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Abstract

We propose a scheme for a state-insensitive optical dipole trap for single cesium atoms using a
silica microcapillary tube tip. The end of microcapillary tube tip is flat. Simulations show that the
trapping light beam output from microcapillary tube tip interferes and can form a
subwavelength-trap with a full width at half-maximum of 0.67 ym. The trap is small enough to
trap single atoms. The trap depth is more than 1 mK when the optical power of the trapping light
guided by the microcapillary tube tip is only a few milliwatts. The effects of two imperfections,
roughness of end surface and cutting angle, are estimated. The trapping depth for single atom
trapping can be more than 1 mK when the average rms amplitude and average correlation length
of tip surface roughness is smaller than 0.15 m and the cutting angle is smaller than 16 degrees.
Tip sizes on the order of microns are small enough to be combined within micro/nano structures

for hybrid systems.

Keywords: optical dipole trap, single atoms, microcapillary tube tip

(Some figures may appear in colour only in the online journal)

In the last 20 years, single emitters have been a topic of great
interest not only for fundamental physics but also for single
photon sources [1], quantum entanglement [2] and quantum
state manipulations [3], which are the key elements for
quantum communication and quantum information applica-
tions [4]. Trapped single neutral atoms are ideal candidates, as
their interactions with the environment are weak. Recently,
cold neutral atoms or single atoms trapped in hybrid quantum
systems [5-7] have attracted considerable attention. Strong
interactions between atoms and nanostructure fields can be
achieved when cold neutral atoms are trapped in the near field
of a nanostructure [8—10].

However, it is still challenging to trap atoms close to the
surface of nanostructures because of van der Waals forces,
attractive atom-surface forces. Trapping and manipulating
single neutral atoms can be achieved by a microscopic far-oft-
resonance optical dipole trap (FORT) [11]. A conventional
method employs high numerical-aperture objectives with
spherical or aspherical lenses are used to get micrometer-scale
FORTs [12-14]. Single atoms trapped in FORTs can be

0953-4075/17,/045005+-08$33.00

controlled with high accuracy and high numerical-aperture
objectives can collect photons from single atoms efficiently.
However, higher numerical apertures cause shorter working
distances, which usually causes the problem of accessibility
for trapping single atoms close to a hybrid system because of
the huge lens body. Some new methods based on evanescent
fields have been proposed and demonstrated experimentally.
In 1991, atomic traps based on evanescent light were pro-
posed [15] and demonstrated experimentally [16]. In 2004,
Kien et al proposed a method for trapping atoms using the
evanescent field of a nanofiber carrying a red-detuned laser
beam and a blue-detuned laser beam, called two-color traps
[17]. Two-color traps based on nanofibers were demonstrated
by the Rauschenbeutel [18] and Kimble [19] groups experi-
mentally in 2010 and 2011. Recently, Daly et al proposed an
optical dipole trap inside a nanofiber based on a hollow,
rectangular slot cut through an optical nanofiber [20]. Instead
of utilizing the trapping lasers propagating in the nanofibers, a
single atom trap using an incident laser beam perpendicular to
the fiber axis was also studied which showed that the

© 2017 IOP Publishing Ltd  Printed in the UK
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nanofiber could focus the incident light and form a dipole
trap [21].

An increasing number of proposals and methods based
on micro/nano structures are used for atom manipulation.
Micro/nano structures have played an important role in
optical dipole traps, especially in hybrid systems [22]. In
2013, Thompson et al demonstrated that a single atom could
be trapped using a tightly focused optical beam that is retro-
reflected from a nanoscale object [8]. Garcia et al demon-
strated a fiber-coupled optical tweezer to trap a single atom
[23]. Conventional aspherical lenses were used in those
experiments. Since the first demonstration of optical trapping
for particles by Ashkin in 1970 [24], many types of fiber tip
have been fabricated and used for trapping particles [25-33].
These methods are naturally considered to be useful to trap
single neutral atoms. In 2009, Chang et al proposed a method
for trapping and manipulation of individual atoms using a
metallic nanotip similar to optical fiber tips [34]. In 2010, J Fu
et al experimentally demonstrated subwavelength focusing
using a tapered microtube [35]. In 2014, Kato er al experi-
mentally demonstrated that a hemispherically shaped fiber tip
can be fabricated by annealing a fiber taper and can collect
photons from an emitter placed near the beam waist into the
fundamental guided mode efficiently [36]. This technique
may be used to trap single atoms [36]. However, sufficient
distance is needed between the traps and the tip surfaces to
avoid the effects of van der Waals forces for single atom
trapping. In addition, the fabrication of hemispherical
microfiber tips is not easy.

In this paper, we propose and demonstrate a state-
insensitive dipole trap for single cesium atoms using a silica
microcapillary tube tip. It is shown that the guided trapping
light beam output from a silica microcapillary tube tip can
interfere and a trap with minimum potential is formed that is
far enough away from the end surface of microcapillary tube
tip. In addition, the hollow structure of microcapillary tube
tips can reduce the effects of van der Waals forces. The size
of the trapping well is smaller than the sizes of focused spots
by using already-reported high numerical aperture optics. At
this size regime, it can be used to trap single atoms with
strong confinement. The microcapillary tube tip with the size
of a few micrometers is so small that it can be integrated into
a hybrid system. Microcapillary tube tips with flat end sur-
faces are easy to fabricate. In this paper, the wavelength of the
trapping light we use is the ‘magic wavelength’. The trapping
light with magic wavelength causes the same AC-stark shift
to the ground state 6S;,, and the excited state 6P, /3 of the
cesium atom, which means that the relevant atomic properties
remain immune to strong perturbations by optical trapping
fields when the atoms are trapped by magic wavelength light
[37]. The trapping light is red-detuned for the D2 transition
line of cesium atoms. We optimize the parameters and choose
suitable inner/outer diameters of microcapillary tube tips to
yield sufficient trap depth using a low optical power trapping
light guided by the microcapillary. In contrast to conventional
tools, our proposal provides a method for micro/nano struc-
ture-based laser trapping of cold atoms with more confine-
ment. Hybrid systems combining single atom trapping and

/Tapered microcapillary

Microcapillary tube tip
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Figure 1. Schematic diagram of a microcapillary tube tip.

micro/nano structures are one of the difficulties in imple-
menting the protocols of quantum information processing in
experiments based on micro/nano structures. This method
can be used not only in single emitter trappings for integrated
quantum information processing, but also for optical tweezers
in biology or chemistry control and sensing.

Figure 1 shows the diagram of a microcapillary tube tip
schematically. A microcapillary tube tip is connected with a
tapered capillary tube; a guided light propagates from the
tapered capillary tube to the microcapillary tube tip as a
trapping light. The end of the microcapillary tube tip is cir-
cular and flat. We consider that the refractive index in the
silica capillary tube is 1.45 for the magic wavelength of
cesium atoms of 935 nm. The guided modes of trapping light
we use are fundamental TE mode, as shown in the inset of
figure 1. We use the finite difference time domain (FDTD)
method for numerical simulations to obtain electric field
intensity distributions.

In figure 2, we present a typical electric field intensity
distribution output from the microcapillary tube tip. Electric
field intensities are normalized to the maximum intensity in
the microcapillary tube. Figures 2(a) and (b) show the dis-
tributions in the xy and xz planes, respectively. The outer and
inner diameters of the microcapillary tube tip are 4.0 ym and
1.5 pm, respectively. The size is comparable to the nanofiber
structures we use in the next experiments. The trapping light
wavelength is 935 nm. For the fundamental TE mode shown
in the inset of figure 1, there are two patterns guided in the
microtube body. The point with the maximum intensity out-
put from the tip is generated by the interference of the two
patterns output from the microtube body. The light spot with a
maximum intensity is 3.2 um away from the end surface of
the tip. This light can form a trapping well and be used to trap
cold atoms. The end surface of the tip is defined as zero of the
x-axis. The vertical distance between the maximum intensity
point and the end surface of the microcapillary tube tip is
defined as the working distance. Figures 2(c) and (d) show the
electric field intensity distributions along y- and z-axes,
respectively, when x is 3.2 um. Figure 2(e) shows the inten-
sity distribution along the x-axis when y is 0 pm.
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Figure 2. Typical electric field intensity distributions output from the
microcapillary tube tip in the (a) xy and (b) xz planes. The outer
diameter (OD) of the tip is 4.0 pm, while the inner diameter (ID) is
1.5 pm. The end surface of tip is at the zero of the x-axis. Electric
field intensity distribution along the (c) y- and (d) z-axes when X is
3.2 ym (vertical white dash line shown in panel (a) and (b)). (e)
Electric field intensity distribution along the x-axis when y is 0 um
(horizontal white dashed line shown in panels (a) and (b)).

We analyzed the electric field intensity distributions with
different inner diameters ranging from 0.5 ym to 3.5 um,
while maintaining the outer diameter at a constant 4.0 pum.
The intensity distributions with diameters of 0.5, 1.5, 2.5, and
3.5 um, are shown in figure 3(a). We can see that the
microcapillary tube tip can form only one interference spot
with a maximum intensity in the xy plane. However, more
light spots are generated in the xz plane. The reason is that the
distance between the two patterns of fundamental TE mode
increases when the inner diameter of microtube increases
from 0.5 ym to 3.5 um with outer diameter 4.0 pm. In this
case, the number of interference spots increases and the peak
intensities decrease with increasing inner diameter. Only one
interference spot is generated when the inner diameter is
smaller than 2.5 ym in the xz plane. We examine the working
distance and the full width at half maximum (FWHM) versus
the inner diameter, as shown in figure 3(b), where black open
squares and red open circles are the FWHMs along y- and
z-axes, respectively. Larger inner diameters correspond to a
smaller FWHM values. The inner diameter can be smaller
than 1 gum, which can be used to confine and trap single
atoms. The working distance decreases with increasing inner
diameter (blue solid circles). However, when the inner dia-
meter is 3.5 um the working distance is abnormal because the
thickness of tube corresponds to half of the trapping light
wavelength. The working distance is far enough to avoid the
effects of van der Waals interactions. We have calculated the
optical dipole potentials to optimize the microcapillary tube
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Figure 3. (a) Field intensity output from the microcapillary tube tip
with various microcapillary tube tip inner diameters of 0.5, 1.5, 2.5,
and 3.5 um. (b) FWHMs of the trapping well along the y-axis (black
open squares) and z-axis (red open circles) as a function of inner
diameter. Blue solid circles are working distance versus the inner
diameter. The outer diameter is 4.0 ym for all conditions. The
wavelength of trapping light is 935 nm with fundamental TE mode
guided by the microcapillary tube.

tip design for cold atoms trapping according to the electric
field intensity distributions as shown above.

The simulations above indicate that the output of
microcapillary tube tip can form a point with very strong
confinement of the light field, which implies the far-off-
resonance optical trap for single neutral atom manipulation.
High potential of the trap can be reached with a low input
optical power of only a few milliwatts. When a cesium atom
is placed into the output light from the tip, the dipole potential
of an atomic state i with Zeema level m; can be described by

U (w, p, mj) = fia,v (w, p, m;)|E? [11, 38]. The frequency

of the trapping light is w/27. p is 0 (the polarization of
trapping light is approximate to linear polarization along the y
axis because the y-component is much bigger than the other
two components, x and z-components, two orders of magni-
tude). E is electric field and «; is the reduced polarizability
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Figure 4. Three-dimensional color-map surface plot of the total
potential in the xy plane with outer and inner microcapillary tube tip
diameters of 4.0 um and 1.5 pm, respectively. The wavelength of the
trapping light is 935 nm. The effective dipole trap depth is 0.82 mK
with a trapping light power of 6 mW.

which can be described by

A Q2+ 1
a;(w, p, m)) = 67T50c322k(2—k2)
ko Wik (Wi — w?)

2
x(Jil Jk). (1)

m; p —nv

Here ¢ is the permeability of vacuum and c is the speed of
light. The expression within the large parentheses denotes a
Wigner 3-j symbol. Ay; are the Einstein coefficients, wy, /27 is
the transition frequencies and J is the involved angular
momenta. In our simulations, eight transition lines are con-
sidered and all the parameter values can be taken from cesium
atomic line data [39]. Dipole potentials can be obtained
according to the electric field intensity distributions in the
previous section.

Van der Waals potentials have an effect on effect on
atoms when they are near the flat surface of the microcapillary
tube tip. The van der Waals potential is given by
VWpw = —C3/D? approximately, where D is the distance
from the tip surface to the atom. The value of the coefficient
Csis 4.1 x 107> mK pm?3 [16, 40] for silica material.

The total potential can be given by combining the optical
dipole potential and the van der Waals potential, described by
Ut = U + Wpw. Figure 4 shows a typical three-dimen-
sional color-map surface plot of the total potential in xy plane
with outer and inner microcapillary tube tip diameters of
4.0 pm and 1.5 pm, respectively. The power of trapping light
guided by the microcapillary tube is 6 mW. 6 mW can gen-
erate 1 mK trap depth which is commonly used in single atom
trapping experiments [11]. All the parameters are the same as
in figure 2. The trapping well can be seen in figure 4. The
microcapillary tube tip contributes a negative infinite poten-
tial. The minimum potential of the trapping well outside the
tip is —0.96 mK, which can contribute the maximum depth of
the dipole trap 0.96 mK. However, owing to the effects of the

tip body end, there is a point with a potential of —0.14 mK
between the trap center and the microcapillary tube tip body.
We define the effective trap depth of the dipole trap is the
potential difference between this point and the minimum
potential of the trapping well. The effect of the tip body end
reduces the trap depth. Therefore, the effective dipole trap
depth is 0.82 mK which is smaller than the maximum depth of
0.96 mK.

Microcapillary tube tips have two important parameters.
One is the ratio between the inner diameter and the outer
diameter, while another is the value of the outer diameter. We
sweep the two parameters to find the maximum effective
dipole trap depth to optimize the traps. We study the total
potentials by varying the inner diameter from 0.5 pm to
3.5 um with the outer diameter a constant 4.0 ym. The results
are shown in figure 5. Figures 5(a) and (b) show the trapping
well potentials versus y- and z-axes, respectively, with inner
diameters of 0.5, 1.5, 2.5, and 3.5 pum. Figure 5(c) shows the
potentials versus the x-axis with various inner diameters. At
the end of the tip (x = 0) the potentials cannot be affected by
van der Waals forces and a good trapping well can be
obtained. Figure 5(d) shows the depth of the dipole trap
versus the inner diameter. We also show the maximum depth
for comparison (black solid squares). However, the effective
depths in the xy (red solid circles) and xz planes (blue solid
triangles) are much smaller than the maximum depth because
of the effects of the tip body when the inner diameters are
small. The effects of the tip body are reduced when the inner
diameter increases. We eventually obtain the optimal peak
trap depth of 0.82 mK when the ratio between the inner dia-
meter and the outer diameter is 1.5:4 with an outer diameter
of 4.0 ym.

We also optimize the outer diameters when the ratio
between the inner and outer diameter is a constant, 1.5:4. The
results are shown in figure 6. Figure 6(a) shows the FWHMs
along the y- (black open squares) and z-axes (red open circles)
as a function of inner diameter, 1.0, 2.0, 3.0, 4.0, and 5.0 pm.
The FWHMs increase with increasing outer diameter. The
working distance increases with increasing inner diameter
(blue solid circles). We can see that a microcapillary tube tip
with a larger outer diameter can give a longer working dis-
tance. Figure 6(b) shows the dipole trap depth versus the outer
diameter. As a comparison, the maximum depth is also shown
(black solid squares). The effective depths in the xy (red solid
circles) and xz planes (blue solid triangles) are much smaller
than the maximum depth because of the tip body effects when
the inner diameter is small. Finally, we achieve the maximum
trap depth of 1.14 mK when the outer diameter is 2.0 ym and
the ratio between the inner diameter and the outer diameter is
1.5:4. From figure 6(a), the FWHMs in xy and xz planes are
0.85 pm and 0.67 pm, respectively, with the maximum trap
depth of 1.14 mK. The subwavelength trap with this size
0.67 um goes beyond the reported smallest trap yet today by
using the conventional high numerical aperture optics [41],
0.84 pm.

The above results show that the microcapillary tube tip
could be a good device for single atom trapping. The guided
trapping light can propagate from a single mode fiber to the
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Figure 5. Simulation results for optimizing the inner diameter when the outer diameter is 4.0 um. Trapping well potentials versus (a) y-axis
and (b) z-axis with inner diameters of 0.5, 1.5, 2.5, and 3.5 um. (c) Potentials versus x-axis with various inner diameters. (d) Depth of dipole
trap as a function of the inner diameter. The maximum depth (black solid squares) and the effective depths in the xy (red solid circles) and xz

planes (blue solid triangles) are shown in the panel for comparison.

tapered capillary tube tip by splicing the single mode fiber
and the capillary tube. After splicing, the tapered micro-
capillary can be fabricated using a commercial capillary
pulling system or a microheater [41]. Alternatively, the tip
can be fabricated by stretching a commercial capillary tube
with the outer diameter few tens of micrometers by the flame-
brush method, which is a usual method of fabricating micro/
nanofibers [42]. The flat end of the tip can be cut by using a
fiber cleaver or focused ion beam milling. Microcapillary tube
tip imperfections caused by fabrication are inevitable. They
may reduce the trapping depth of dipole traps formed by the
microcapillary tube tip. To study the feasibility of this pro-
posal we analyze the trapping depth reduced by two possible
imperfections: roughness of cutting surface and cutting angle.
We build a model which is a microcapillary tube tip with a
rough cutting surface or an angled cutting. For the roughness
of cutting surface, average rms amplitude (ARA) and average

correlation length (ACL) of surface roughness are two key
parameters to describe the roughness of a surface. Figure 7(a)
shows simulations of the trapping depths as a function of the
ARA when ACL is 0.1 pm. Figure 7(b) shows simulations of
the trapping depths as a function of the ACL when ARA is
0.1 pm. The black solid squares are maximum depth and the
red solid circles and blue solid triangles are effective depth in
xy and xz planes. The effective depth in the xy plane decreases
as the ARA or ACL are increased, while the effective depth in
the xz plane increase a little bit when the ARA or ACL
increases. The trapping depth as a function of the ARA and
ACL show the same trend. In figure 7(a) the effective depth in
xy plane is seen to decay to 1 mK when the ARA increases to
0.15 pm. It is easy to fabricate good surfaces with ARA and
ACL smaller than 0.15 pm using focused ion beam milling
with sub-nanometer precision. In brief, we can get a dipole
trap with enough trapping depth (1 mK) for single atom
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Figure 6. Simulation results for optimizing the outer diameter when
the ratio between the inner and outer diameters is a constant, 1.5:4.
(a) FWHM of the trapping well along the y-axis (black open squares)
and z-axis (red open circles), and the working distance (blue solid
circles) as a function of the outer diameter (1.0, 2.0, 3.0, 4.0, and
5.0 um). (b) Depth of the dipole trap as a function of outer diameter.
The maximum depth (black solid squares) and the effective depth in
xy (red solid circles) and xz planes (blue solid triangles) are shown in
the panel for comparison.

trapping using a microcapillary tube tip with an imperfect
surface. In addition, higher optical dipole laser power can
compensate trapping depth reduction due to an imperfect
surface of microcapillary tube tip. Except for roughness of
surface, it is not easy to keep the end surface of microcapillary
tube tip perpendicular to the axis of tube during the fabrica-
tion, especially when the diameter of tube is just few microns.
To estimate the effect of this imperfection we vary the angle
between tube axis and normal line of end surface, called
cutting angle, from 0 to 45 degree. The result is shown in
figure 8. We can see that effective depths in xy and xz planes
keep constant when the cutting angle is less than 16 degrees,

T T
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Figure 7. (a) Simulations of the trapping depths as a function of the
ARA when ACL is 0.1 ym. (b) Simulations of the trapping depths as
a function of the ACL when ARA is 0.1 pym. The maximum depth
(black solid squares) and the effective depth in xy (red solid circles)
and xz planes (blue solid triangles) are shown in the panel for
comparison.

while they decay rapidly when the angle is more than 25
degrees. We can get the trapping depth to be more than 1 mK
when the cutting angle is smaller than 25 degrees. The con-
trollable fabrication imperfections shown above would not
affect the performance of the scheme.

The microcapillary tube tip can collect the fluorescence
of single atoms trapped efficiently and thus single trapped
atoms can be detected by using fluorescence collections. We
have simulated the collection efficiency of a single atom using
the FDTD method and the collection efficiency can reach
19% which is much higher than reported in [12]. In addition,
the position of the trapped single atoms can be controlled
precisely by moving the microcapillary tube tips. The
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Figure 8. Simulations of the trapping depths as a function of the
cutting angle. The maximum depth (black solid squares) and the
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triangles) are shown in the panel for comparison.

fabrication of a microcapillary tube tip for single atom trap-
ping is underway.

In conclusion, we have given a feasible scheme of a
state-insensitive dipole trap for single neutral cesium atoms
by a microcapillary tube tip. The results show that a micro-
capillary tube tip with an outer diameter of about 2.0 yum and
ratio between the inner diameter and the outer diameter 1.5:4
can confine a trapping light tightly and form a trapping well
with depth of 1.14 mK. The full width at half-maximum of the
trapping well can reach 0.67 um. The subwavelength-trap can
be used to control single atoms with more confinement, while
large distances between the trap and tip surface avoids the
effects of van der Waals forces. Microcapillary tube tips of a
few micrometers in diameter can provide a 1 mK dipole trap
with an optical power of only 6 mW. The effects of two
imperfections, roughness of end surface and cutting angle of
microcapillary tube tip, are estimated. We can get enough
trapping depth for single atom trapping, 1 mK, when the ARA
and ACL is less than 0.15 ym and the cutting angle is less
than 16 degrees. The tips with the order of micrometer size
are small enough to be combined with micro/nano structures.
Hybrid systems combining single atom trapping and micro/
nano structures have become useful and significant candidates
for integration technology and quantum networks, which are
important elements of quantum information processing.
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