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Multigrating design for integrated single-atom trapping, manipulation, and readout
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An on-chip multigrating device is proposed to interface single atoms and integrated photonic circuits, by
guiding and focusing lasers to the area ~10 um above the chip for trapping, state manipulation, and readout of
single rubidium atoms. For the optical dipole trap, two 850-nm laser beams are diffracted and overlapped to form
the lattice of a single-atom dipole trap, with the diameter of the optical dipole trap being around 2.7 um. Similar
gratings are designed for guiding a 780-nm probe laser to excite and also collect the fluorescence of ¥’Rb atoms.
Such a device provides a compact solution for future applications of single atoms, including the single-photon
source, single-atom quantum register, and single-atom quantum sensor.

DOI: 10.1103/PhysRevA.105.053520

I. INTRODUCTION

In the past decades, quantum information processing has
been developed greatly by utilizing the quantum properties
of atoms and photons, where both atom internal states and
photonic states can provide the carrier for encoding, storing,
and transporting quantum information [1-3]. A lot of effort
has been dedicated to quantum information processing based
on cold atoms [4-6] and photons [7,8]. Recently, photonic
integrated chips have been widely applied in quantum in-
formation science and show great potential in extending the
photonic quantum information processors to tens of qubits
[9-12]. In contrast, most previous investigations of cold atoms
are implemented with a conventional optical setup, which
is cumbersome, sensitive to environment perturbations, and
costly. Therefore the atomic chip has attracted tremendous
attention in the past decades and has become one of the most
important platforms to integrate the devices of cold-atom traps
and atomic state manipulation on a single chip [13-18]. A
similar goal is also pursued by the trapped-ion system, and
the cointegration of the trapped chip and the photonic chip
was demonstrated recently [19-22].

However, it is still challenging to integrate cold-atom de-
vices and photonic devices on a single chip. For trapping
an ensemble of atoms, various methods that are compatible
with the photonic chip have been proposed, such as the mi-
crowire atomic potential trap [23], grating magneto-optical
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trap [24—28], and static-magnetic trap [29]. In these platforms,
the state manipulation and readout of the cold-atom ensemble
are still performed using free-space laser beam excitation and
fluorescence collection. Although the enhanced photon-atom
interactions have been extensively studied with photonic mi-
crostructures and single atoms recently [30-37], it is still
unclear how to capture individual atoms on the photonic chip
without free-space optical components. Therefore one impor-
tant challenge now is how to interface integrated photonic
devices with neutral atoms tens of micrometers above the
chip, and eventually to incorporate the single-atom trap, state
manipulation, and readout with on-chip photonic devices.
Recently, waveguide-integrated diffraction grating has been
demonstrated for delivering the free-space optical cooling
beams for a magneto-optic trap, which provides a potential
platform for the interface between the chip and the free-space
atoms [38].

In this paper, the platform of a multigrating chip is de-
signed for the trapping, manipulation, and readout of a single
atom. The grating transforms and focuses the integrated
waveguide mode on the free-space light beam, thus providing
an efficient approach to interface the atoms and on-chip light.
By designing four gratings arranged symmetrically, single
atoms could be trapped in the optical dipole trap by two
850-nm laser beams that diffracted from two gratings, and
the atoms could be excited and their emissions (780 nm)
could be collected by the other two gratings. Our numerical
simulation shows that the chip-to-free-space conversion has
an efficiency of ~45%, and the laser beam has a focus width
of only ~2.7 um. As a result, with only 10 mW laser power
in each waveguide, an optical dipole trap depth up to 0.85 mK
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FIG. 1. (a) Schematic diagram of the multi-focusing-grating structure for a hybrid photonic-atom chip. (b) Detailed illustration of the

grating from the side view (upper panel) and the top view (lower panel).

for the 8Rb atom could be achieved. For the atomic state
detection, 0.66% of the atomic fluorescence emission could
be collected into the waveguide. Our proposal provides an
experimentally feasible approach to incorporate single atoms
and a photonic integrated chip, which holds great potential for
future integrated atom or molecule arrays [6,39] and promise
for hybrid quantum optics devices [40,41].

II. STRUCTURE AND PRINCIPLE

The proposed multigrating is based on a 300-nm-thick
Si3N4 wafer with SiO, as the substrate. As shown in Fig. 1(a),
the designed multigrating microstructure is composed of four
fan-shaped focusing gratings denoted by G1, G2, G3, and G4,
respectively, with a common symmetric center denoted by o.
The gratings of G1 and G2 have a rotation of 65° relative to
the gratings of G3 and G4. Due to the symmetry, it is expected
that an atom at the center could be coupled with all gratings
simultaneously. On one hand, the lasers guided in the waveg-
uide could be diffracted to the free space by the gratings. As
a reversal process, the photons emitted by the atom could be
collected by the gratings and guided into the waveguide. In
this paper, we apply this hybrid photonic-atomic chip design
for Rb: Gratings G1 and G2 are used to diffract 850-nm laser
beams to form an optical dipole potential well for trapping
the 8’Rb atom, and gratings G3 and G4 are used for guiding
a 780-nm laser to excite and read out the fluorescence of the
87Rb atom. It is worth noting that the design could be extended
to other atomic species by varying the geometric parameters
according to the working wavelengths.

For an efficient interface between the atom and the guided
photon on the chip, the conversion between the free-space
beam and the waveguide mode in the waveguide is most
crucial. Figure 1(b) shows the detailed geometry of the grat-
ing, by which the light propagating in the grating could be
diffracted and focused. The diffraction properties of the grat-
ing are mainly determined by three parameters: period A,
etching depth d, and duty cycle 5 (the ratio of the unetched
part to the entire cycle) [42]. According to the first-order

Bragg condition, the period A of the grating is given by

A=—2 (1)
Nefr — N,S1NH

where X is the wavelength of light in free space, ng is the
effective refractive index of the guiding mode in the grating, 6
is the diffraction angle, and n, is the refractive index of the
cladding above the grating with n, = 1 for air. In order to
obtain a focused Gaussian-like beam, all of the diffracted light
from each groove of the grating is designed to be directed to
the same point f. Then the diffraction angle 6y of the Nth
groove meets the condition

Ry
s 2
H )

where Ry_1 = Ro+ A1+ Ay + A3+ ---+ Ay_; is the lo-
cation of the Nth groove, Rj is the distance between the
symmetric center o and the first groove of the grating, and H
is the height of point f [Fig. 1(b)]. According to Egs. (1) and
(2), the period A varies along the grating to obtain the focused
beam.

Besides, the curvature of the grating arcs should also be
optimized for the focusing at f. The parabolic grating arc
(x ~ —y%/2R) is designed to ensure that each grating arc is
parallel to the phase front of the wave incident on it. The
intensity of the propagating light in the waveguide decreases
along the grating due to the diffraction loss by the grating.
An increased etching depth is designed along the grating to
enhance the diffraction efficiency and thus compensate the
propagating loss in the grating, since the diffraction efficiency
increases with the etching depth.

tan Oy = —

III. RESULTS

To validate our designs, we performed three-dimensional
finite-difference time-domain (FDTD) simulations to numer-
ically analyze the optical field distribution on the grating. In
the simulation, the transverse electric (TE) mode is adopted to
be diffracted by the grating [43]. We choose the width of the
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FIG. 2. The diffraction beams from the gratings. (a) The intensity
distribution of the diffraction beam from a single grating in the
x-z plane. (b)—(d) The intensity distribution of the interference field
formed by the diffraction beams from two gratings in the x-z plane
(b), (c) in the x-y plane, and (d) in the y-z plane. The positions of
trapped centers are denoted by crosses in the antinodes a;_, ao, and
ay+. The same color bar is used for (b)—(d). (¢) and (f) The intensity
distributions along the y and z directions [along dashed lines in (d)],
respectively.

waveguide to be 550 nm and the length and taper angle of the
tapered waveguide to be r = 2 um and ¢ = 50°, respectively.
The length of the grating part is 8 um with 18 grooves. The
etching depth increases from 20 to 280 nm linearly, which
can improve the diffraction efficiency of the grating [44].
Around the working wavelengths of 780 and 850 nm, the
refractive index of SizN,4 and SiO, is set as 1.9935 and 1.45,
respectively. For simplicity, the duty cycle 7 is set as 0.5.

A. Single-atom trapping

Figure 2(a) gives the intensity distribution of the diffraction
beam from a single grating, which is designed for a focusing
beam targeting at a working point height H = 10 um with
Ry = 4.5 um. From the intensity distribution in the x-z plane
with y = 0, the diffracted beam has a diffraction angle 6
of about —36.87°. As expected, the diffracted beam forms
a focusing Gaussian-like beam with small divergence an-
gle, with a waveguide-to-beam conversion efficiency of about
45.2%. The diffraction beam is focused on the point (x =
3.5 um, y =0, z = 5.6 um) with a waist diameter of around
1.23 pum. It should be noted that the focus of the diffrac-
tion beam is deviated from the target working point (x =
0, y =0, z =10 um), because there are practical limitations
in designing the grating structures with a single grating arc
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FIG. 3. The distribution of the optical dipole potential. (a) The
trap depth of the optical dipole potential along the x direction. (b) The
relation between the optical dipole trap and the incident wavelength.

shape. In this paper, the focus point of the parabolic grating
arc (x ~ —y*/2R) is (x = R/2, y = 0, z = 0), which point is
on the top of the grating and could not be accessed by other
gratings. Therefore we are employing two identical gratings,
G1 and G2, that are designed and arranged symmetrically with
their diffraction beam incident on the same point f to form a
one-dimensional optical lattice at the target working point f at
the center. It is also guaranteed that the atoms around f could
be accessed by other gratings with similar design.

As shown in Fig. 2(b), two diffraction beams have the same
diffraction angle of —36.87° and overlap with each other to
form a lattice of optical dipole traps for trapping 8’Rb atoms,
with the antinodes (points of maximum laser intensities) lo-
cated above the center x = 0 at a height of about 10 pum.
The detailed intensity distribution in the x-y planes with z =
10 um is shown in Fig. 2(c), where the interference of the
two beams induces a fringe period of 0.67 um along the x di-
rection. In the plane perpendicular to the lattice direction, the
optical field shows a Gaussian-like beam profile [Fig. 2(d)],
indicating the confinement of atoms in the well in both y and z
directions. In Figs. 2(e) and 2(f), the intensity distributions of
the dipole laser field along the y and z directions are fitted by
Gaussian functions, showing a very good agreement. The cor-
responding diameters of the Gaussian intensity distributions
in Figs. 2(e) and 2(f) are 2.48 and 2.66 pm, respectively. For
an input power of the 850-nm laser of 10 mW, the antinodes
ai—, ap, and a; [as labeled in Fig. 2(c) at x = —0.67, 0,
and 0.67 um] have electric field intensities |E|? of 9.3 x 107,
1.1 x 108, and 9.3 x 107 (V/cm)?, respectively.

For such a dipole trap lattice, by ignoring the Zeeman
sublevels, the optical dipole potential could be estimated as

[45]
Iyl 1 2
U= ﬂ(— + —>, 3)
241 8]/2 83/2

where y /2 ~ 6.1 MHz is the natural linewidth in ¥Rb, Ig
is the saturation intensity, &;, and 83/, are the detunings
between the laser frequency and the D1 and D2 transitions,
respectively, and Ij is the intensity of the optical field. For the
87Rb atom with resonant wavelength at 780 nm, the gradient
force formed by an optical field of 850 nm (red detuned with
respect to both D1 and D2 transitions) is a conservative force,
so the 8’Rb atoms could be trapped in the antinode.

Figure 3 gives the optical dipole trap depth formed by the
interference field with a 10-mW laser incident on each of
the gratings. The trap depth of the optical dipole well along
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the line (y = 0, z = 10 um) for the 850-nm laser is shown in
Fig. 3(a), where there are several optical dipole trap centers
along the x direction. The trap depths formed by the optical
dipole potential in antinodes a;_, ap, and a; are 0.72, 0.85,
and 0.72 mK, respectively. By placing these beams into a
standard magneto-optical trap (MOT), where the 8’Rb atoms
are cooled to 100 wK, single atoms can be trapped success-
fully by the optical dipole well formed in these antinodes.
According to previous experimental studies of single-atom
trapping in tweezers [46], our gratings provide dipole traps
with a beam waist that is smaller than 3 pm, thus satisfying
the criteria for the atomic collision blockade [45] in the trap,
and we could expect at most one atom in each antinode. Since
the platform is based on the transparent and optically flat
photonic membrane of SiO,, the laser cooling and optical
control of cold atoms can be formed above the transparent
membrane [33]. The platform of multigrating is practical to
trap single atoms in experiments.

Since the trap field is formed by the diffraction of gratings,
the optical dipole potential is related to the incident laser
wavelength. In Fig. 3(b), the relation between the optical
dipole potential and the dipole laser wavelength is numerically
investigated. When the wavelength varies from 810 to 890 nm,
the angle and the diffraction efficiency of the beam change.
We found that the optical dipole trap of antinode ag (a;—
or ajy) increases from 0.70 (0.55) mK to 0.93 (0.84) mK
and the height of the antinode @ changes from 13.6 to 7.28
pum. Due to the structural symmetry, the positions of the
antinodes are unchanged in the x and y directions. Since the
optical properties of the microstructures are determined by
the dimensionless parameters A/A or Ry/A, the robustness
of the grating against the wavelength difference also indicates
the robustness of our device against the geometric parameter
uncertainty due to fabrication imperfections. Therefore our
multigrating design provides a feasible optical dipole trap
with a broad bandwidth for practical experiments.

B. Single-atom transport

Since the integrated photonic chip holds promise for high-
performance thermal-optic [47] or electro-optic modulators
[48], we would like to transport the atoms in the dipole traps.
As the interference of two diffraction beams is related to
the incident phase, the intensity distribution of the optical
field can be manipulated by precisely controlling the laser
phases. Figure 4 gives the intensity distributions on the x-y
plane with z = 10 um with different incident phase difference
A@ = ¢ — ¢, where ¢ and ¢, are the incident phases of
Gl and G2, respectively. By increasing the incident phase
difference Ag, the antinodes move right, and their intensities
are changed as shown in Figs. 4(al)—4(el) with incident phase
difference Agp = 0°, 90°, 180°, 270°, and 360°, respectively.
When the incident phase difference A¢ changes from 0° to
180°, the antinodes are changed to nodes, and the nodes are
changed to antinodes. The interference pattern on the x-z
plane with y = 0 has similar properties to that on the x-y
plane with z = 10 um as shown in Figs. 4(a2)-4(e2). The
lines in Fig. 4(f) give the relations between the offsets of
the antinodes and the incident phase difference Ag. When
the incident phase difference increases from 0° to 360°, the
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FIG. 4. The intensity distributions of the interference beams with
different incident phase differences, (al)—(el) on the x-y plane and
(a2)—(e2) on the x-z plane, with incident phase differences of 0°,
90°, 180°, 270°, and 360°, respectively. The offsets of antinodes (f)
and the optical dipole potentials (g) vary with the incident phase
differences.

antinodes move right linearly with a period of 0.67 yum. That
is, the antinode a;_ moves to the position of former antin-
ode ap, and the antinode ay moves to the position of former
antinode a;... The optical dipole traps formed by the antinodes
also change with the incident phase difference Ag as shown
by the curves in Fig. 4(g). The trap depths of the optical
dipole potential decrease with the positions of antinodes far
away from the center, which is related to the incident phase
difference A¢.

Benefiting from the fact that the optical dipole trap of the
antinode can be manipulated by the incident phase difference,
the platform of multigrating can be used to trap single atoms.
There is more than one antinode, such as antinodes a;_,
ag, and a4, that can trap atoms. According to the collision
blockade, the loading rate of an atom in a single dipole trap
is around 50% [49]; thus utilizing the lattice has the potential
to enhance the loading rate. When there are multiple atoms
loaded in the lattice, it is possible to only keep a single atom
at the center ay. By tuning the phase of the incident laser, the
unwanted atoms could be released from the lattice as the depth
of the optical dipole potential wells decreases when moving
away from the center. After that, only the antinode a, contains
the trapped atoms.

C. State manipulation and readout

For an integrated photonic-atom chip, both the trapping
and manipulation of the atom are necessary and important for
information processing. Besides gratings G1 and G2, which
are used to trap the cold ®’Rb atoms using 850-nm laser
beams, similar gratings—gratings G3 and G4—are designed
for 780-nm light to excite and read out the fluorescence of
the 8’Rb atoms. Similar to the design for the dipole trap
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FIG. 5. The intensity distributions of the optical field diffracted
from grating G3 incident with the 780-nm laser on the (a) x-z plane,
(b) x-y plane, and (c) y-z plane. (d) The collection efficiency of
grating G3 varies with the angle of dipole polarization for 780 nm.

laser, G3 and G4 could be optimized with slightly different
parameters. Similarly, G3 and G4 are arranged symmetrically
to the center o, which has a rotation of 65° relative to gratings
Gl and G2 as shown in Fig. 1(a). Figures 5(a) and 5(b)
give the intensity distributions of the optical field on the x-z
and x-y planes diffracted from grating G3, respectively. The
diffraction efficiency of grating G3 is about 47.6%. In this
multigrating platform, the trapped 8’Rb atoms can be excited
by the diffraction of light from grating G3, and the same for
grating G4. With an incident laser power in the waveguide
as low as 1 uW at 780 nm, the electric field strength |E|
on trap centers a;_, dg, and a, is 6.7 x 10%, 7.7 x 10°, and
7.1 x 10 (V/m), corresponding to a coherent Rabi frequency
of Q/2m = 360, 416, and 384 MHz, respectively. Therefore,
in our configuration, the atoms could be efficiently manipu-
lated with very low power consumption.

As a reversal process of excitation, the grating could also
be utilized for collecting the atom emission. Since the waveg-
uide mode is converted to a Gaussian beam in free space,
the grating is equivalent to a lens with a numerical aperture
(NA) of around 0.5, while the waveguide-to-beam conversion
introduces an insertion loss due to the imperfect diffraction
to other directions and also to the substrates. Therefore we
also expect a considerable atom fluorescence collection effi-
ciency from single atoms with comparing with a conventional
composite lens. For instance, in a typical experimental setup
with a NA = 0.5 [50], the collection efficiency is about 2%,
and by accounting for the attenuation due to the polarization
selection and the reflection of the grating, the efficiency of the
fluorescence collection is estimated to be around 0.3%.

For a concrete estimation of the collection efficiency of
the single-photon emissions from the atom, we numerically
solved the energy flux in the waveguide by placing a dipole

at 0. The results for the collection efficiency of grating G3 at
780 nm, which varies with the angle 8 between the dipole po-
larization and the z axis, are summarized in Fig. 5(d). The red
and black curves correspond to the dipole polarization with
¢ = 90° and 65°, respectively. When the dipole polarization is
parallel to the grating groove, thatis, 8 = 90° and ¢ = 90°, an
approximate collection efficiency of 0.66% is obtained. Con-
sidering the spontaneous emission with random polarization,
the total collection efficiency is about 0.22%, which agrees
with the above estimations. With a high collection efficiency,
the designed multigrating is feasible to use for fluorescence
collection, and there is the potential to realize entanglement
between atoms on the same chip through photonic Bell state
measurement [51].

IV. CONCLUSION

In summary, a hybrid photonic-atomic integrated platform
based on multigrating is proposed for on-chip atom trapping,
atomic state manipulation, and readout. For the optical dipole
trap, two 10-mW 850-nm laser light beams are diffracted by
two gratings to form an optical dipole trap of up to 0.85 mK
for a Rb atom. The atoms could be confined in an optical
dipole trap with a potential well radius of around 1.4 um, ef-
ficiently excited by the microwatt-level on-chip 780-nm laser
power, and collected with an efficiency of 0.66%. The design
could be extended to other atom species and could also be ex-
tended to even more gratings. For instance, a two-dimensional
atom lattice could be realized by dipole-trap lasers from
three or four gratings. Further optimization of the grating
structure is possible by more sophisticated chip-to-free-space
conversion devices, such as metasurfaces [52]. Our device is
compatible with other on-chip photonic devices, and it is pos-
sible to integrate all essential optical devices for controlling
and manipulating atoms on a single chip. Therefore our work
provides a unique approach to realize scalable atom arrays,
which hold great potential for applications in sensing, metrol-
ogy [53,54], and quantum information processing [4,6,55].
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