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We suggest using a two-color evanescent light field around a subwavelength-diameter fiber to trap and guide
atoms. The optical fiber carries a red-detuned light and a blue-detuned light, with both modes far from
resonance. When both input light fields are circularly polarized, a set of trapping minima of the total potential
in the transverse plane is formed as a ring around the fiber. This design allows confinement of atoms to a
cylindrical shell around the fiber. When one or both of the input light fields are linearly polarized, the total
potential has two local minimum points in the transverse plane. This design allows confinement of atoms to
two straight lines parallel to the fiber axis. Due to the small thickness of the fiber, we can use far-off-resonance
fields with substantially differing evanescent decay lengths to produce a net potential with a large depth, a large
coherence time, and a large trap lifetime. For example, a 0.2-µm-radius silica fiber carrying 30 mW of
1.06-µm-wavelength light and 29 mW of 700-nm-wavelength light, both fields circularly polarized at the input,
gives for cesium atoms a trap depth of 2.9 mK, a coherence time of 32 ms, and a recoil-heating-limited trap
lifetime of 541 s.
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I. INTRODUCTION

One of the key problems of matter-wave physics is trap-
ping and guiding neutral atoms[1]. Atom traps and atom
waveguides can be used as tools for atom optics, atom inter-
ferometry, and atom lithography[2]. Atoms can be trapped
and manipulated by the gradient forces of light waves[3]. In
particular, evanescent light waves have been used exten-
sively to trap and guide atoms. The advantages of such
waves are that they have high spatial gradients and use rigid
dielectric structures like prisms and fibers to define the po-
tential shape[4–7]. An example is a hollow optical fiber with
light propagating in the glass and tuned far to blue of atomic
resonance[7]. Inside the fiber, the evanescent wave decays
exponentially away from the wall, producing a repulsive po-
tential which guides atoms along the center axis. Alterna-
tively, a red-detuned light in the hollow center of the fiber
can also be used to guide atoms[6]. In several experiments
[5], cold atoms have been trapped and guided inside a hollow
fiber.

Recently, a method for trapping and guiding neutral atoms
outside a thin optical fiber has been proposed[8]. The
scheme is based on the use of a subwavelength-diameter
silica fiber with a red-detuned light launched into it. The
light wave decays away from the fiber wall and produces an
attractive potential for neutral atoms. To sustain stable trap-
ping and guiding outside the fiber, the atoms have to be kept
away from the fiber wall. This can be achieved by a centrifu-
gal potential barrier[8].

Another way to produce a trap with a potential minimum
outside a surface is to employ the idea of Ovchinnikovet al.

[9], who proposed the use of two colors(i.e., red and blue
detunings) and differing evanescent decay lengths to obtain
both attractive and repulsive forces. The two-color method
has been considered for planar prisms[9], dielectric micro-
spheres[10], free-standing channel waveguides[11], and in-
tegrated optical waveguides[12]. In these systems, the net
trapping potential is small compared to the optical potentials
of the red- and blue-detuned lights. Such traps are sensitive
to small field perturbations. As already pointed out by Bar-
nett et al. [11], such sensitivity would be greatly reduced if
we could increase the difference between the evanescent de-
cay lengths of the red- and blue-detuned lights. In addition,
utilizing large detunings would also be advantageous for co-
herent guiding[11,12].

In this paper, we demonstrate that a subwavelength-
diameter optical fiber carrying a red-detuned laser beam and
a blue-detuned laser beam can be used to trap and guide
atoms outside the fiber. Due to the small thickness of the
fiber, we can use far-off-resonance lights with substantially
differing evanescent decay lengths to produce a net potential
with (1) a deep minimum,(2) a large coherence time, and(3)
a large trap lifetime. We consider two schemes of input field
polarization. In the scheme where both light fields are circu-
larly polarized at the input, a set of trapping minima of the
potential in the transverse plane is formed as a ring around
the fiber, and the atoms can be confined to a cylindrical shell
around the fiber. In the scheme where one or both of the
input light fields are linearly polarized, the potential has two
local minimum points in the transverse plane, and the atoms
can be confined along two straight lines parallel to the fiber
axis.

Before we proceed, we note that, due to recent develop-
ments in taper fiber technology, thin fibers can be produced
with diameters down to 50 nm[13,14]. Therefore, a two-
color trap using a subwavelength-diameter fiber is a quite
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realistic design. In addition to the potential practical applica-
tions for trapping and guiding of atoms, a tapered fiber with
an intense evanescent field can also be used as an atomic
mirror [15]. Generation of light with a supercontinuum spec-
trum in thin tapered fibers has been demonstrated[14].
The evanescent waves from zero-mode metal-clad
subwavelength-diameter waveguides have been used for op-
tical observations of single-molecule dynamics[16]. Rigor-
ous calculations for the spatial distribution, the waveguide
dispersion, and the polarization orientation of the light field
around a thin fiber have been reported[15,17,18]. Thin fiber
structures can be used as building blocks in future atom and
photonic micro- and nanodevices.

The paper is organized as follows. In Sec. II we study the
scheme where both input light fields are circularly polarized.
In Sec. III we study the scheme where one or both of the
input light fields are linearly polarized. Our conclusions are
given in Sec. IV.

II. TWO-COLOR TRAP WITH CIRCULARLY POLARIZED
INPUT LIGHTS

Consider a thin single-mode optical fiber that has a cylin-
drical silica core of radiusa and refractive indexn1 and an
infinite vacuum clad of refractive indexn2=1. Such a fiber
can be prepared using taper fiber technology. The essence of
the technology is to heat and pull a single-mode optical fiber
to a very thin thickness, maintaining the taper condition to
keep adiabatically the single-mode condition[19]. Due to
tapering, the original core is almost vanishing. Therefore, the
refractive indices that determine the guiding properties of the
tapered fiber are the refractive 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 referred to simply as the fiber refractive index
n1 and the fiber radiusa, respectively.

A. Two-color optical potential

Consider an atom moving in a potentialU 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 in-
teraction and heating negligible. For this purpose, we use
two light fields in the fundamental modes 1 and 2 with dif-
fering frequenciesv1 and v2, respectively(wavelengthsl1
andl2, respectively, and free-space wave numbersk1 andk2,
respectively). A schematic of our design is shown in Fig. 1.
Assume that the single-mode condition[20] Vi

;kiaÎn1
2svid−n2

2,Vc>2.405 is satisfied for both modes(i
=1 or 2). In addition, assume that the input fields are circu-
larly polarized. In this case, the polarization of the transverse
component of each propagating field rotates elliptically in
time, the orbit rotates circularly in space, and the spatial
distribution of the field intensity is cylindrically symmetric
[18]. Outside the fiber, in the cylindrical coordinateshr ,w ,zj,
the time-averaged intensity of the electric field in modei is
given by [18,20]

uEiu2 = Ei
2fK0

2sqird + wiK1
2sqird + f iK2

2sqirdg. s1d

Here the notationKn stands for the modified Bessel functions
of the second kind,qi characterizes the decay of the field
outside the fiber,wi and f i describe the deviations of the
exact fundamental mode HE11 from the approximate mode
LP01, andEi determines the strength of the electric field. The
coefficientswi and f i are defined aswi =2qi

2/bi
2s1−sid2 and

f i =s1+sid2/ s1−sid2, where si =s1/qi
2a2+1/hi

2a2d / fJ18shiad
/hiaJ1shiad+K18sqiad /qiaK1sqiadg. The parametersqi and hi

are related to the longitudinal propagation constantbi as
given byqi =sbi

2−n2
2ki

2d1/2 andhi =fn1
2svidki

2−bi
2g1/2. The pa-

rameterbi is determined by the eigenvalue equation for the
fundamental mode at the frequencyvi [20].

We assume that the atom is in the ground state and the
fields are off resonance with the atom. The optical potential
of the atom in the field of modei is then given by[21]

Ui = −
1

4
aiuEiu2, s2d

whereai =asvid is the real part of the atomic polarizability at
the optical frequencyvi. The factor 1/4 in Eq.(2) 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 functionasvd for a ground-state atom is given by
[21] asvd=se2/medo j fajsv ja

2 −v2d / fsv ja
2 −v2d2+g ja

2 v2g. Here
e andme are the electric charge and mass, respectively, of the
electron, andv ja , faj, andg ja are the frequency, absorption
oscillator strength, and damping rate, respectively, of the
spectral lineja. The absorption oscillator strengthfaj is re-
lated to the emission transition probabilityAja as Aja
= faje

2v ja
2 ga/2pmee0c

3gj. Heregj is the statistical weight of
the excited levelu jl and ga is the statistical weight of the
ground-state manifoldual. When we use the above relation,
we find

FIG. 1. Schematic of atom trapping and guiding around an op-
tical fiber.
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asvd = 2pe0c
3o

j

gj

ga

Ajas1 − v2/v ja
2 d

sv ja
2 − v2d2 + g ja

2 v2 . s3d

The linewidthg ja is determined by the lifetime of the excited
state u jl and is given byg ja=o j8Ajj 8. Here u j8l is a lower
level. When the field frequencyv is far detuned from the
atomic frequenciesv ja, the contribution of the termg ja

2 v2 in
Eq. (3) is negligible.

We note that, in the model of a two-level atom, the real
part of the polarizability can be approximated asa=
−pe0c

3gba/vba
3 D=−d2/"D. Here D=v−vba is the detuning

of the optical frequencyv from the atomic frequencyvba
andd is the projection of the dipole moment onto an axis. In
deriving the above approximation fora, it has been assumed
that D is large compared to the linewidthgba but is small
compared to the optical and atomic frequencies. The corre-
sponding approximate expression for the optical potential of
the atom isU0="V2/D whereV=duEu /2" is the Rabi fre-
quency. When the field frequencyv is far from resonance
with the frequenciesv ja of the real atom, we must take into
account the multilevel structure of the atom.

Assume that the time scale of atomic motion is much
slower than the beating period of the two light fields, that is,
the inverse of their frequency difference. Then, the optical
potentials of the two fields add up to give the net optical
potential

U = U1 + U2. s4d

The sign of the optical potential of each mode is controlled
by the sign of the mode detuning. We choose a red detuning
sD1,0d for the field in mode 1 and a blue detuningsD2

.0d for the field in mode 2 to obtaina1.0 and a2,0,
respectively. This allows both attractive(red-detuned) and
repulsive(blue-detuned) potentials to be created. When we
substitute Eq.(1) into Eq.(2) and then the result into Eq.(4),
we obtain

Usrd = G2fK0
2sq2rd + w2K1

2sq2rd + f2K2
2sq2rdg

− G1fK0
2sq1rd + w1K1

2sq1rd + f1K2
2sq1rdg. s5d

Here G1=a1E1
2/4=ua1uE1

2/4 andG2=−a2E2
2/4=ua2uE2

2/4 are
positive coupling parameters. They are proportional to the
powers of the corresponding light fields. Sincev1,v2, we
haveq1,q2, that is, the evanescent decay lengthL1=1/q1
of the red-detuned field is larger than the evanescent decay
length L2=1/q2 of the blue-detuned field[8,20]. When the
intensity of the blue-detuned field is large enough, the net
optical potentialU is repulsive at short range and attractive
at long range[9]. Such a potential possesses a local mini-
mum point, where the two forces cancel each other, leading
to the possibility of atom trapping. SinceU is independent of
w andz, a minimum point in the one-dimensional spacehrj
corresponds to a cylindrical shell of minimum points in the
three-dimensional spacehr ,w ,zj.

To get insight into the trapping properties of the net opti-
cal potentialU, we perform an analytical treatment. To sim-
plify this treatment, we assume that, from one side, the co-
efficientswi and f i are sufficiently small and, from another
side, the parametersqia are sufficiently large that the contri-

butions of the terms containingwi and f i in Eq. (5) are not
substantial[18]. Then, we obtain the following approximate
expression:

Usrd = G2K0
2sq2rd − G1K0

2sq1rd. s6d

We use this approximation only for our analysis but not for
our numerical calculations.

We introduce the notationrm andUm=Usrmd for the local
minimum point and local minimum value ofU, respectively.
From U8srmd=0, we find

Fsrmd = A, s7d

where

Fsrd =
K0sq1rdK1sq1rd
K0sq2rdK1sq2rd

s8d

and

A =
q2G2

q1G1
. s9d

Sinceq1,q2, the functionFsrd is a monotonically increasing
function of r. Hence, Eq.(7) has a solutionrm.a if A
.Fsad, that is, if

G2

G1
.

q1K0sq1adK1sq1ad
q2K0sq2adK1sq2ad

. s10d

Condition (10) means that there exists a trapping minimum
outside the fiber if the intensity of the blue-detuned light is
large enough or if the intensity of the red-detuned light is
small enough(but not zero). Note that, when the power of
the blue-detuned light increases or the power of the red-
detuned light decreases, the depthUD;−Um= uUmu of the
trapping potential decreases and the local minimum pointrm
is shifted farther away from the fiber surface. In the opposite
case, when the power of the blue-detuned light decreases or
the power of the red-detuned light increases, the potential
depth increases and the local minimum point is shifted to-
ward the fiber surface.

The atom can be prevented from coming too close to the
fiber surface before being loaded into the trap if the net op-
tical potential achieves a non-negative value at the fiber sur-
face, that is, ifUsadù0. This requirement will be satisfied if

G2

G1
ù

K0
2sq1ad

K0
2sq2ad

. s11d

When condition(11) is satisfied, condition(10) is also satis-
fied. To maximize the depth of the trapping minimum, we
optimize the powers of the two field in such a way that
condition (11) reduces to an equality, namely,

G2

G1
=

K0
2sq1ad

K0
2sq2ad

. s12d

Then, Eq.(6) yields
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Usrd = G0FK0
2sq2rd

K0
2sq2ad

−
K0

2sq1rd
K0

2sq1adG , s13d

whereG0=G1K0
2sq1ad=G2K0

2sq2ad.
We analyze the effects of the evanescent decay parameters

q1 andq2 on the trapping potential under condition(12). For
this purpose, we fixq1 andG1 (or q2 andG2) and increaseq2
andG2 (or decreaseq1 andG1) in such a way that equality
(12) is kept. This leads to a reduction inU and, consequently,
to a decrease in the minimum valueUm, that is, to an in-
crease in the depthUD=−Um of the trapping potential. Such
variations also make the minimum point of the potential
closer to the fiber surface. Note that, when the fiber radius is
small, the evanescent decay lengthL is a fast increasing
function of the light wavelengthl [8]. Therefore, using a
thin fiber, we can obtain a large ratio ofq2 to q1 by choosing
a smalll2 and/or a largel1. Thus, a reduction in the blue-
detuned light wavelengthl2 or an increase in the red-
detuned light wavelengthl1 allows us to increase the poten-
tial depth provided the power of the light fieldE2 or E1,
respectively, can be optimized appropriately to satisfy condi-
tion (12). However,l2 must not be too small because it is
limited by the single-mode condition. In addition,l1 must
not be too large because a larger wavelengthl1 leads to a
larger penetration lengthL1 and, therefore, to a smaller po-
tential magnitude for the same power of light. Furthermore,
the detuningsDi of the light fields from the dominant atomic
resonance frequency must not be too large because a larger
detuning leads to a smaller polarizability and, consequently,
to a smaller potential magnitude for the same power of light.

In general, the polarizability of an atom is a complex
characteristic. The imaginary part of the polarizability is
given by [21]

ksvd = 2pe0c
3o

j

gj

ga

Ajag jav/v ja
2

sv ja
2 − v2d2 + g ja

2 v2 . s14d

It is responsible for spontaneous scattering. The rate of spon-
taneous scattering caused by a single light fieldEi is given by

Gi
sscd =

1

4"
kiuEiu2, s15d

whereki =ksvid. Spontaneous scattering limits the coherence
time of the trap. For atoms spending time close to the mini-
mum rm of the two-color potentialU, the net scattering rate
is

Gsc= G1
sscdsrmd + G2

sscdsrmd s16d

and the characteristic coherence time is[11,12]

tcoh=
1

Gsc
. s17d

Every scattered photon imparts a recoil energyui
srecd

=s"kid2/2M to the atom, whereM is the mass of the atom.
Therefore, the absorption of mode photons and emission of
other photons result in a loss of atoms from the trapping
potential. For a trap depthUD, the quantity[12]

ttrap=
UD

2o
i

ui
srecdGi

sscdsrmd
s18d

characterizes the trap lifetime due to recoil heating. When
the light field frequencies are near to the atomic resonances,
the scattering rates are large and, therefore, the coherence
time and the trap lifetime are small. To produce a trap with a
large coherence time and a large trap lifetime, we must use
far-off-resonance fields.

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 near
the surface of a cylindrical dielectric rod is given by[22]

Vsrd =
"

4p3e0
o

n=−`

` E
0

`

dkfk2Kn8
2skrd + sk2 + n2/r2dKn

2skrdg

3E
0

`

dj asijdGnsijd, s19d

where

Gnsvd =
fesvd − e0gInskadIn8skad

e0InskadKn8skad − esvdIn8skadKnskad
. s20d

Here esvd is the dynamical dielectric function andIn is the
modified Bessel function of the first kind.

We calculate the van der Waals potential of a ground-state
cesium atom near a silica fiber surface. The dynamical di-
electric function of silica is given by[23]

esvd
e0

= 1 +
0.6961663l2

l2 − 0.06840432
+

0.4079426l2

l2 − 0.11624142

+
0.8974794l2

l2 − 9.8961612
,

wherel is in units of micrometers. To calculate the integral
(19), we use the approximate expressionasvd
=2pe0c

3o jgjAja / fgav ja
2 sv ja

2 −v2dg. This approximation is
justified because the resonant frequencies of the ground-state
cesium atom are substantially different from the resonant
frequencies of silica. We take into account four
dominant lines of the atom, namely,l1a=852.113 nm,l2a
=894.347 nm,l3a=455.528 nm, and l4a=459.317 nm
(see [25]). The emission transition probabilities of these
lines are A1a=3.2763107 s−1, A2a=2.873107 s−1, A3a
=1.883106 s−1, andA4a=83105 s−1. The statistical weights
of the four corresponding upper states areg1=4, g2=2, g3
=4, andg4=2. The statistical weight of the ground state is
ga=2.

In Fig. 2, we plot the van der Waals potentialV of a
ground-state cesium atom near a cylindrical silica fiber as a
function of the atom-to-surface distanceD=r −a. The com-
parison between the solid linesa=0.2 mmd and the dashed
line sa=0.4 mmd shows that a smaller fiber radiusa leads to
a smaller magnitude and a less steep slope of the van der
Waals potentialV.
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When the fiber radiusa is small compared to the atom-
to-surface distanceD, the van der Waals potentialV is, in
general, different from the flat-surface bulk-medium van der
Waals potential Vflat=−C3/D3. Here the coefficientC3
is determined by [24] C3=s" /16p2e0de0

`dj asijdfesijd
−e0g / fesijd+e0g. For cesium atoms and flat silica surfaces,
this coefficient is estimated to beC3>5.6310−49 J m3

>4.1310−5 mK mm3. Figure 3 illustrates the difference be-
tween the fiber-surface potentialV and the flat-surface poten-
tial Vflat. The figure shows thatV/Vflat,1, that is, the mag-
nitude ofV is smaller than the magnitude ofVflat. When the
atom-to-surface distanceD tends to zero, the ratioV/Vflat
tends to unity, that is, the two potentialsV andVflat tend to
become the same. WhenD increases, the ratioV/Vflat re-
duces, that is, the relative difference betweenV and Vflat
increases.

C. Total potential

The total potentialUtot of the atom is the sum of the net
optical potentialU and the van der Waals potentialV, i.e.,

Utot = U + V. s21d

We use Eqs.(5), (19), and(21) to calculate the total potential
Utot of a ground-state cesium atom outside a thin cylindrical
silica fiber with two circularly polarized input light fields.
The ground-state cesium atom has two strong transitions, at

852 nm(D2 line) and 894 nm(D1 line). To trap the atom, we
use red- and blue-detuned lights with wavelengthsl1
=1.06mm and l2=700 nm, respectively. The detunings of
the laser beams from the dominantD2 line of the atom are
D1/2p=−69 THz andD2/2p=76 THz. The fiber radius is
a=0.2 mm. This radius is small enough to create a large ratio
of q2 to q1 and to reduce the effect of the van der Waals force
[8]. For the above parameters, we findq1a>0.2438 and
q2a>0.9686. The corresponding evanescent decay lengths
are L1>0.8 mm and L2>0.2 mm. The relative difference
between the decay lengths is measured by the parameter
aL=sL1−L2d /L2>3. The obtained value of this parameter
is much larger than the characteristic valueaL>0.47 esti-
mated for the case of channel guides with the TE and TM
modes[11].

In Fig. 4, we plot the contributions to the total trapping
potentialUtot of the atom. The figure shows that the evanes-
cent decay length of the red-detuned light is substantially
larger than that of the blue-detuned light. The net optical
potential U has a local minimum valueUm>−2.9 mK at
rm>0.37mm, well outside the fiber. The van der Waals po-
tential is only about −5mK at the distance rm−a
>0.17mm from the fiber surface and makes just a small
contribution in the vicinity of the trapping minimum. It is
interesting to note that the depthUD>2.9 mK of the net
optical potential is comparable to the red-detuned potential
and is larger than the blue-detuned potential at the trapping
point. These characteristics of the two-color fiber scheme are
much better than those of the two-color integrated-
waveguide scheme, where the red- and blue-detuned poten-
tials are large but the net potential is small[12].

We estimate some critical trapping parameters for the case
of Fig. 4. We find that the rates of scattering due to the
trapping fields at the potential minimum areG1

sscd

>22.39 s−1 andG2
sscd>8.46 s−1. Accordingly, the net scatter-

ing rate and the coherence time areGsc>30.85 s−1 andtcoh

FIG. 2. van der Waals potentialV of a ground-state cesium atom
near a thin cylindrical silica fiber.

FIG. 3. Ratio between the van der Waals potentialsV andVflat of
a ground-state cesium atom near a thin cylindrical silica fiber and a
flat-surface bulk silica dielectric, respectively.

FIG. 4. Contributions to the total trapping potentialUtot of a
ground-state cesium atom outside a vacuum-clad subwavelength
silica fiber with two circularly polarized input light fields. The ra-
dius of the fiber isa=0.2 mm. The absolute value of the red-
detuned componentU1 (dotted line) subtracts from the blue-detuned
componentU2 (dashed line) to give the net optical potentialU (thin
solid line). This is modified by the van der Waals surface interac-
tion, giving the total potentialUtot (thick solid line). The laser wave-
lengths arel1=1.06mm and l2=700 nm. The laser powers are
P1=30 mW andP2=29 mW.
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>32 ms, respectively. Since the recoil energies due to single
red- and blue-detuned photons areu1

srecd>0.06mK and
u2

srecd>0.15mK, respectively, the trapping lifetime due to re-
coil heating is estimated to bettrap>541 s. At the trapping
minimum, the radial oscillation frequency isvr /2p
>492 kHz, giving an estimate of about 23.6µK for the en-
ergy of the atomic mode spacing.

Due to the circular polarization of the input fields,Utot is
cylindrically symmetric. In Fig. 5, we plot the spatial profile
of Utot in the fiber transverse plane. The figure shows that
Utot is independent of the azimuthal anglew and has a set of
deep minima formed as a ring surrounding the fiber. Since
the atom can move freely along the directionz of the fiber
axis,Utot is also independent ofz. Therefore, the ring of the
potential minima in the transverse plane results in a cylindri-
cal shell of the minima of the trapping potential in the three-
dimensional space.

Figure 6 illustrates the effect of the powerP1 of the red-
detuned light on the total potentialUtot. As seen, an increase
in P1 leads to an increase in the depthUD of the trapping
potential and to a shift of the local minimum pointrm toward
the fiber surface. However, the increase inP1 also reduces
the height of the repulsive wall in the region ofr , rm.

Figure 7 illustrates the effect of the powerP2 of the blue-
detuned light on the total potentialUtot. As seen, an increase
in P2 leads to a decrease in the depthUD of the trapping
potential and to a shift of the local minimum pointrm farther
away from the fiber surface. Meanwhile, the height of the
repulsive wall in the region ofr , rm is increased. The com-
parison between Figs. 6 and 7 show that the powersP1 and

P2 of the red- and blue-detuned laser beams, respectively,
have opposite effects on the total potential of the atom.
Therefore, to produce a potential with a deep trapping mini-
mum outside the fiber and with a high repulsive wall in the
region of r , rm, the ratio betweenP1 and P2 must be opti-
mized appropriately.

Due to the cylindrical symmetry of the total potentialUtot,
the componentLz of the angular momentum of the atom is
conserved. In the eigenstate problem, we haveLz="m,
wherem is an integer, called the rotational quantum number.
The centrifugal potential of the atom is given byUcf
="2sm2−1/4d /2Mr2. The radial motion of the atom can be
treated as the one-dimensional motion of a particle in the
effective potentialUeff=Utot+Ucf. In Fig. 8, we plot the
eigenfunctions for the first six levels of the radial motion of
the atom in the effective potentialUeff with the rotational
quantum numberm=0. The energy of the ground state is
E0>−2.872 mK. The spacing between the energies of the
ground state and the first excited state is roughly 23µK. The
characteristic size of the ground state isDr >8.8 nm.

III. TWO-COLOR TRAP WITH LINEARLY POLARIZED
INPUT LIGHTS

The formation of a set of trapping minima as a ring in the
fiber transverse plane(or as a shell in the three-dimensional

FIG. 5. Transverse-plane profile of the total potentialUtot pro-
duced by laser beams that are circularly polarized at the input. All
the parameters are the same as for Fig. 4.

FIG. 6. Effect of the powerP1 of the red-detuned light on the
total potentialUtot. The power of the blue-detuned light is fixed at
P2=29 mW. All the other parameters are the same as for Fig. 4.

FIG. 7. Effect of the powerP2 of the blue-detuned light on the
total potentialUtot. The power of the red-detuned light is fixed at
P1=30 mW. All the other parameters are the same as for Fig. 4.

FIG. 8. Bound states for the first six levels(n=0, 1, 2, 3, 4, and
5) of the radial motion of a cesium atom in the effective potential
Ueff=Utot+"2sm2−1/4d /2Mr2. The rotational quantum number is
m=0. All the other parameters are the same as for Fig. 4.
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space), shown in the previous section, is due to the cylindri-
cal symmetry of all of the components of the total potential.
In order to confine atoms to vicinities of single local points
in the fiber transverse plane, we need to break the symmetry.
An asymmetric optical potential can be obtained when one or
both trapping light fields are linearly polarized at the input.
Indeed, it has been shown that, due to the small thickness of
the fiber and the high contrast between the refractive indices
of the silica core and the vacuum clad, the intensity distribu-
tion of the field in a fundamental mode with quasilinear po-
larization strongly depends on the azimuthal angle, espe-
cially in the vicinity of the fiber surface[18].

Regarding the properties of the trapping potential, there is
no substantial qualitative difference between the case where
both input fields are linearly polarized and the case where
one is linearly polarized and the other one is circularly po-
larized. Therefore, we consider here, as an example, the case
where both input fields are linearly polarized, along the same
direction, namely, thex direction. In this case, the polariza-
tion of each light field propagating along the fiber is quasi-
linear and the spatial distribution of the field intensity is not
cylindrically symmetric [18]. Outside the fiber, the time-
averaged intensity of the electric field in modei is given by
[18,20]

uEiu2 = Ei
2hK0

2sqird + wiK1
2sqird + f iK2

2sqird

+ fwiK1
2sqird + jiK0sqirdK2sqirdgcos 2wj. s22d

Here ji =2s1+sid / s1−sid. We use the above field intensity
distributions and Eq.(2) to calculate the optical potentialsU1
and U2 of an atom in the red- and blue-detuned fields. The
net optical potentialU=U1+U2 is then found to be

Usr,wd = G2hK0
2sq2rd + w2K1

2sq2rd + f2K2
2sq2rd

+ fw2K1
2sq2rd + j2K0sq2rdK2sq2rdgcos 2wj

− G1hK0
2sq1rd + w1K1

2sq1rd + f1K2
2sq1rd

+ fw1K1
2sq1rd + j1K0sq1rdK2sq1rdgcos 2wj.

s23d

Unlike the potential(5), the potential(23) contains additional
terms that vary with the azimuthal anglew. Due to these
terms, the potential(23) is not cylindrically symmetric.
Meanwhile, when the intensity of the blue-detuned field is
large enough, the potential(23) is, like the potential(5),
repulsive at short range and attractive at long range. For a
fixed anglew, the potentialUsr ,wd as a function ofr must
have a local minimum valueUmswd achieved at a pointrmswd
where the repulsive and attractive forces cancel each other.
Due to the cylindrical asymmetry of the potential,Umswd is
not constant inw. Consequently,Umswd must have a global
minimum valueUg=min Umswd, which is achieved at a finite
number of angleswm. Thus the potentialUsr ,wd must have a
global minimum valueUg achieved at a finite number of
single points(rmswmd ,wm) in the fiber transverse plane. Due
to the axial symmetry, we haveUsr ,wd=Usr ,p+wd. There-
fore, there must be two minimum points forUsr ,wd in the
transverse plane. Since the atom can move freely along the
directionz of the fiber axis, the two minimum points in the

transverse plane in fact correspond to two straight lines for
the minima of the trapping potential in the three-dimensional
space. These potential minimum lines can be used to trap and
guide atoms along the fiber.

We use Eq.(23) as well as Eqs.(19) and(21) to calculate
the total potentialUtot of a ground-state cesium atom outside
a thin cylindrical silica fiber with two linearly polarized input
light fields. We plot in Fig. 9 the spatial profile ofUtot in the
fiber transverse plane. The figure shows thatUtot varies sub-
stantially with the azimuthal anglew, especially in the vicin-
ity of the fiber surface. The minimum points in the radial
dependence ofUtot form a ring surrounding the fiber. Unlike
the case of circular polarization, see Fig. 5, the ring at the
bottom of Fig. 9 is not flat with respect tow. This ring has
two deepest points, located symmetrically on thex axis (at
w=0 and w=p). These points correspond to two straight
lines, parallel to the fiber axis, for the trapping minima in the
three-dimensional space.

To get a closer look at the spatial distributions of the
potential along different radial directions, we replot in Fig.
10 the potentialUtot of Fig. 9 as a function ofx at y=0 (i.e.,
as a function ofr at w=0) and as a function ofy at x=0 (i.e.,
as a function ofr at w=p /2). Figures 10(a) and 10(b) show
that, for P1=30 mW andP2=35 mW, the depths of the po-
tential minima for thex andy directions are about −3.2 mK
and −2 mK, respectively. Thus the depth of the potential
minimum for the x direction is larger than that for they
direction. Consequently, the local minimum for thex direc-
tion is the local minimum for the whole transverse plane.

FIG. 9. Transverse-plane profile of the total potentialUtot pro-
duced by laser beams that are linearly polarized at the input. The
laser powers areP1=30 mW andP2=35 mW. All the other param-
eters are the same as for Fig. 4.

FIG. 10. Total potentialUtot as a function ofx at y=0 (a) and as
a function ofy at x=0 (b). All the parameters are the same as for
Fig. 9.
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The difference between the depths of the potential minima
for the x and y directions is about 1.2 mK. Note that the
radial distancesxm=rms0d and ym=rmsp /2d of the local
minima for the x and y directions are almost the same,
namely,rmswd>0.4 mm.

To get insight into the variations ofUtot along the bottom
ring r =rmswd>0.4 mm, we plot this potential in Fig. 11 as a
function of w for a fixed radial distancer =0.4 mm. As seen,
along the bottom ring,Utot achieves its minimum value at
two anglesw=0 andw=p. The difference between the maxi-
mum and minimum values ofUtot along the bottom ring is
about 1.2 mK.

We estimate some important parameters of the trap at the
minimum pointsr =rm,w=0d or sr =rm,w=pd in the situation
of Fig. 9. We find that the rates of scattering due to the light
fields at the trapping minimum areG1

sscd>25.87 s−1 and
G2

sscd>10.49 s−1. Accordingly, the net scattering rate and the
coherence time areGsc>36.36 s−1 and tcoh>27.5 ms, re-
spectively. The trapping lifetime due to recoil heating is es-

timated to bettrap>500 s. When we fit the bottom of the
potential around the minimum point by a two-dimensional
harmonic potential, we find that the transverse oscillation
frequencies arevr /2p>533 kHz and vw /2p>156 kHz.
These frequencies provide a ground-state localization ofl r
>8.4 nm andlw>15.6 nm.

IV. CONCLUSIONS

We have demonstrated that a subwavelength-diameter op-
tical fiber carrying a red-detuned laser beam and a blue-
detuned laser beam can be used to trap and guide atoms
outside the fiber. We have shown that, when both the input
light fields are of circular polarization, a set of trapping
minima of the potential in the transverse plane is formed as a
ring around the fiber. In this case, the atoms can be confined
to a cylindrical shell around the fiber. When one or both of
the input light fields are of linear polarization, the potential
achieves its minimum value at two single points in the trans-
verse plane. In this case, the atoms can be confined along
two straight lines parallel to the fiber axis. Due to the small
thickness of the fiber, we can use far-off-resonance fields
with substantially differing evanescent decay lengths to pro-
duce a net potential with a large depth, a large coherence
time, and a large trap lifetime. For example, a 0.2-µm-radius
silica fiber carrying 30 mW of 1.06-µm-wavelength light and
29 mW of 700-nm-wavelength light, both fields circularly
polarized at the input, gives for cesium atoms a trap depth of
2.9 mK, a coherence time of 32 ms, and a recoil-heating-
limited trap lifetime of 541 s.

ACKNOWLEDGMENT

This work was carried out under the 21st Century COE
program on “Coherent Optical Science.”

[1] S. Chu, Rev. Mod. Phys.70, 685(1998); C. Cohen-Tannoudji,
ibid. 70, 707 (1998); W. D. Phillips, ibid. 70, 721 (1998).

[2] C. S. Adams, M. Sigel, and J. Mlynek, Phys. Rep.240, 143
(1994); V. I. Balykin and V. S. Letokhov,Atom Optics with
Laser Light, Laser Science and Technology Vol. 18(Harwood
Academic, New York, 1995), p. 115; P. Meystre,Atom Optics
(Springer, New York, 2001), p. 311.

[3] A. P. Kazantsev, G. J. Surdutovich, and V. P. Yakovlev,Me-
chanical Action of Light on Atoms(World Scientific, Sin-
gapore, 1990); R. Grimm, M. Weidemüller, and Yu. B.
Ovchinnikov, Adv. At., Mol., Opt. Phys.42, 95 (2000); V. I.
Balykin, V. G. Minogin, and V. S. Letokhov, Rep. Prog. Phys.
63, 1429(2000).

[4] R. J. Cook and R. K. Hill, Opt. Commun.43, 258(1982); V. I.
Balykin, V. S. Letokhov, Yu. B. Ovchinnikov, and A. I. Si-
dorov, Phys. Rev. Lett.60, 2137(1988).

[5] For review see, for example, J. P. Dowling and J. Gea-
Banacloche, Adv. At., Mol., Opt. Phys.37, 1 (1996); V. I.
Balykin, ibid. 41, 181 (1999).

[6] M. A. Ol’Shanii, Yu. B. Ovchinnikov, and V. S. Letokhov,

Opt. Commun.98, 77 (1993).
[7] M. J. Renn, D. Montgomery, O. Vdovin, D. Z. Anderson, C. E.

Wieman, and E. A. Cornell, Phys. Rev. Lett.75, 3253(1995);
H. Ito, T. Nakata, K. Sakaki, M. Ohtsu, K. I. Lee, and W. Jhe,
ibid. 76, 4500(1996).

[8] V. I. Balykin, K. Hakuta, Fam Le Kien, J. Q. Liang, and M.
Morinaga, Phys. Rev. A70, 011401(R) (2004); V. I. Balykin,
Fam Le Kien, J. Q. Liang, M. Morinaga, and K. Hakuta,
CLEO/IQEC and PhAST Technical Digest on CD-ROM(Opti-
cal Society of America, Washington, D.C. , 2004), presentation
ITuA7.

[9] Yu. B. Ovchinnikov, S. V. Shul’ga, and V. I. Balykin, J. Phys.
B 24, 3173(1991).

[10] H. Mabuchi and H. J. Kimble, Opt. Lett.19, 749 (1994).
[11] A. H. Barnett, S. P. Smith, M. Olshanii, K. S. Johnson, A. W.

Adams, and M. Prentiss, Phys. Rev. A61, 023608(2000).
[12] J. P. Burke, Jr., Sai-Tak Chu, G. W. Bryant, C. J. Williams, and

P. S. Julienne, Phys. Rev. A65, 043411(2002).
[13] L. Tong, R. R. Gattass, J. B. Ashcom, S. He, J. Lou, M. Shen,

I. Maxwell, and E. Mazur, Nature(London) 426, 816 (2003).

FIG. 11. Azimuthal dependence of the total potentialUtot for r
=0.4 mm. All the parameters are the same as for Fig. 9.

LE KIEN, BALYKIN, AND HAKUTA PHYSICAL REVIEW A 70, 063403(2004)

063403-8



[14] T. A. Birks, W. J. Wadsworth, and P. St. J. Russell, Opt. Lett.
25, 1415 (2000); S. G. Leon-Saval, T. A. Birks, W. J. Wad-
sworth, P. St. J. Russell, and M. W. Mason, inConference on
Lasers and Electro-Optics (CLEO), Technical Digest, Postcon-
ference Edition (Optical Society of America, Washington,
D.C., 2004), paper CPDA6.

[15] J. Bures and R. Ghosh, J. Opt. Soc. Am. A16, 1992(1999).
[16] M. J. Levene, J. Korlach, S. W. Turner, M. Foquet, H. G.

Craighead, and W. W. Webb, Science299, 682 (2003).
[17] L. Tong, J. Lou, and E. Mazur, Opt. Express12, 1025(2004).
[18] Fam Le Kien, J. Q. Liang, K. Hakuta, and V. I. Balykin, Opt.

Commun. 242, 445 (2004).
[19] J. C. Knight, G. Cheung, F. Jacques, and T. A. Birks, Opt. Lett.

22, 1129(1997); M. Cai and K. Vahala,ibid. 26, 884 (2001).
[20] See, for example, A. Yariv,Optical Electronics(CBS College,

New York, 1985); D. Marcuse,Light Transmission Optics
(Krieger, Malabar, FL, 1989).

[21] See, for example, J. D. Jackson,Classical Electrodynamics,
3rd ed.(Wiley, New York, 1999).

[22] M. Boustimi, J. Baudon, P. Candori, and J. Robert, Phys. Rev.
B 65, 155402(2002); M. Boustimi, J. Baudon, and J. Robert,
ibid. 67, 045407(2003).

[23] G. Ghosh,Handbook of Thermo-Optic Coefficients of Optical
Materials with Applications(Academic Press, New York,
1997).

[24] A. D. McLachlan, Mol. Phys.7, 381 (1964).
[25] J. E. Sansonetti, W. C. Martin, and S. L. Young,Handbook of

Basic Atomic Spectroscopic Data (version 1.00), Natl. Inst.
Stand. Technol., Gaithersburg, MD, http://physics.nist.gov/
Handbook

ATOM TRAP AND WAVEGUIDE USING A TWO-COLOR… PHYSICAL REVIEW A 70, 063403(2004)

063403-9


