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Editors’ Suggestion

Optical trap for an atom around the midpoint between two coupled identical
parallel optical nanofibers
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We study the trapping of a ground-state cesium atom in a small region around the midpoint between two
coupled identical parallel optical nanofibers. We suggest using a blue-detuned guided light field in the odd
&,-sine array mode to produce an optical potential with a local minimum of exactly zero at the midpoint between
the nanofibers. We find that the effects of the van der Waals potential on the total trapping potential around the
minimum point are not significant when the fiber separation distance and the power of the guided light field are
large. For appropriate realistic parameters, a net trapping potential with a significant depth of about 1 mK, a large
scattering-limited coherence time of several seconds, and a large recoil-heating-limited trap lifetime of several
hours can be obtained. We investigate the dependencies of the trapping potential on the power of the guided light
field, the fiber radius, the wavelength of light, and the fiber separation distance.
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I. INTRODUCTION

Optical nanofibers are tapered fibers with a subwavelength
diameter and significantly differing core and cladding refrac-
tive indices [1]. Optical nanofibers have been investigated for
various applications in nonlinear optics, atomic physics, quan-
tum optics, and nanophotonics [1-4]. In particular, nanofibers
have been used for trapping and optically interfacing cold
atoms with guided light fields [5-20].

A successful technique for trapping atoms near a nanofiber
is to combine optical dipole forces of a blue- and a red-
detuned guided light field [5,6]. This two-color trap scheme
has been experimentally realized for laser-cooled alkali-metal
atoms at about 200 nm from the nanofiber surface [7,8,10-
13]. Other waveguide-based atom traps have been proposed
and investigated, such as a combination of the attractive po-
tential of a red-detuned guided field and the repulsive potential
of the centrifugal force [14], interference of higher-order
modes [15,16], a diffracted laser field impinging perpen-
dicularly to the fiber [17], a helical two-color trapping
potential [18], a combination of fictitious and real magnetic
fields [19], a nanofiber with a slot [20,21], and an alligator
photonic crystal waveguide [22-25].

Coupled waveguides play an important role in numerous
optical devices such as multicore fibers, optical directional
couplers, polarization splitters, ring resonators, and inter-
ferometers [26-28]. Recently, optical devices composed of
twisted or knotted nanofibers have been fabricated [29]. Cou-
pling between two nanofibers has been studied [29,30] in
the framework of the coupled mode theory [26-28]. It has
been shown that the guided normal (array) modes of two
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coupled dielectric rods can be calculated by using the circular
harmonics expansion [31]. This method has been extended
to multicore fibers [32-35]. The propagation constant and
the flux density of the field in a guided normal mode have
been studied [31,35,36]. The polarization patterns [35] and the
mode cutoffs [37] have been investigated. In optomechanics,
forces arising from internal illumination by light traveling in
coupled waveguides have been studied [38], and light-guiding
arrays of mechanically compliant glass nanospikes have been
fabricated [39].

Recently, the spatial distributions of the fields in the guided
array modes of two coupled parallel nanofibers have been ex-
amined [40]. It has been shown that the distribution of the field
intensity in the odd &;-sine array mode has a local minimum of
exactly zero at the midpoint between the nanofibers [40]. This
feature can be used to trap atoms with a single blue-detuned
light field. In order to realize an optical trap for atoms in
a small region around the midpoint between the nanofibers,
we need to produce an optical potential that can dominate
the surface-induced van der Waals potential in the trapping
region. The parameters for the system must be realistic, while
the characteristics of the obtained trapping potential must
be appropriate for applications. The possibility of trapping
atoms between two parallel nanofibers may open up new
applications in nonlinear optics, quantum optics, and quantum
information. While a setup with infinite, parallel nanofibers
might be currently hard to realize, the configuration is also
somewhat similar to a slotted fiber [20,21] or an alligator
photonic crystal waveguide [22-25]. Therefore, it is desirable
to study this issue in detail.

In this work, we study the possibility of trapping a ground-
state cesium atom in a small region around the midpoint
between two coupled identical parallel optical nanofibers. We
investigate the dependencies of the trapping potential on the
power of the guided light field, the fiber radius, the wavelength
of light, and the fiber separation distance. We show that a
blue-detuned far-off-resonance field in the odd &£;-sine array
mode can produce a trapping potential around the midpoint
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FIG. 1. Two coupled identical parallel optical nanofibers (a) and
the geometry of the system (b).

between the nanofibers with a significant depth, a large
scattering-limited coherence time, and a large trap lifetime.

The paper is organized as follows. In Sec. II we describe
the model of two coupled identical parallel optical nanofibers
and discuss the properties of the spatial field distribution in
the odd &,-sine array mode. In Sec. III, we calculate the
trapping potential of an atom outside the nanofibers. Finally,
we conclude in Sec. IV.

II. ODD &,-SINE ARRAY MODE OF TWO IDENTICAL
PARALLEL NANOFIBERS

We study two identical vacuum-clad, optical nanofibers
that are aligned parallel to each other in the direction of the
fiber axis z (see Fig. 1). The fibers are labeled by the indices
j = 1 and 2. Each nanofiber j can be treated as a dielectric
cylinder with a radius of a; = a and a refractive index of n; =
ny > 1, surrounded by an infinite background of vacuum or
air with a refractive index of ng = 1. The nanofiber diameters
are a few hundreds of nanometers. Depending on the fiber

size parameter V = kav n? — n(z), an individual nanofiber j
can support either a single mode or multiple modes. Here,
k = w/c is the wave number of light with the optical fre-
quency o in free space. We are interested in the normal modes
of the two-fiber system. We assume that the fibers are fixed in
space and are, therefore, not interested in the van der Waals
interaction between them.

We introduce the global Cartesian coordinate system
{x,y,z}. Here, the z axis is parallel to the z; and z, axes
of the fibers, the x axis is perpendicular to the z axis and
connects the centers O; and O, of the fibers, and the y axis is

perpendicular to the x and z axes (see Fig. 1). The plane xy is
the transverse (cross-sectional) plane of the fibers. The x and
y axes are called the radial and tangential axes, respectively,
of the two-fiber system [see Fig. 1(b)]. The positions of the
fiber centers O and O, on the x axis are O = —(a + d/2)
and O, = a+d/2, where d is the fiber separation distance.
We introduce the polar coordinate system {r, ¢} associated
with the central Cartesian coordinate system {x, y}. For each
individual fiber j, we introduce the local polar coordinate
system {7}, @;}.

We consider a light field with an optical frequency, w,
which propagates in the +z direction with a propagation
constant, 8. The electric and magnetic components of the
field can be written as E = [Ee /@ =F) £ c.c.]/2 and H =
[He i@ =P 4 ¢.c.]/2, respectively, where £ and # are the
slowly varying complex envelopes.

The normal modes of the coupled fibers are called array
modes. The exact theory for the guided normal modes of two
parallel dielectric cylinders has been formulated in Ref. [31].
According to Ref. [31], there are four kinds of normal modes,
denoted as even &,-cosine, odd &,-cosine, even &,-sine, and
odd &, -sine array modes. We are interested in the case where
the fiber radii are small enough that no more than one normal
mode of each of the four kinds can be supported. It has been
shown that, for an odd &,-sine array mode of two coupled
identical parallel fibers, the electric intensity distribution at-
tains a local minimum of exactly zero at the two-fiber center
(the midpoint between the nanofibers) [40].

We employ the theory of Ref. [31] to calculate the propa-
gation constant and the spatial distribution of the field in an
odd &;-sine array mode of two identical parallel vacuum-clad
silica nanofibers [40]. The key results of Ref. [31] for this
mode are summarized in the Appendix. We solve Egs. (A6)
and use the expressions (A1), (A2), and (A8) to calculate the
components of the field. In our numerical calculations, the
infinite number of circular harmonics is truncated at a finite
number Ny in the range from 9 to 19. The value of Nyax
is chosen such that the propagation constant converges and
the boundary conditions are satisfied with reasonable accu-
racy [31]. To calculate the refractive index ny of the silica
nanofibers, we use the four-term Sellmeier formula for fused
silica [41,42].

We plot in Fig. 2 the propagation constant 8 of the odd
&,-sine array mode as functions of the fiber radius a, the
light-field wavelength A, and the fiber separation distance d.
We observe from Figs. 2(a) and 2(b) that the odd &, -sine
array mode has cutoffs in the dependencies of 8 on a and A.
The position of a cutoff is determined by the solution to the
equation B/k =1 [31].

We display in Fig. 3 the cross-sectional profile and the
axial profiles of the electric intensity distribution |E|* of the
field in the odd &;-sine array mode of two identical parallel
nanofibers. We see from the figure that |£|? is symmetric with
respect to the principal axes x and y. Figures 3(b) and 3(c)
show that the electric field £ of the odd &,-sine array mode is
exactly equal to zero at the midpoint (x, y) = (0, 0) between
the nanofibers. This feature of the odd &,-sine array mode
can be used to trap ground-state atoms with a blue-detuned
light field [43-45]. The existence of a local minimum of
exactly zero at the two-fiber center is due to the destructive
interference between the fields of the individual fibers in the
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FIG. 2. The propagation constant 8 of the odd & -sine array
mode, normalized to the free-space wave number k, as functions of
(a) the fiber radius a, (b) the light-field wavelength A, and (c) the
fiber separation distance d. The parameters are (a) A = 780 nm and
d = 300 nm, (b) a = 200 nm and d = 300 nm, and (c) @ = 200 nm
and A = 780 nm. The refractive index of the fibers is ny = 1.4537
in panels (a) and (c) and is calculated from the four-term Sellmeier
formula for fused silica [41,42] in panel (b). The refractive index of
the surrounding medium is ny = 1.

odd &;-sine array mode and occurs for any fiber separation
distance d [40]. The odd array modes of two coupled
nanofibers behave like the dark states of a three-level atom
driven by two light fields.

We emphasize that the local minimum of the electric in-
tensity distribution is positioned at the midpoint between the
nanofibers only in the case of identical nanofibers. According
to Ref. [40], the intensity distributions of the guided array
modes are sensitive to the difference between the radii of
the nanofibers. A slight difference between the radii of the
nanofibers may lead to a significant shift of the position of
the local minimum of the optical potential toward the larger
nanofiber. For example, for two nanofibers with the radii of
200 and 220 nm, separated by a distance of 300 nm, the local
minimum of the optical potential is about 50 nm from the
surface of the larger nanofiber. In this case, it is not easy to
realize an optical trap that can beat the substantial effect of
the van der Waals potential.

Due to the similar underlying physics, antisymmetric
modes of slotted fibers [20,21] and alligator photonic crystal
waveguides [22-25] might support a similar trapping scheme.
Furthermore, a Y-shape structure, that is, two fibers crossed
at an acute angle, might also support a similar trap within a
certain region. This might be an advantage for controlling the
atom trapping possibility along the z direction.

The destructive interference between the individual fiber
modes in the odd &,-sine array mode plays an important role
in producing a local minimum of the intensity distribution
at the midpoint between the fibers with a tight confinement
along the x and y axes. When we sum up the intensities
of the quasicircularly polarized fundamental modes of two
independent fibers, the midpoint between the fibers is a local
minimum along the x axis and a local maximum along the y
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FIG. 3. (a) Cross-sectional profile and (b) x- and (c) y-axial pro-
files of the electric intensity distribution |€|? of the field in the odd
&,-sine array mode of two identical parallel nanofibers. The vertical
dashed lines in panel (b) indicate the positions of the fiber surfaces
on the x axis. The wavelength of light is A = 780 nm, the fiber radius
is @ =200 nm, and the separation distance between the fibers is
d = 300 nm. Other parameters are as in Fig. 2.

axis, that is, a saddle point in the fiber transverse plane (x, y).
It is not easy to get a local minimum with a tight confinement
along the x and y axes using two mutually incoherent fields.

III. TRAPPING POTENTIAL OF AN ATOM
OUTSIDE THE NANOFIBERS

We consider an alkali-metal atom moving in the optical
potential generated by an off-resonant guided light field in the
odd &;-sine array mode outside the two nanofibers.

A. Optical potential

We assume that the atom is in the ground state and the field
is off resonance with the atom. We ignore the field-induced
coupling and mixing of the Zeeman sublevels of the atomic
state. The optical potential Uy of the atom in the field is then
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given by [46]
Uope = — | EI, (1)

where o = «o(w) is the real part of the scalar dynamical polar-
izability of the atom at the optical frequency w. The factor 1/4
in Eq. (1) results from the fact that the dipole of the atom is
not a permanent dipole but is induced by the field, giving 1/2,
and from the fact that the intensity is averaged over optical
oscillations, giving another 1/2.

The function «(w) for a ground-state alkali-metal atom is
given by [46]

Al = 0?/0?
a(w) = 2mepc’ Z 8 7 ( “ /wja) (2
— 8

j o (wﬁa - w2)2 + ijwz
Here, g; and g, are the statistical weights of the excited level
|j) and the ground-state level |a), respectively, w;, and Aj,
are the frequency and emission transition probability, respec-
tively, of the spectral line ja, and y; is the lifetime of the
excited level |j). We note that the vector polarizability is
neglected in Eqgs. (1) and (2) and the tensor polarizability
vanishes for the ground-state alkali-metal atom [47,48].

To be specific, we consider atomic cesium. A ground-state
cesium atom has two strong transitions, at 852 nm (D, line)
and 894 nm (D line). In order to trap the atom, we use the
wavelength A = 780 nm, which is blue-detuned from the D,
and D; lines. The dynamical polarizability of the ground-state
cesium atom has been calculated numerically [6,47,48]. To
make simple calculations for the dynamical polarizability, we
follow Ref. [6] and take into account the four most dom-
inant lines of the atom, namely, A;, = 852.113 nm, A, =
894.347 nm, A3, = 455.528 nm, and A4, = 459.317 nm (see
Ref. [49]). The emission transition probabilities of these
four lines are A;, = 3.276 x 107 s7!, A,, = 2.87 x 107 s~1,
Az, = 1.88 x 10° s~!, and A4, = 8 x 10° s~!. The statistical
weights of the upper states are g1 =4, go =2, g3 =4, and
g4 = 2, and that of the ground state is g, = 2. For the wave-
length A = 780 nm, the polarizability of the atom is estimated
to be « = —1709 a.u., which is negative and hence gives the
repulsive optical potential Uyp = (1/4)|||E 2.

The power of the guided light is given by P =
(1/2) [Re[E€ x H*].dr, where r=(x,y) and [dr=
[% dx [ dy. It is clear that the magnitude and the depth
of the optical potential Uy increase linearly with increasing
electric field intensity |€|* and, hence, with increasing power
of light P.

We plot in Fig. 4 the spatial profile of the optical poten-
tial Uyp, of a ground-state cesium atom in the area {ry, r; >
a;|x| <a+d/2;ly| < a}, which lies between the two fibers.
The inset of the figure shows Uy, in a small vicinity of the
two-fiber center O = (0, 0). We observe that Uy, has a local
minimum of exactly zero at O. This feature can be used to trap
atoms. Due to the geometry of the system, the optical potential
is not cylindrically symmetric.

We note that the power of light P = 100 mW is used
for the calculations of the optical potential U,y in Fig. 4.
This power for the two-fiber system means that each of the
two fibers experiences an effective power of 50 mW, twice
the value of 25 mW used in the experiment on trapping of
atoms with a single nanofiber [7]. Dropping the power by a

(mK)

x (nm)

FIG. 4. Spatial profile of the optical potential Uy, of a ground-
state cesium atom in the area {r,r, > a;|x| <a+d/2;|y| < a},
which lies between the two fibers. The inset shows Uqy in a small
vicinity of the two-fiber center O = (0, 0). The trapping field is in the
odd & -sine array mode with the power of 100 mW. Other parameters
are as in Fig. 3.

factor of 2 would reduce the magnitude and the depth of the
total trapping potential by almost the same factor (see Fig. 7
in Sec. IIID). It is worth mentioning here the availability
of 250-nm-radius ultrahigh-transmission nanofibers that can
withstand the application of 400 mW from a laser at 760 nm
under high-vacuum conditions [50].
The rate of spontaneous scattering caused by a light field £

is given by

1 2
4hK|8 % 3)
where k¥ = k(w) is the imaginary part of the scalar dynamical
polarizability of the atom. The function «(w) for a ground-
state alkali-metal atom is given by [46]

8j
K(w) = 2mepc’ Z = 5 .
T (0, — o) e

Iy =

2
Aja V]aw/w,u

4)

For atoms spending time in a motional quantum state
|vr), the average scattering rate is (['sc) = (¥ |[sc|¥) =
(k /4R)(|EI%), with (|€]?) = (Y |(|E|*)|Y). The characteristic
scattering-limited coherence time of the trap is

1
(Tse)”

A scattered photon imparts a recoil energy of E.. =
(hik)? /2M to the atom, where M is the mass of the atom.
Therefore, the absorption of incident photons and the emis-
sion of other photons result in a loss of atoms from the
trapping potential. For a trap depth Up, the trap lifetime due
to recoil heating is given by [51]

Up
Tap = = ——- 6
T 2Eee(Tyo) ©
When the light-field frequency is far from the atomic res-
onances and the field at the trapping potential minimum is

(&)

Teoh =
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weak, the scattering rate is small and, therefore, the scattering-
limited coherence time and the trap lifetime are large.

B. van der Waals potential

An atom near the surface of a medium undergoes a van
der Waals force. The van der Waals potential of an atom at a
radial position r near the surface of a cylindrical dielectric rod
of radius a, with r > a, is given by [52]

h RS
V=150 _Z fo dB [B*K*(Br)

+(ﬂ2+n2/r2)l(nz(ﬂr)]'/(; dé a(lé)Gn(léy IB)’
(N

where
[e(i&) — el (Ba)I, (Ba)
eol,(Ba)K, (Ba) — €(i§)I(Ba)K,(Ba)

Here €(i€) is the dynamical dielectric function of the medium
for the imaginary frequency i&, and /,, and K, are the modified
Bessel functions of the first and second kinds, respectively.
The van der Waals potential of a ground-state cesium atom
near a silica fiber has been calculated numerically [6]. Note
that a different study, using the electrostatic approximation
and the image-charge formalism, has been developed for the
van der Waals interaction between an atom and the convex
surface of a nanocylinder [53].

For an atom near two identical parallel optical nanofibers,
the van der Waals potential is given as

Uyw =V (1) + V(). 9

Here, r; and r, are the distances from the atom to the fiber
axes z; and z,, respectively.

Gn(i&, B) =

®)

C. Total potential

The total potential of the atom is given as
U= Uopt + UvdW- (10)

We plot in Fig. 5(a) the cross-sectional profile of the total
potential U of a ground-state cesium atom in the vicinity
of the two-fiber center O = (0, 0). In Figs. 5(b) and 5(c),
we depict the axial profiles of the total potential U in the
region between the nanofibers. We observe from the figures
that U (x, y) has a negative local minimum U, = U(0,0) =
Uyaw (0, 0) < 0 at O. Comparison between the solid red lines
and the dashed blue lines of Figs. 5(b) and 5(c) shows that
the total potential U is mainly determined by the optical
potential Uy in the vicinity of the two-fiber center O, which
is positioned at a distance of 150 nm from the fiber surfaces
in the case of the figures. This feature is a consequence of the
fact that the effects of the van der Waals potential on the total
trapping potential around the minimum point are not signifi-
cant when the fiber separation distance and the power of the
guided light field are large enough. Like the optical potential
Uqpt, the total potential U is not cylindrically symmetric due
to the geometry of the system. Figures 5(b) and 5(c) and the
scales of their vertical axes show that the depth of the profile

~~ 3 ‘3’}‘
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. 100
25 20—100 y (nm)
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FIG. 5. (a) Cross-sectional profile of the total potential U of a
ground-state cesium atom in a small area around the two-fiber center
O = (0,0). (b) and (c) Axial profiles of the total potential U (solid
red lines) and the optical potential Uy (dashes blue lines) of a
ground-state cesium atom along the x and y axes. Parameters used
are as in Figs. 3 and 4.

of the potential along the x axis is larger than that of the profile
of the potential along the y axis. Therefore, the depth of the
potential profile along the y axis is the effective depth of the
trapping potential.

The one-dimensional motion of the atom along the x or
y axis can be treated as the motion of a particle in the
potential U,(x) = U(x,0) or Uy(y) = U(0, y). In Fig. 6, we
plot the wave functions of the first five levels of the one-
dimensional motion of the atom in the potentials U, and
Uy for the case of Fig. 5. We find that the trap frequencies
are w, /2w = 1441 kHz and w, /27 = 438 kHz. The spacing
between the the energies of the ground state and the first
excited state is roughly equal to hiw, = kg x 69 uK for the
motion along the x axis and fiw, = kg x 21 uK for the motion
along the y axis. The characteristic sizes of the corresponding
motional ground states are Ax = /i/2Mw, = 5.1 nm and
Ay = /h/2Mw, = 9.3 nm. The trap frequencies and the mo-
tional ground-state sizes characterize the tightness of the trap.
The values obtained above are comparable to the correspond-
ing characteristic values for the single-nanofiber two-color
traps [7,8,10-13].

The scattering rates for the ground states of the atomic
motions along the x and y axes in the case of Fig. 5 are
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FIG. 6. Bound states for the first five levels (v =0, 1, 2, 3, and
4) of the one-dimensional motion of a ground-state cesium atom in
the potential U along the x and y axes. Parameters used are as in
Figs. 3-5.

found to be (Iy)y =0.17 s7' and (), = 0.05 s~'. The
scattering rate (I'y.) of the atom in the trap is estimated
as the maximal value of (I'y); and (I's),, and is, in the
case of Fig. 5, given as (I'.) = 0.17 s~!. The corresponding
scattering-limited coherence time is t.oh = 1/('sc) = 5.8 s.
The trap depth is estimated as the minimal value of the trap
depths for the motions along the x and y axes and is, in the
case of Fig. 5(c), equal to Up = 0.7 mK, comparable to the
depths of the single-nanofiber two-color traps [7,8,10-13].
The corresponding recoil-limited trap lifetime is Tyap = 4.8 h.
This value is much larger than the recoil-limited lifetimes of
100 and 30 s estimated for the single-nanofiber two-color traps
in the experiments in Refs. [7,8], respectively.

Our trapping scheme deals with only the motion of the
atom in the two-dimensional fiber cross-sectional plane. In
this scheme, the atom can move freely in the fiber axis di-
rection z. Consequently, the scheme can be referred to as a
waveguide for atoms.

D. Dependencies of the trapping potential on the parameters
of the fibers and the light field

The trapping potential U depends on the light-field power
P, the fiber radius a, the light-field wavelength A, and the fiber
separation distance d.

We plot in Fig. 7 the trapping potential U for different
values of the power P of the guided light. It is clear from
the figure that the magnitude and the depth of the trapping
potential are almost linearly proportional to the power. This
feature is a result of the fact that, when the position r is not too
close to the fiber surfaces, the total potential U (r) is mainly
determined by the optical potential Ugyy (r), which is linearly
proportional to the power of light [see Eq. (1)].

We plot in Fig. 8 the trapping potential U for different val-
ues of the fiber radius a. We observe from the figure that, when
a is small (see the dotted red lines) or large (see the dashed
green lines), U is shallow. These features are consequences of

4100 50 0 50 100 150
?] x=0 (b)

ol
-300

0 100 200 300
» (nm)

FIG. 7. Axial profiles of the total potential U of a ground-state
cesium atom for different values P = 50 mW (dotted red lines), 100
mW (solid blue lines), and 200 mW (dashed green lines) of the light-
field power. The fiber radius is @ = 200 nm, the wavelength of light is
A = 780 nm, and the fiber separation distance is d = 300 nm. Other
parameters are as in Figs. 3-5.

200 -100

the wide spread of the guided field outside a thin fiber and the
tight confinement of the guided field inside a thick fiber.

We plot in Fig. 9 the trapping potential U for different
values of the wavelength of light A. The figure shows that,
when A is closer to the resonance with the atom (852 nm for
the atomic cesium D; line), U is deeper. These features appear
as consequences of the dependence of the atomic polarizabil-
ity on the wavelength of a detuned light field. Note that the
dependence of the trapping potential on the wavelength of
light occurs through not only the atomic polarizability but

10-y:() ........ a=155nm (a)

400 50 0 50 100 150

0.0 1
-300

400 0 100 200 300
y (nm)

FIG. 8. Axial profiles of the total potential U of a ground-state
cesium atom for different values a = 155 nm (dotted red lines),
200 nm (solid blue lines), and 250 nm (dashed green lines) of the
fiber radius. The wavelength of light is A = 780 nm, the separation
distance between the fibers is d = 300 nm, and the power of light is
P = 100 mW. Other parameters are as in Figs. 3-5.
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FIG. 9. Axial profiles of the total potential U of a ground-state
cesium atom for different values A = 770 nm (dotted red lines),
780 nm (solid blue lines), and 790 nm (dashed green lines) of the
wavelength of light. The fiber radius is a = 200 nm, the separation
distance between the fibers is d = 300 nm, and the power of light is
P = 100 mW. Other parameters are as in Figs. 3-5.

also the mode profile and, consequently, the field intensity
distribution.

We plot in Fig. 10 the trapping potential U for different
values of the fiber separation distance d. The figure shows that
an increase in the separation distance d leads to an increase in
the depth of the trap along the x direction [see Fig. 10(a)] and
to a decrease in the depth of the trap along the y direction [see
Fig. 10(b)]. We also observe that an increase in d leads to an
almost linear increase in the width of the trapping potential
along the x axis but does not affect much the width of the
trapping potential along the y axis.

(a)
Ei 200

100 0 100 200 300
y (nm)

FIG. 10. Axial profiles of the total potential U of a ground-state
cesium atom for different values d = 200 nm (dotted red lines),
300 nm (solid blue lines), and 400 nm (dashed green lines) of the sep-
aration distance between the fibers. The fiber radius is a = 200 nm,
the wavelength of light is A = 780 nm, and the power of light is
P = 100 mW. Other parameters are as in Figs. 3-5.

-300  -200

When the fiber separation distance d increases, the overlap
and, hence, the interference between the modes of the individ-
ual fibers reduce. Since the interference is destructive in the
case of the odd &;-sine array mode, an increase of the distance
d leads to an increase of the intensity of the array-mode field
in the proximity of the fiber surfaces and, hence, to an increase
of the trap depth along the x axis [see Fig. 10(a)]. With the
help of additional calculations not presented in this paper, we
can show that the trap depth along the x axis saturates when d
is large enough.

IV. SUMMARY

In this work, we have studied the trapping potential
of a ground-state cesium atom in a small region around
the midpoint between two coupled identical parallel optical
nanofibers. We have suggested to use a blue-detuned guided
light field in the odd &;-sine array mode of the two nanofibers
to produce an optical potential with a local minimum at the
midpoint between the nanofibers. The vanishing of the field
at the two-fiber center is a result of the destructive interfer-
ence between the coupled modes of the individual nanofibers.
We have demonstrated that the effects of the van der Waals
potential on the total trapping potential around the minimum
point are not significant when the fiber separation distance
and the power of the guided light field are large. We have
shown that, for appropriate realistic parameters, a net potential
with a significant depth, a large scattering-limited coherence
time, and a large trap lifetime can be obtained. We have
demonstrated, for example, that a pair of 200-nm-radius silica
fibers carrying 100 mW of 780-nm-wavelength light in the
odd &;-sine array mode gives for cesium atoms a trap depth
of 0.7 mK, a scattering-limited coherence time of 5.8 s, and a
recoil-heating-limited trap lifetime of 4.8 h. Due to the geom-
etry of the system, the trapping potential is not cylindrically
symmetric. The depth of the trapping potential profile along
the tangential direction y is smaller than that of the trapping
potential profile along the radial direction x and is, hence,
the effective trap depth. The dependencies of the trapping
potential on the power of the guided light field, the fiber ra-
dius, the wavelength of light, and the fiber separation distance
have been investigated. It has been shown that, at a position
that is not too close to the fiber surfaces, the total potential
is mainly determined by the optical potential and, hence, is
linearly proportional to the power of light. When the fiber
radius is small or large enough, the potential at the midpoint
between the nanofibers is shallow due to the wide spread of
the guided field outside a thin fiber and the tight confinement
of the guided field inside a thick fiber. We have observed that
the wavelength of light affects the trapping potential through
the atomic polarizability and the field intensity distribution.
We have found that the depth of the trapping potential de-
creases with increasing fiber separation distance.

The aforementioned results have been obtained for the
case where the nanofibers are identical to each other. Our
additional calculations show that a slight difference on the
order of 10% between the radii of the nanofibers may lead
to a significant shift of the position of the local minimum of
the optical potential toward the larger nanofiber. In this case,
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an optical trap may not work because of the substantial effect
of the van der Waals potential.
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APPENDIX: ODD £,-SINE ARRAY MODE

According to Ref. [31], for an odd &,-sine guided normal
(array) mode, the longitudinal components &, and #H, of the
electric and magnetic parts, respectively, of the field are given,
inside fiber j = 1 and 2, as

& = Z E,jJu(hrj)sinng;,

(A1)
H, = ZF,,jJ,,(hrj)cos ne;,
n=0
and, outside the two fibers, as
2 o0
gz = Z Z anKn(qu) Sin”(ﬂj,
j=1 n=0
2 o0
H. =Y H,K,(qr;)cosng;. (A2)
j=1 n=0
Here, we have introduced the fiber parameters
h = k2n§, — B2 q=.,/B*— kzn%, (A3)

which determine the scales of the spatial variations of the field
both inside and outside the fibers. In Egs. (Al) and (A2),
E,j, F,;, G,j, and H,; are the mode expansion coefficients,
J, represents the Bessel functions of the first kind, and K,
represents the modified Bessel functions of the second kind.

The symmetry relations for the coefficients E,,;, Fy,j, Gj,
and H,,;, with j = 1 and 2, are [31]

Em2 = (_l)mEmly
Gy = (_l)mel’

Fm2 = (_l)mley

Hyp = (=1)"Hyp1. (A4)

The coefficients E,; and F;; are given by the following equa-
tions [31]:

o0
JaEn = Kyw)Got + L(w) Y gunGnt
m=0

-]n(u)Fnl = Kn(w)Hnl + In(w) anmHml- (AS)

m=0

The coefficients G,; and H,,; are nonzero solutions of the
following equations [31]:

1o S
n(P + m) |:K,,(w)G,,1 +I,,(w) Zganmlj|

m=0
wpo [ J;(u) K(w)
- /3 I:an(M) + wl(ﬂ(w):|Kn(w)Hn1
NEAD, I'(w) 0 ~
[an(u) - w1n(w)]1n(w)zfanml =0,

m=0

Wl
p
11 .
l’l<; + m) |:Kn(w)Hnl —{-In(IU)r;)fnml{ml}

nzl/(u)
- 7[ )

n(z)K,:(w)
wk, (w)

]Kn(w)Gnl

n2J’ (u 2y 0
B 7[ ;J:((u)) " 'L?ffii ]’"(w)m;)ganml = 0.
(A6)
Here, we have introduced the coefficients
Fom = Knin(qW) + Kyu_n(gW ) for n > 0,
Jom = Kin(gW), (A7)

8nm = _Km+n(qW) + Km—n(qw)a

where W = d + a; + a is the distance between the fiber cen-
ters.

In terms of the longitudinal components &£, and H, of
the field, the transverse components &, , and H, , are given

as [26-28]
i,8 d wpy 0
&= Mg ﬂ2< SRR HZ)’
_ i,B ad iy 0
gy ref /32 < 52 /3 ax HZ)?

i,B ad a)eonrefi
o= ﬁz( ST Z)’

ref

ip 9 weon’; 9
== —rl g ). (A8
Hy kznfef—ﬂ2<8yHZ+ B ax ° (A8)

Here, ny is the spatial distribution of the refractive index of
the two-fiber system, that is, n.r = ny inside the fibers and
Nt = ng outside the two fibers.

The dispersion equation for the propagation constant of the
mode is A = 0, where A is the determinant of the system of
linear equations (A6) for G,; and H,;. The solution to the
equation A = 0 determines the propagation constant 8, which
allows us to calculate the other fiber parameters % and g [see
Egs. (A3)].

We make E,;, F,j, G,j, and H,; real-valued coefficients
by omitting a common global phase. Then, for the electric
part of the field, we have &7 = &, £ = =&, and £ = —¢,.
Thus, the longitudinal component &, of the field in a gulded
normal mode is 7 /2 out of phase with respect to the transverse
components &, and &,. This is a typical feature of transversely
confined light fields [26-28,54].
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It follows from the relations (A4) and Egs. (Al), (A2),
and (A8) that the field components of the odd &,-sine
array modes satisfy the relations &,(x, —y) = —&,(x,y),
gz(xs _y) = _gz(xv y)’ gy(-x7 y) = _gy(_xv y)’ and
E.(x,y) = =&,(—x, y), indicating the antisymmetry of &,
and &, about the x axis and that of &, and &; about the y axis.
It follows from these relations that, for the odd &,-sine array

mode, the electric field at the two-fiber center (x, y) = (0, 0)
is zero, that is, £(0,0) = 0. This feature of the odd &,-sine
array mode can be used to produce a local minimum of a
blue-detuned optical dipole potential to trap ground-state
atoms [43—45] or a local minimum of a ponderomotive
optical Rydberg-electron potential to trap Rydberg
atoms [55,56].
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