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Abstract: We propose a tailored-waveguide based photonic chip with the
functions of trapping, coherently manipulating, detecting and individually
addressing an array of single neutral atoms. Such photonic chip consists
of an array of independent functional units spaced by a few micrometers,
each of which is comprised of one silica-on-silicon optical waveguide
and one phase Fresnel microlens etched in the middle of the output
interface of the optical waveguide. We fabricated a number of photonic
chips with 7 functional units and measured optical characteristics of
these chips. We further propose feasible schemes to realize the functions
of such photonic chip. The photonic chip is stable, scalable and can
be combined with other integrated devices, such as atom chips, and can
be used in the future hybrid quantum system and photonic quantum devices.
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1. Introduction

Single neutral atom trapped in an optical dipole trap [1] has excellent coherence properties and
long lifetime. And qubit which is encoded in two hyperfine ground states of the single atom can
be initialized by optical pumping and measured with nearly 100 % efficiency by using state-
dependent optical fluorescence detection. Controlled quantum gates and entanglements can be
realized through appropriate interactions between atoms by using the Rydberg blockade mech-
anism [2, 3]. All these characteristics make trapped single neutral atom a promising candidate
for storing and processing quantum information.

In the last few years, a few impressive achievements have been obtained in this research field,
such as near-deterministic preparation of a single atom [4], single-qubit operations [5-7], Ry-
dberg blockade between two trapped atoms [8, 9], neutral atom controlled-NOT quantum gate
[10] and entanglement [11], single-atom addressing in an array of neutral-atom qubits [12-14],
and so on. In these researches, optical dipole microtrap is formed by a tightly focused Gaus-
sian beam with high numerical-aperture lens. Scaling of optical dipole microtrap is realized
by using spatial light modulators [12, 15, 16]. Meanwhile, above trapped-single-atom schemes,
realized in bulk optics, suffer from severe drawbacks, such as bad stability, poor precision and
large physical size. Consequently, these schemes by using bulk-optical components are limited
in the future practical applications.

To beat these limitations, people developed a new research field, so called atom chip [17,18],
which combines the well developed techniques for manipulation of atomic quantum states with
the advanced microfabrication technology. The fast development of atom chip advances the
applications of cold atom physics in atom interferometer, atom clock and quantum information
processing. Recently, silica-on-silicon waveguide quantum circuits were used to implement the
first integrated linear optical control-NOT gate [19]. An optical waveguide integrated on atom
chip was used to engineer quantum state of flying atoms [20], where the atoms could not be
trapped. Arrays of waveguide-coupled optical cavities were proposed in [21]. Besides, coherent
transport of two-dimensional array of small atom ensembles in a shift register architecture was
realized [22] by using a two-dimensional array of spherical, diffractive microlenses with a pitch
of 125 um [23]. Inspired by these works, we propose a photonic chip which consists of an array
of independent functional units spaced by a few micrometers, each of which is comprised of one
silica-on-silicon optical waveguide and one phase Fresnel microlens etched in the middle of the
output interface of the optical waveguide. Such photonic chip can be used to trap, coherently
manipulate and detect an array of single neutral atoms. And this chip has additional functions:
individually addressing and controlling the interactions between neighboring single atoms by
using the Rydberg blockade mechanism. Moreover, the monolithic nature of such photonic chip
means that it is miniaturized, stable, scalable in one-dimension and two-dimension, and can be
combined with other integrated devices, such as atom chip, making it more applicable in future
hybrid quantum system [24] and photonic quantum devices.

In this paper we describe the design and fabrication of such photonic chip, and measure-
ments of the propagation characteristics of lights through this chip. We further describe realistic
schemes for trapping, coherently manipulating, detecting and individually addressing an array
of single neutral atoms with such photonic chip.
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2. Design, optimizations of relevant parameters and fabrication of the photonic chip

To realize the functions of trapping, coherently manipulating, detecting and individually ad-
dressing an array of single neutral atoms, the photonic chip must be designed to satisfy several
key requirements: (i) single mode operation: light for trapping single atom and fluorescence
from the trapped single atom should propagate in the optical waveguides in single-mode; (ii)
mode matching: the transverse mode sizes of dipole trap light beam, fluorescence light in the
waveguides should be comparable to the core size of conventional single-mode optical fiber;
(iii) the crosstalk between neighbouring waveguides should be as low as possible; (iv) dipole
trap light should be tightly focused by the microlens to a spot with a waist size of typically
smaller than 4 um, in collisional blockade regime [25], resulting in only one atom trapped in
one dipole trap; (v) trapped single atoms should be close to each other, to realize the controlled
interactions between neighboring atoms by using the Rydberg blockade mechanism.

In the following discussion, rubidium-87 atom with the resonance wavelength of 780 nm,
is chosen as the trapped atom. The wavelength of dipole trap light is chosen to be about 830
nm. The most promising material to meet these requirements is silica (SiO>), with a low level
of doping, grown on a silicon substrate. An appropriate refractive index contrast is chosen to
give single-mode operation at both 780 nm and 830 nm in optical waveguides with a 4-um-
square core, which is comparable to the core size of conventional single-mode optical fiber. An
array of parallel optical waveguides are spaced at the output interface of the chip by several
micrometers. These waveguides flare out at the input interface of the chip so that optical fibers
can be connected. A phase Fresnel microlens with an appropriate focal length is etched at the
output interface of each optical waveguide. The center of phase Fresnel microlens coincides
with the center of the optical waveguide. The schematic of the photonic chip is shown in Fig. 1.

(a) f (b)
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Fig. 1. Schematic of the photonic chip. An array of parallel optical waveguides (a)(for clar-
ity, only three are shown) with a 4-pm-square core are spaced at the center of the chip by
10 um. A phase Fresnel microlens with 16 steps and focal length of 13 um is etched in the
middle of the output interface of each waveguide, as shown in (b). The center of microlens
coincides with the center of optical waveguide. The dipole trap light is transported into the
chip through optical fiber connected at the input interface of the chip, and focused by the
microlens to form optical dipole microtrap with a waist size of about 1.5 um, which can
trap only one atom. Due to the array arrangement of waveguides and microlenses, the chip
can be used to trap single-atom array.

In order to choose optimal parameters of the photonic chip, we performed several simulations
of the propagation characteristics of the lights through the waveguides and microlenses using
Rsoft’s beam propagation method (BPM) package [19, 26, 27].

Several simulations of single waveguide with different refractive index contrasts were per-
formed to determine the appropriate parameters which satisfy the key requirements of single
mode operation and mode matching. The optimal refractive index contrast is chosen to be about
0.7% when the waveguide core is set to 4-um-square. The intensity profiles of the dipole trap
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light at 830 nm and fluorescence light at 780 nm in the waveguide with the chosen parameters

are shown in Fig. 2.
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Fig. 2. Simulations of the propagation characteristics of the lights at 780 nm and 830 nmin
single waveguide with optimal refractive index contrast of 0.7 % and a 4-um-square core.
(a) and (c) show the transverse intensity profiles of the fundamental modes of lights at 780
nm and 830 nm, respectively. (b) and (d) show the intensity profiles of the lights at 780 nm
and 830 nm in the direction of propagation, respectively. These results imply that the lights
at 780 nm and 830 nm propagate in the waveguide with chosen parameters in single mode.

Fixing the refractive index contrast and core size of single waveguide, we simulate the propa-
gation characteristics of the light at 780 nm in 3 parallel waveguides with different separations,
as shown in Fig. 3. To realize the controlled interactions between neighboring atoms by us-
ing Rydberg blockade mechanism, the separation between neighboring waveguides should be
expected to be as small as possible. On the other hand, the crosstalk will be a severe prob-
lem if the waveguides are too close to each other, as shown in Fig. 3(a), from which obvious
crosstalks exist when the separation is 8 um. After detailed simulations, the separation between
neighboring waveguides is chosen to be 10 um as a compromise, where the crosstalk between
neighboring waveguides is negligible, as shown in Fig. 3(b), and Rydberg blockade also works
well [8]. The same simulations of the light at 830 nm were also performed, and the results show
that the separation of 10 ym is a good choice.

We further simulated the intensity field profiles of the lights at 780 nm and 830 nm through
the photonic chip to determine the focal length of phase Fresnel microlens. The microlens is
set to 16 steps to minimize the transmission loss. We find that if the focal length is chosen to
be less than 10 um, the lights are tightly focused, but the waist of the focused lights is too
close to the microlens; If the focal length is increased to more than 20 um, the light beams are
weakly focused, resulting in that single atom could not be trapped. The optimal focal length of
the microlens is chosen to be 13 um, where the light at 830 nm is tightly focused to a spot with
waist radius of 1.5 um at the distance of about 11 um from the microlens, and the light at 780
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Fig. 3. Simulations of the propagation characteristics of light at 780 nm in 3 parallel waveg-
uides with different separations. The dashed black squares and rectangles represent the
waveguide core. The intensity profiles in transverse (a) and in the propagation (b) direc-
tions in 3 parallel waveguides with the separation of 8 um are shown, in which there is
obvious crosstalk between neighbouring waveguides. (c) and (d) show the intensity pro-
files in transverse and propagation directions in 3 parallel waveguides with the separation
of 10 um, respectively. With this separation, the crosstalk is negligible and Rydberg block-
ade also works well.

nm is focused to a spot with waist radius of about 1.4 um at the distance of about 10 um from
the microlens. The corresponding intensity field profiles of the lights at 830 nm and 780 nm
through the chip are shown in Figs. 4(a) and 4(b), respectively.

Choosing appropriate parameters, such as refractive index contrast, size of the optical waveg-
uide core and focal length of the microlens, the photonic chip works for other neutral atoms as
well. The photonic chip can easily scale up in one-dimension by arranging the parallel op-
tical waveguide one by one linearly. Scaling in two-dimension can be realized by arranging
the waveguides in two-dimension fabricated by using direct UV laser waveguide writing tech-
nique [28].

When an atom is placed into the focused laser, a dipole potential Ugip = %gl (r) arises
from the induced dipole moment of the atom in the light field, where A = @ — ax i)s the detunig,
I is atomic natural linewidth, @ is atomic resonant transition frequency, o and I(r) are the
frequency and intensity of the laser, respectively. In our case, the dipole laser wavelength is 830
nm, A < 0. The resulting dipole potential is negative, thus atom will be attracted to the position

with maximum intensity. The trap depth Uy is given by Uy = Uy — Uyo, Where Uy = %%Gﬂl
0
is the dipole potential in the focus, U;, = %g% is the dipole potential at the output interface

of the chip, o1 and o, are the area of transverse mode of light at the focus and microlens
surface, respectively. Obviously, the trap depth Uy is proportional to the input laser power P.
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As a rule [29], the trap depth U; should be large compared to the mean atomic energyi,i.e.
U > nkgT, where T is the atom temperature, n =5 — 10. As an example, for an atom with a
temperature T = 50uk, the trap depth should be at least U; ~ 500 uK, which corresponds to an
input power about 12 mW. The axial and radial dipole potentials are calculated with the input
power 12 mW, shown in Figs. 4(c) and 4(d).

The extremely small focal spot wg ~ 1.5 um at 830 nm means that the dipole trap formed
by the focused light has extremely small trap volume, which is proportional to vva1 Due to the
collision blockade effect, only one atom can be trapped in this trap.

The lifetime of single atom in a dipole trap is determined mainly by the collisional induced
loss with the background gas atoms, heating induced losses arising from the Stark shift, and the
intensity fluctuation of the dipole light [30]. Under the condition that the background pressure
is a few 10~7 Pa, and both the position and intensity of the dipole light are well stabilized, the
lifetime of single atom can be several second. In our case where the single atom is more than
10 um away from the dielectric surface and the trap depth is enough high, the Casimir-Polder
surface effect does not effect the trapped atom significantly [31-33].

20
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Fig. 4. Simulations of the intensity profiles of the lights at 830 nm (a) and 780 nm (b)
focused by the microlens with 16 steps and the focal length of 13 um. The waveguide core
(dashed black square) and microlens (dashed black arc) are superimposed on the intensity
profiles. The light at 830 nm is strongly focused by the microlens to a spot with a waist
size of about 1.5 um at the distance of about 11 um. The propagation characteristics of the
focused light at 780 nm is nearly same as that at 830 nm. (c) and (d) are the axial and radial
dipole potential, respectively, when the power of the dipole microtrap is about 12 mW.

Following the above design, we fabricated a number of photonic chips with 7 functional units.

The chips were made in two steps: fabrication of optical waveguides and etching of phase Fres-
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nel microlenses. The optical waveguides were manufactured on a 0.5-mm-thick silicon wafer.
A 15-um-thick layer of silica as the lower cladding of the waveguides, was grown by thermal
oxidation. A second layer of silica, doped with germanium to achieve a 0.7 % refractive index
contrast, was created by flame hydrolysis deposition. The waveguide cores were created with
standard optical lithography techniques. A further 20-um-thick silica layer of upper cladding
was doped with boron and phosphorus to match the refractive index of the lower cladding. After
the output interface of the optical waveguides was polished, 7 phase Fresnel microlenses were
fabricated by focused lon beam etching technique as following: the center of phase Fresnel
microlens was carefully aligned to coincide with the center of each optical waveguide. Turning
on the focused ion beam with calculated phase pattern, a series of 16 concentric rings with
different height were etched into the output interface of the waveguide to generate a = phase
shift. The diameter of fabricated microlens is 9.47 um, the height of each step is 113 nm.

3. Measurements of propagation characteristics of lightsthrough the photonic chip

We measured the propagation characteristics of the light at 830 nm and 780 nm through the
photonic chips to confirm whether the fabricated photonic chips satisfied the design require-
ments.

Firstly, we measured the focal spot sizes of light at 830 nm focused by microlens. The light
emitting from the chip was Gaussian transformed by a doublet lens with a focal length of 30
mm, where the magnification is 39, and the waist spot of the transformed light was imaged on an
EMCCD camera, as showed in Fig. 5. The image indicates that the light propagates well in the
waveguide in single mode, and the crosstalk between neighbouring waveguides is negligible.
The magnified waist spot size was Gaussian fitted to about 59 um. Accordingly, the waist sizes
focused by microlens are 1.5 um, which agrees with the simulation value. Figure 5(b) shows
array of optical microtaps where two independent light beams at 830 nm are transported into
two neighbouring waveguides respectively.

Channel 2, 3

Channel 4, 5

Channel 6, 7

Fig. 5. Images of lights from the waveguides. (a) Magnified image of the waist spot of
the light at 830 nm focused by microlens, where the magnification is 39. (b) Array of
optical microtaps where two independent light beams at 830 nm are transported into two
neighbouring channels respectively.

We further compared the propagation features of the light at 780 nm emitting from two
neighbouring channels with the separation of 10 um. Channel 1 is a waveguide, channel 2 is
comprised of a waveguide and a microlens with the focal length of 13 um. In the experiment
EMCCD camera was moved along the optical axis and the corresponding light spots were meas-
ured, where the magnification is 8.5. From the results shown in Fig. 6, we can conclude that the
light emitting from channel 2 diverges more severely, which implies that this light has a smaller
waist size, in other words, this light is focused by microlens. The lights are approximated to
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Gaussian beams. In the far field region where the measurements were performed, the angle of
divergence 6 remains unchanged, 6 = A /(rw) = y/[1000(x— a)], where w is the spot size, a is
the position of the waist. The measured data are linearly fitted where the linear fitting function
isy=1000(x—a)A /(mw). The fitted value w is divided by the magnification 8.5. Then we can
conclude that the waist size of the laser beam focused by the microlens is wp = 1.5 um, which
is in collisional blockade region. The size of the light emitting from channel 1 is about 2.3 um.

Both of the measurements confirmed that the chip could be used to trap an array of single
atoms.

1500

10 pm

Channel 2
Channel 1
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Fig. 6. Measurements of the propagation characteristics of the light at 780 nm emitting
from channel 1 and 2 where the magnification is 8.5. Inset: the SEM image of channel
1 and 2. The measured data are nearly linear. The waist size of the light focused by the
microlens is fitted to be about 1.5 um, which is in collisional blockade region. The size of
the light emitting from channel 1 is about 2.3 um.

4. Schemesfor trapping, manipulating, detecting and addressing an array of single neu-
tral atomswith the photonic chip

With the chip in hand, in the future, array of single atoms could be formed and manipulated in
the following way:

4.1. Trapping of array of single atoms

Several independent dipole trap light beams with appropriate power are transported by single-
mode optical fibers into the photonic chip, and tightly focused by the microlenses on the output
interface of the chip, forming an array of parallel dipole microtraps with waist sizes of about
1.5 um. Dilute cold atom cloud is transported into the region where array of dipole microtraps
locate, by means of releasing from a magneto-optical trap above the photonic chip, or moving
a cold atom cloud by atom chip combined with the photonic chip. The density of cold atom
cloud which is proportional to the loading rate of dipole microtrap, should be low enough to
ensure only one atom, on average, in each microtrap volume. To induce light-assisted collisions
and image the sample, the atoms are illuminated by a weak quasi-resonant probe beam and a
repumping laser beam. Because of collisional blockade mechanism, only a single atom can be
loaded in each dipole microtrap with enough high trap depth and very small trap volume.
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4.2. Fluorescence detection of single atom

The fluorescence from the trapped single atom is collected by the microlens, and transported
to a single-photon counting avalanche photodiode (APD) by the corresponding waveguide and
optical fiber. Small transverse mode size of the optical waveguide limits the solid angle of
the microlens, resulting in about 1% of collection efficiency of fluorescence signal. Moreover,
fluorescence collected by other microlens could not propagate in the corresponding waveguide
due to large incident angle.

4.3. Sngle-qubit operation

We define the logical states as [0) = |F =1,mg =0) and |1) = |F = 2,mg = 0). The trapped
single atom is optically pumped into the state |1). Single-qubit manipulations between the states
|0) and |1) are performed by two-photon simulated Raman transitions. Raman lasers are red-
detuned by about 60 GHz from the D1 transition and separated by 6.8 GHz. Raman lasers
are superimposed on the dipole trap light prior to transporting into the photonic chip by the
same optical fiber. The propagation characteristics of the coherent manipulation lights in the
photonic chip are nearly the same as that of the dipole trap light. The coherent manipulation
light, focused by microlens nearly at the waist of the dipole trap, will only interact with the
corresponding trapped single atom, and will not illuminate the neighbouring atoms. By this
way single qubit operation between two hyperfine ground states can be realized.

4.4. Two-photon processes for Rydberg excitation

In our case, the separation between neighboring atoms is 10 um. Thus single atom must be
excited to high-lying Rydberg levels with principle quantum number n > 80 to get a strong
two-atom blockade effect [8]. Two-photon Rydberg excitation scheme in our chip illustrated
in Fig. 7, is similar to the schemes in [8] and [9]. The relevant levels are shown in Fig. 7(a).
We choose the intermediate state [5P3/,, F = 2) and the Rydberg state [80Ds,, mj = 5/2). The
80d Rydberg levels provide B/2w >3 MHz of blockade shift for the seperation 10 um, which is
sufficient for a strong two-atom blockade effect [8]. First two atoms are prepared in the ground
state [5S; /»,F = 2). Then the atoms are excited to the Rydberg state by a two-photon transition
with a m-polarized laser at 780 nm and a o -polarized laser at 480 nm, as represented in Fig.
7 (a). The 780 nm beam is tuned about 1 GHz to the red of the [5S, ,,F =2) — [5P;/,F = 2)
transition. Each 780 nm beam transports through the chip and illuminates the single atom, as
shown in Fig. 7(b). One 480 nm beam with waist of about 5 um illuminates the single atoms
along x next to the chip. During the excitation, the dipole traps should be turned off.

The Rabi frequency of the two-photon transition from the ground state to the Rydberg state is
Q =Cx Q7800480 /2A, where Qg is Rabi frequency of the 780 nm laser, Qago is Rabi frequency
of the 480 nm laser, A is the laser detuning from the intermediate state, C = (A —A3/2)/(A—
Ags) with Apz /27 = -267 MHz being the hyperfine splitting of the [5P;,F = 2,3) levels. For
typically experimental parameters of A/2r = -1 GHz, laser beam powers of P;go = 0.5 uW,
Pigo = 20 mW and waists wrgg = 1.5 um, wygg = 8 um, the Rabi frequency of the two-photon
transition Q/2x = 5.3 MHz.

Rydberg atom with a large polarizability will strongly interact with nearby walls [34-37] and
electric fields [38]. The strong interaction will shift the Rydberg energy levels and reduce the
lifetime of the Rydberg state. Spreeuw’s group [34] studied the surface effects due to adatoms
accumulated on the surface during experiments, they suggested to prevent the effects by using
a magnetic field gradient to push the atoms away from the surface, or to use different coating
material on the surface, or to increase the desorption rate of adatoms. Pfau’s group [36] studied
the coherent excitation of Rydberg atoms with n = 30 — 50 in a thermal vapor microcell. They
found that microcells with a size on the order of the blockade radius (about 2 ym) are robust.
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Fig. 7. Two-photon Rydberg excitation scheme to be used in the chip. (a) The relevant
levels and laser excitation frequencies. (b) The arrangement of the excitation lasers for
two-photon processes.

A very recent work [37] reported a way to cancel the electric field on quartz surface by Rb
adsorbate-induced negative electron affinity. Actually our device works in very dilute atomic
cloud and high vacuum condition. Few Rb atoms absorbed on surface can be expelled by using
light induce atom desorption method [39].

4.5. Individually addressing

For each trapped atom, there is one and only one independent “channel” comprised of optical
fiber, waveguide and microlens to transport dipole trap light, fluorescence light and coherent
manipulation light. In contrast to previous experiments which used either a microelectrome-
chanical beam steering system [13], magnetic field gradient [40], auxiliary Stark shifting optical
beams in conjunction with microwave fields [12] or Rydberg excitation laser [14], individual
addressing in our photonic chip is realized by switching independently the coherent manipula-
tion light by electro-optical modulators in the light path. The switch time can be as short as a
few ns, determined by the electro-optical modulators.

5. Conclusion

In conclusion, we designed and fabricated a tailored-waveguid based photonic chip, and meas-
ured the optical characteristics of this chip. The results confirmed that the chip can be used to
trap, coherently manipulate, detect and individually address array fo single neutral atoms. This
photonic chip will find important applications in hybrid quantum system and photonic quantum
devices in the future.
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