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We show theoretically that a vacuum-clad silica-core fiber can focus a perpendicularly incident light onto
one or several lines parallel to the fiber axis. We demonstrate numerically that such a focusing action of the
fiber can be used to trap and to guide atoms along the fiber with a red- or a blue-detuned incident light.
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I. INTRODUCTION

Trapping and guiding neutral atoms are key problems of
matter-wave physics �1,2�. Atom traps and atom waveguides
can be used as tools for atom optics, atom interferometry,
atom lithography, quantum information processing with neu-
tral atoms, precision force sensing, and studies of the inter-
action between atoms and surfaces �3�. Atoms can be trapped
and manipulated by the gradient dipole forces of light waves
�1,4�. A focused Gaussian laser beam tuned far below the
atomic resonance frequency represents the simplest dipole
trap �1,4�. Evanescent light waves have also been used ex-
tensively to trap and to guide atoms since they have high
spatial gradients and use rigid dielectric structures such as
prisms and fibers to define the potential shape �5–7�. Of great
interest is the ability of waveguides and microtraps to con-
fine atoms, providing high optical densities, strong interac-
tions with light, and mechanisms for transporting atoms.
Cold atoms have been trapped and guided by far-detuned
lights inside a hollow capillary fiber �8� or a hollow-core
photonic crystal fiber �9�.

A method for trapping and guiding neutral atoms outside
a fiber has been proposed �6�. This method has been studied
in the case of large-radius fibers �6� and in the case of nanofi-
bers �10,11�. The method requires the use of a single �red-
detuned� light beam �6,10� or two �red- and blue-detuned�
light beams �6,11� launched into the fiber. In the single-color
scheme �6,10�, the trapping is achieved by the balance be-
tween the optical dipole force of a red-detuned light field and
the centrifugal force on a spinning atom. In the two-color
scheme �6,11�, the trapping is achieved by the balance be-
tween the optical dipole forces of red-detuned and blue-
detuned light fields. The optical dipole forces used in the
above schemes are produced by the gradient of the field in-
tensity in the radial direction. Such forces are conservative.
When the fields are far from resonance with the atom, the
dissipative forces are negligible. Another way to produce a
trap above a planar waveguide �12� or outside a fiber �13� is
to use interference between different transverse modes with
the same color to obtain both attractive and repulsive forces.

In this paper, we show theoretically that a vacuum-clad
silica-core fiber can focus a perpendicularly incident light
onto one or several lines parallel to the fiber axis. We dem-

onstrate numerically that the optical potential for the atoms
may have one or several local minimum points in the trans-
verse plane and, therefore, the atoms can be confined and
guided along one or several straight lines parallel to the fiber
axis.

The paper is organized as follows. In Sec. II we describe
the ability of a vacuum-clad silica-core fiber to focus an in-
cident light. In Sec. III we examine the optical potential of a
cesium atom in a far-detuned fiber-focused light field. In Sec.
IV we present the results of our numerical calculations. Our
conclusions are given in Sec. V.

II. FOCUSING LIGHT BY A FIBER

Consider an optical fiber that has a cylindrical silica core
of radius a and of refractive index n and an infinite vacuum
clad of refractive index n0=1. Such a fiber can be prepared
using taper fiber technology. The essence of the technology
is to heat and adiabatically pull a conventional optical fiber
to a small thickness. Due to tapering, the original core is
almost vanishing. Therefore, the refractive indices that deter-
mine the guiding properties of the tapered fiber are the re-
fractive index of the original silica clad and the refractive
index of the surrounding vacuum. The refractive index and
the radius of the tapered silica clad will be henceforth re-
ferred to simply as the fiber refractive index n and the fiber
radius a, respectively. We use the Cartesian coordinates
�x ,y ,z� and the cylindrical coordinates �r ,� ,z�, where z is
the fiber axis.

Let an atom be moving in a potential U outside the fiber.
If U has a local minimum at a point outside the fiber, the
atom can be trapped in the vicinity of this point. Our task is
to create a potential with a trapping minimum sufficiently far
from the fiber surface to make the effects of surface interac-
tion and heating negligible. For this purpose, we shine a
plane-wave laser light with frequency � into the fiber. The
laser field is incident along the transverse direction x, which
is perpendicular to the fiber axis z. A schematic of our design
is shown in Fig. 1.

Outside the fiber, the total field comprises of the incident
field and the scattered one. Without loss of generality, we
examine a particular case where the field is of TM polariza-
tion. In this case, the electric component of the total field is
aligned along the fiber axis z. The amplitude of the total field
outside the fiber is given by �14�
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E = E0�eikr cos � − �
l=−�

�

ilblHl
�1��kr�eil�	 , �1�

where E0 is the amplitude of the incident field, the expansion
coefficients

bl =
nJl��nka�Jl�ka� − Jl�nka�Jl��ka�

nJl��nka�Hl
�1��ka� − Jl�nka�Hl�

�1��ka�
�2�

characterize the scattered field, Jl are the Bessel functions of
the first kind, and Hl

�1� are the Hankel functions of the first
kind. Here k=2� /� is the wave number, with � being the
wavelength of the incident wave.

We plot in Fig. 2 the spatial profiles of the intensity 
E
2

over the exterior cross section of the fiber and along the
incidence direction x of the illumination beam for the param-
eters a=2.5 �m and �=900 nm. The figure shows that the
intensity has a peak behind the fiber. The appearance of such
a peak is a result of the focusing action of the fiber �14,15�.
The focusing of light by a fiber has been investigated theo-
retically and demonstrated experimentally �15�. If the light
field is red-detuned from a dominant atomic transition, the
atom will seek for the strong field. In this case, the focus
point in the fiber cross-section plane can act as a trapping
point for the atom. Due to the axial symmetry, each trapping
point in the cross-section plane corresponds to a trapping line
in the three-dimensional space. Atoms trapped along such a
line can be transported along and guided by the fiber.

We plot in Fig. 3 the spatial profiles of the intensity 
E
2
along the x axis for various values of the fiber radius a. The
figure shows that, when the fiber radius a �or, equivalently,
the size parameter ka� is large enough, the field intensity 
E
2
has one or several local peaks behind the fiber. For n=1.45,
we find the condition ka��0�9 for a focus point to occur
behind the fiber. When the fiber radius increases and does not
correspond to morphology-dependent resonances, the nor-
malized height Imax= 
Emax /E0
2 of the main intensity peak
increases and the normalized radial location xmax /a of this
peak moves away from the surface until it reaches the geo-
metrical optics limit �xmax /a increases to about 1.58 for n
=1.45�, in full agreement with the results of Ref. �15�. The
peaks outside the fiber can be used to trap atoms if the light
field is red-detuned from a dominant atomic transition.
Meanwhile, the minimum points, which appear in the re-
gions between two adjacent peaks, can be used to trap atoms
when the light field is blue-detuned. Atoms trapped along
intensity-peak lines in the case of red detunings or intensity-
minimum lines in the case of blue detunings can be trans-
ported along and guided by the fiber.

We note that, for small size parameters, namely, for ka
	�0�9, the intensity of the field behind the fiber is maximal
at the surface and monotonically reduces with increasing dis-
tance �15�. Therefore, only fibers with large size parameters
can focus perpendicularly incident light to produce optical
dipole traps for atoms. When the size parameter ka is large,
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FIG. 1. �Color online� Schematic of atom trapping in the vicin-
ity of an optical fiber illuminated perpendicular to its axis.
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FIG. 2. �Color online� Spatial profiles of the intensity 
E
2 �a�
over the exterior cross section of the fiber and �b� along the inci-
dence direction x of the illumination beam. The field polarization is
TM. The fiber radius is a=2.5 �m. The field wavelength is �
=900 nm.
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FIG. 3. Spatial profiles of the intensity 
E
2 along the x axis for
various values of the fiber radius a. The incident wave propagates in
the +x direction. The field polarization is TM. The field wavelength
is �=900 nm.
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the large-argument approximation can be used to simplify
the calculations for the Bessel functions Jl�ka� and Jl�nka�
and the Hankel functions Hl

�1��ka�, which make up Eq. �2�
for the scattering coefficients bl. The condition for this ap-
proximation is ka
 l. Meanwhile, the Bessel expansion �1�
for the field outside the fiber contains the terms associated
with all the integer orders l. In the vicinity of the focusing
point xmax�a, the terms associated with the orders l
�kxmax�ka are significant. The large-argument approxima-
tion cannot be applied to such terms. Hence, the rigorous
treatment for the field in the vicinity of the focusing point
outside the fiber requires the computations of Eqs. �1� and
�2�. The dependences of the focused intensity and the focus-
ing point location on the size parameter and the refractive
index have been investigated in detail in Ref. �15�.

III. POTENTIAL OF AN ATOM IN A FAR-OFF-
RESONANCE FIELD

In this section, we describe the potential of an atom out-
side a fiber illuminated perpendicular to its axis. We assume
that the atom is in the ground state and the applied field is far
off resonance with the atom. Under the far-off-resonance
condition, the atom spends most of its time in its ground
state and, therefore, spontaneous scattering of light by the
atom is weak. In this case, the radiation pressure force is
small �4,16�. The dipole force can be derived from the opti-
cal potential �4,16,17�

Uopt = − 1
4�
E
2, �3�

where �=���� is the real part of the atomic polarizability at
the optical frequency �. The factor 1/4 in Eq. �3� 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.

Before we proceed, we briefly discuss the case of a two-
level atom. In this case, the real part of the polarizability can
be approximated as �=−�0c3�0 /�0

3�=−d2 /��. Here �0
and �0 are the frequency and the linewidth of the atomic
transition, respectively; �=�−�0 is the detuning of the op-
tical frequency � from the atomic frequency �0; and d is the
projection of the dipole moment onto the direction of the
field polarization vector. In deriving the above approxima-
tion for �, it has been assumed that � is large as compared to
the linewidth �0 but small as compared to the optical and the
atomic frequencies � and �0, respectively. The correspond-
ing approximate expression for the optical potential of the
atom is Uopt=��2 /�, where �=d
E
 /2� is the Rabi fre-
quency. The sign of the optical potential is controlled by the
sign of the field detuning �. When the detuning is red ��
	0� or blue ���0�, the potential is attractive or repulsive,
respectively. Such a potential may possess a local minimum
point, leading to a possibility of atom trapping. Since Uopt is
independent of z, a minimum point in the two-dimensional
space �r ,�� corresponds to a line of minimum points in the
three-dimensional space �r ,� ,z�.

We now consider a multilevel cesium atom. When the
field frequency � is far from resonance with the atomic fre-

quencies, we must take into account the multilevel structure
of the atom. The real part of the dynamical polarizability of
the ground-state atom is given by

� =
1

3�
�

e

e�D�g�2 �eg��eg
2 − �2 + �e

2/4�
��eg

2 − �2 + �e
2/4�2 + �e

2�2 . �4�

Here e�D�g� is the reduced electric dipole matrix element
for the transition between an excited fine-structure state 
e�
and the ground fine-structure state 
g�, �eg=�e−�g is the
transition frequency, and �e is the population decay rate. The
real part of the dynamical polarizability for atomic cesium
has been calculated for a wide range of the optical frequency
� �18�.

An atom near the surface of a medium experiences a van
der Waals force. The van der Waals potential of an atom near
the surface of a cylindrical dielectric rod is given by �19�

V�r� =
�

4�30
�

l=−�

� �
0

�

dk�k2Kl�
2�kr� + �k2

+ l2/r2�Kl
2�kr���

0

�

d� ��i��Gl�i�� , �5�

where

Gl�i�� =
��i�� − 0�Il�ka�Il��ka�

0Il�ka�Kl��ka� − �i��Il��ka�Kl�ka�
. �6�

Here ���=0n2��� is the dynamical dielectric function and
Il and Kl are the modified Bessel functions of the first and the
second kinds, respectively.

The total potential U of the atom is the sum of the optical
potential Uopt and the van der Waals potential V, i.e.,

U = Uopt + V . �7�

Equations �3�, �5�, and �7� allow us to calculate the total
potential U.

In general, the polarizability of an atom is a complex
characteristic. The imaginary part of the complex polarizabil-
ity is given by �17�

� =
1

3�
�

e

e�D�g�2 �eg�e�

��eg
2 − �2 + �e

2/4�2 + �e
2�2 . �8�

This part is responsible for spontaneous scattering. The rate
of spontaneous scattering caused by a light field E is given
by �sc=�
E
2 /4�. Spontaneous scattering limits the coher-
ence time of the trap. The characteristic coherence time is
�coh=�sc

−1 �20,21�. Every scattered photon imparts a recoil
energy �rec= ��k�2 /2M to the atom, where M is the mass of
the atom. Therefore, the absorption of trapping field photons
and the emission of other photons result in a loss of atoms
from the trapping potential. For a trap depth UD, the quantity
�trap=UD / �2�rec�sc� characterizes the trap lifetime due to re-
coil heating �21�. When the light field frequency is near to an
atomic resonance, the scattering rate is large and, therefore,
the coherence time and the trap lifetime are small. In order to
produce an optical dipole trap with a large coherence time, a
large trap lifetime, and a small radiation pressure force, we
must use a far-off-resonance field.
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IV. NUMERICAL RESULTS

In this section, we calculate numerically the total potential
U of a ground-state cesium atom in an optical field focused
by a fiber. The ground-state cesium atom has two strong
transitions: at 894 nm �D1 line� and 852 nm �D2 line�. We use
a red-detuned or a blue-detuned field to create an attractive
or a repulsive optical potential, respectively.

First, we explore the potential produced by an incident
red-detuned light field. The wavelength of the incident light
is assumed to be �=900 nm. The detunings of the laser field
from the dominant D1 and D2 lines of the cesium atom are
�1=−2.1 THz and �2=−18.7 THz, respectively. The input
intensity of the incident light is assumed to be 10 kW /cm2.
Such an intensity is high as compared to the resonance satu-
ration intensity �1.1 mW /cm2 for the cesium D2 line �16��.
However, the Rabi frequency of such an incident field is on
the order of 10 GHz, which is still very small as compared to
the detunings of the field from the dominant lines. We plot in
Fig. 4 the spatial profiles of the total potential U along the x
direction �left column� and along the line passing in the y
direction through the principal minimum point xm �right col-
umn�. The fiber radii are 2.5 �m �Fig. 4�a��, 25 �m �Fig.
4�b��, and 62.5 �m �Fig. 4�c��. Such values of the fiber ra-
dius are large enough to produce one or several potential
minima behind the fiber.

Note that the waists of the illumination beams need to be
at least 10, 100, and 250 �m in the cases of Figs. 4�a�–4�c�,
respectively. The illumination beam intensity of
10 kW /cm2, used for the calculations, can be obtained by
focusing a laser beam with a power on the order of 10 mW to
a waist of 10 �m. Such a beam waist size is acceptable for
the case of Fig. 4�a�, where the fiber diameter is 2a=5 �m.
In the cases of Figs. 4�b� and 4�c�, where the fiber diameters
are 2a=50 and 125 �m, respectively, powers on the order of
1 and 6.25 W, respectively, are required to achieve the inten-
sity of 10 kW /cm2 for the illumination beams with waist
sizes on the order of 100 and 250 �m, respectively. Such

powers are rather high. However, the larger fibers can focus
the light more strongly �see Fig. 3 and Ref. �15�� and conse-
quently can produce deeper potentials �see Fig. 4�. There-
fore, the above-estimated incident powers can be reduced. In
order to show the effect of the fiber radius on the trap char-
acteristics, we use the same illumination beam intensity for
the figures.

We observe in Fig. 4�a� that the total potential has a local
minimum Um�−2.93 mK at the distance xm−a�0.46 �m
from the surface. The minimum point xm in the axis x corre-
sponds to the trapping point �x=xm ,y=0� in the cross-section
plane and to the line of trapping points �x=xm ,y=0,z� in the
three-dimensional space. The trap depth is UD�0.75 mK. It
is clear that the trapping point xm is well outside the fiber.
The van der Waals potential is only about −0.6 �K at the
potential minimum point xm and makes just a small contri-
bution in the vicinity of xm. We observe that the trap depth
for the y direction is larger than that for the x direction. We
find that the rate of scattering due to the trapping field at the
potential minimum is ��sc��348 s−1. The corresponding co-
herence time is �coh�3 ms. Since the recoil energy due to a
single trapping-light photon is ��rec��0.09 �K, the trap life-
time due to recoil heating is estimated to be �trap�12 s. At
the trapping point, the oscillation frequencies for the x and
the y directions are �x�113 kHz�5.4 �K and �y
�367 kHz�18 �K, respectively. The sizes of the ground
states of the one-dimensional potentials for the vibrational
motion along the x and the y directions are around 18.3 and
10.2 nm, respectively. The spatial extensions of the trap vol-
ume for cesium atoms with a kinetic energy of 100 �K are
about 319 and 98 nm in the x and the y directions, respec-
tively.

Figures 4�b� and 4�c� show that, when the fiber radius is
large enough, several minimum points of the potential in the
fiber cross-section plane �x ,y�, which correspond to mini-
mum lines of the potential in the three-dimensional space
�x ,y ,z�, may occur. Each minimum line can, in principle, be
used to trap atoms. In the cases of Figs. 4�b� and 4�c�, the
deepest �principal� local minima occur at the distances xm
−a�11 and 31 �m, respectively, and their depths are UD
�11 and 18 mK, respectively. Comparison among Figs.
4�a�–4�c� shows that an increase in the fiber radius leads to
an increase in the number of potential minima and also to an
increase in their depths. The increase in the number of
minima is a result of the increase in the interference between
the incident and the scattered lights. The increase in the po-
tential depth is a result of the increase in the ability of the
fiber to collect and focus light �see Fig. 3 and Ref. �15��.
Comparison among Figs. 4�a�–4�c� also shows that an in-
crease in the fiber radius leads to an increase in the distance
from the principal potential minimum to the fiber surface and
to an increase in the width of the minimum. Therefore, in
order to produce narrow microtraps, the fiber radius must not
be too large.

In the case of Fig. 4�b�, we find that the rate of scattering
at the principal potential minimum is ��sc��1294 s−1, the
coherence time is �coh�0.8 ms, and the trap lifetime is
�trap�48 s. The oscillation frequencies for the x and the y
directions are �x�55 kHz�2.6 �K and �y �402 kHz
�19 �K, respectively, and the spatial extensions of the
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FIG. 4. Spatial profiles of the total potential U along the x di-
rection �left column� and along the line passing in the y direction
through the principal minimum point xm �right column�. The fiber
radii are �a� 2.5, �b� 25, and �c� 62.5 �m. The intensity of the
incident field is I=10 kW /cm2. The field wavelength is �
=900 nm. The field polarization is TM. The incident wave propa-
gates in the +x direction.
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ground states of the one-dimensional potentials along the x
and the y directions are around 26.3 and 9.7 nm, respectively.
The spatial extensions of the trap volume for cesium atoms
with a kinetic energy of 100 �K are about 655 and 89 nm in
the x and the y directions, respectively.

Similarly, in the case of Fig. 4�c�, we find that the rate of
scattering at the principal potential minimum is ��sc�

�2104 s−1, the coherence time is �coh�0.5 ms, and the trap
lifetime is �trap�48 s. The oscillation frequencies for the x
and the y directions are �x�43 kHz�2 �K and �y
�402 kHz�19 �K, respectively, and the spatial exten-
sions of the ground states of the one-dimensional potentials
along the x and the y directions are around 29.9 and 9.7 nm,
respectively. The spatial extensions of the trap volume for
cesium atoms with a kinetic energy of 100 �K are about 840
and 89 nm in the x and the y directions, respectively.

Comparison among Figs. 4�a�–4�c� shows that the depen-
dence of the size of the ground state in the y direction on the
fiber radius is weak as compared to that in the x direction.
Figures 4�b� and 4�c� show that the secondary minima are
spatially narrower than the principal minimum. In addition to
the minima that lie on the axis x, the potential U may have
several minima off the axis. To illustrate the existence of
such off-axis minima, we plot in Fig. 5 the spatial profile of
U over part of the exterior cross section for the parameters of
Fig. 4�b�. We observe from the figure that there is a set of
off-axis minima of the potential behind the fiber. Although
they are shallower than the principal minimum, their depths
are on the order of a few millikevins �for the parameters
used�. Such minima can also be used to trap atoms.

We now examine the potential produced by an incident
blue-detuned light. For this purpose, we choose the wave-
length �=800 nm. The detunings of the laser field from the
dominant D1 and D2 lines of the atom are �1=39.5 THz and
�2=22.9 THz, respectively. The input intensity of the inci-
dent light is again assumed to be 10 kW /cm2. The fiber
radius is chosen to be 25 �m. We plot in Fig. 6 the spatial
profile of the total potential U along the incidence direction x
of the illumination beam. The figure shows that the spatial
profile of the potential in the x direction has several minima.
We plot in Fig. 7 the spatial profiles of the total potential
over part of the exterior cross section behind the fiber and in
the vicinity of a minimum point, namely, the second deepest
minimum point, which is marked by an arrow in Fig. 6 and is
at the distance xm−a=4.4 �m from the surface. We find that
the depth of the trap around this minimum point is 0.17 mK

�see Fig. 7�b��, rather small as compared to the case of red
detunings. However, the field intensity at the trapping point
is small, and so is the scattering rate ��sc�. Therefore, the
coherence time �coh and the trap lifetime �trap are large. In-
deed, we have ��sc��0.012 s−1, �coh�80 s, and �trap�6
�104 s at the trapping point. For cesium atoms with an
initial kinetic energy of 100 �K, we have ��sc��1.4 s−1,
�coh�0.7 s, and �trap�220 s. Note that we have used the
modified formula �trap= �UD−K� / �2�rec�sc� to estimate the
trap lifetime for atoms with a finite kinetic energy K. The
oscillation frequencies for the x and the y directions are �x
�62 kHz�3 �K and �y �36 kHz�1.7 �K, respectively,
and the spatial extensions of the ground states of the one-
dimensional potentials along the x and the y directions are
around 24.8 and 32.4 nm, respectively. The spatial exten-
sions of the trap volume in the x and the y directions for
cesium atoms with a kinetic energy of 100 �K are about 0.6
and 0.4 �m, respectively.
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V. CONCLUSIONS

We have shown theoretically that an optical fiber can fo-
cus a perpendicularly incident light onto one or several lines
parallel to the fiber axis. We have demonstrated numerically
that the focusing action of the fiber can be used to trap and to
guide atoms along the fiber with a red- or a blue-detuned
incident light. We note that loading atoms into such a fiber-
based dipole trap can be realized using conventional tech-
niques such as optical molasses or magneto-optical traps to
cool atoms �4�. Unlike conventional optical lenses, the fiber
can create traps along several lines and can work not only
with red-detuned light but also with blue-detuned light. Us-

ing such a scheme, it is possible to produce one-dimensional
atomic samples �atomic lines or atomic arrays�. The align-
ment of the fiber along another structure, such as a nanofiber
�22� or a toroidal microresonator �23�, may provide an effi-
cient coupling of trapped atoms to the structure. In addition,
it is possible to study the effects of surface-atom interaction
on the propagation of light in a spatially extended atomic
medium.
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