity [20], [21], higher
order beams shown in Fig. 2 may not be captured by the beam
profiler. At the same time, it can be observed that the beam
waist along x-axis does not show any significant changes with
increasing r values, despite varying photon/s intensity. This

Fig. 8. Photon/s plot along (a) x-axis, (b) y-axis; (c) simulated and
experimentally-obtained peak widths along y-axis, (d) heatmap of simulated
peak-widths along y-axis.

agrees well with the simulated outcomes shown in Fig. 3 and
ref. [8]. On the other hand, the beam waist along y-axis changes
gradually across r values ranging from 15 to 60 μm.

The beam waist along y-axis (under 1/e2 height) obtained
using the Python code illustrated in ref. [18] is shown in Fig. 8(c).
As a comparison, an alternative computational technique is used
to plot the beam waist along y-axis. Similar to the technique used
in obtaining Fig. 3 plots from the E-field distribution shown in
Fig. 2, the beam waist is determined by searching the maximum
value of the whole DataFrame used for photon/s plotting (Fig. 7),
where the associated column of the maximum value is plotted as
the E-field along y-axis. In Fig. 8(c), the beam waists obtained
using Python code described in ref. [18] is labeled as “Selection
by Largest Beam waist”; whereas the beam waists obtained
by the above-mentioned alternative computational technique is
labeled as “Selection by Highest Photon/s”. From Fig. 8(c), both
techniques result in similar beam waists. This shows that the
beams coupled out from the gratings exhibit Gaussian intensity
profile [22], where the point with highest E-field intensity is
associated with the widest beam waist along x- and y-axis.

From Fig. 8(c), the measured beam waist along y-axis focused
from 13.96 to 12.3 μm as the r value increases from 15 to
20 μm. As the r value increases further to 60 μm, the beam waist
increases from 12.3 to 20.51 μm. Overall, the changes in beam
waist with increasing r value obtained from the experimental
measurement exhibit similar characteristics as the simulated
beam waist. Similar to the experimentally-measured widths,
the simulated beam waist along y-axis focused as the r value
increases from 15 to 20 μm. As the r value increase further to
60 μm, the beam waist increases with the radius of curvature.
Similar trends are observed for heights above 20 μm. However,
the simulated beam waist shown in Fig. 8(c) exhibits a significant
dip when r = 20 μm. This is also reflected in Fig. 8(d), where
the beam waist at r = 20 μm is significantly narrower across all
heights. In contrast, the significant reduction in beam waist is
not observed in the experimentally-measured beam waist, where
the beam waist slightly reduced from 12.96 to 12.3 μm as r
value increases from 15 to 20 μm. The simulation-experiment
deviation can be attributed to the fabrication inaccuracy. From
Fig. 8(c) and (d), r = 20 μm exhibits a distinctive reduction
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in beam waist compared to r = 15 μm and r = 30 μm. In
other words, high level of fabrication accuracy is needed to
achieve exact r value of 20 μm, where slight structural inac-
curacy may alter the r value. Fabricating curved structures with
high structural accuracy is generally challenging, where slight
deviations in lithography and dry etching processes may result
in structural inaccuracy, which causes the output beams to have
higher-than-expected beam waists [23], [24]. Nevertheless, both
simulation and experimental outcomes show that the beam waist
along y-axis generally increasing as the r value increases from
15 to 60 μm, with an exception where the beam waist reduces
when the r value increases from 15 to 20 μm. The narrowest
beam waist obtained is 12.3 μm from r = 20 μm grating, while
the widest beam waist is 20.51 μm obtained from r = 60 μm.
At the same time, gratings with r = 40 and 50 μm show the
highest peak photon/s while grating with r = 15 μm has the
lowest photon/s.

In the context of optical addressing of trapped ion, Sr+ ion
arrays are typically trapped with inter-ion distance of 10∼15μm
depending on the applied pseudopotential, as reported in previ-
ous study of our research group [25], [26], [27]. For the optical
addressing of single Sr+ ion, grating with r= 20μm can be used
with narrower beam waist of 12.3 μm. If optical addressing of
two Sr+ ions is needed, r = 60 μm grating can be employed. On
top of that, the trapping height of trapped Sr+ can be 20, 40, or
80μm above the ion trap electrode surface (Fig. 1(a)), depending
on the geometrical design of the ion trap [28]. From the simulated
E-field distribution at 10–70μm, the output angle where the light
coupled out from the grating (pitch = 1.2 μm) is computed as
47.03° from the z-axis illustrated in Fig. 1(b), which is similar
to the output angle, 49.5°, calculated using (1). Combining the
simulation and experimental results on the beam waists, beam
propagation angle, and beam intensity (peak photon/s) across r
values from 15 to 60 μm, the results obtained from this study
provide an insightful view on the optical properties of beams
coupled out from gratings with varied radius of curvature (r)
values. From the obtained optical properties, a versatile solution
for the optical addressing of trapped ion can be developed, which
can further enhance the feasibility of electro-optical integration
of ion trap for quantum devices applications.

The Python-based data analysis techniques introduced in this
study provide a standardize, automated solution for multiple
beam profiles. Fundamentally, the pixels of the obtained beam
profiles are imported as DataFrames, where desired width along
x- and y-axis can be obtained by two ways: (1) identifying the
maximum value in the DataFrame and plot the corresponding
rows and columns (which associated with the photon/s along x-
and y-axis) to find the respective beam waists, or (2) directly
identifying the maximum beam waists across all rows and
columns, where filtering condition is needed. After identifying
the rows and columns using either of the abovementioned con-
ditions, the photon/s can be plotted along x- or y-position. How-
ever, it is possible that multiple peaks can occur in the same plot.
Thus, widest beam waist along the plot is selected and recorded
as the beam waist of light emitted from the corresponding grating
structure. The details of the complete codes can be found in ref.
[16], [18], as mentioned earlier.

Apart from the Python-based data analysis techniques devel-
oped in this study, the key parameters, including beam waist,
FWHM and peak coordinates can also be computed by using al-
ternative methods. For instance, the beam waists and peaks were
computed with manual computational techniques in our previous
study [8]. However, the manual computational techniques can be
time-consuming for large datasets. Apart from Python, studies
have also been reported in analyzing and processing photonics
data using other types of codes, including Matlab [29], [30] and
Structured Query Language (SQL) [31]. Readers can leverage
the state-of-the-art artificial intelligence (AI) tools (e.g., Chat-
GPT) to translate the Python codes developed in this study to
their most familiar coding languages (Matlab or SQL) to expand
the scope of this work.

Moving forward, the propagation of beams along z-axis
should be further investigated by taking a beam profile data
with varying lens-to-profiler distances (ref. Fig. 6(b)), with
a small step size of 1 μm. This may result in 50–100 sets
of beam profiles for each grating sample. Traditional tech-
niques such as manual computation and analysis of beam
profiles can be time-consuming to analyze such amount of
beam profile data. Thus, the developed Python-based tech-
niques can be convenient in performing standardized, rapid
analysis.

V. CONCLUSION

Grating structures with 15 to 60 μm radius of curvatures
(r) is developed for the optical addressing of Sr+ trapped ion
using 1092 nm laser. The beam waists along x- and y-axis are
investigated. It observed that the beam waist along x-axis has
no direct correlation with varied r values. From the measured
beam profiles, grating with r = 20 μm has the narrowest beam
waist of 12.3 μm; while r = 60 μm has the widest beam
waist of 20.51 μm. From both simulation and experimental
results, it can be observed that the beam waist reduces as the
r value increases from 15 to 20 μm, where the beam waist
then increases as the r value increases from 20 to 60 μm. On
top of that, automated Python-based data analysis techniques
are developed to locate the widest part along x- and y-axis of
the beam profile, regardless of its irregularity, non-centralized
positioning, and asymmetrical shape. Nevertheless, as the beam
profiles are measured using manually-focused beam profilers,
experimental measurements on the beam profiles at various
heights (10–70μm) pose a challenge. To resolve this issue, usage
of automated, motorized z-positioners can be used to measure
the beam profiles at with height variation step size of > 1 μm.
This can be an extension to this study to provide further insights
on the influence of r values on the optical properties of beam
coupled out from grating structures. Overall, the optical char-
acteristics obtained from this study provide technical insights
on the optical addressing of trapped ions using grating struc-
ture. On top of that, the developed Python-based beam profile
analysis technique provide an automated, standardize method
in determining key parameters of beam widths, which prepares
a convenient pathway to analyze mass amount of beam profile
data.
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