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We suggest using an evanescent wave around a thin fiber to trap atoms. We show that the gradient force of
a red-detuned evanescent-wave field in the fundamental mode of a silica fiber can balance the centrifugal force
when the fiber diameter is about two times smaller than the wavelength of the light and the component of the
angular momentum of the atoms along the fiber axis is in an appropriate range. As an example, the system
should be realizable for cesium atoms at a temperature of less than 0.29 mK using a silica fiber with a radius
of 0.2 mm and a 1.3-mm-wavelength light with a power of about 27 mW.
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A current-carrying metallic wire and a photon-carrying
dielectric wire are the simplest configurations for trapping
and guiding cold particles. Blumel and Dietrich[1] consid-
ered the possibility of binding very cold neutrons through a
magnetic trapping potential created by a thin wire with a
current. Similar waveguides have been proposed and lately
realized for binding cold neutral atoms[2,3]. The optical
force from a dielectric wire carrying photons can also be
used to trap and guide cold atoms[4–6]. Such an atom guide
is made from ahollow optical fiber with light propagating in
the glass and tuned far to blue of atomic resonance[5,6].
Inside the fiber, the evanescent wave decays exponentially
away from the wall, producing a repulsive potential which
guides atoms along the center axis. Alternatively, a red-
detuned light in the hollow center of the fiber can also be
used to guide atoms[4]. In several experiments[7], cold
atoms have been trapped and guidedinside a hollow fiber
where the optical dipole force confined them on axis.

In this Rapid Communication, we present a method for
trapping and guiding neutral atoms around a thin optical fi-
ber. Our scheme is based on the use of asubwavelength-
diametersilica 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. The atom trapping
and guiding occur in theoutsideof the fiber. To sustain a
stable trapping and guiding, the atoms have to be kept away
from the fiber wall. This can be achieved by the centrifugal
potential barrier. The centrifugal potential barrier can com-
pensate all the potentials which diverge less rapidly thanr−2

as r →0. We show that this can be achieved only when the
fiber diameter is subwavelength.(Nowadays thin fibers can
be produced with diameters down to 50 nm[8].)

Note that one can manipulate a very thin silica fiber using
taper fiber technology. The essence of the technology is to
heat and pull a single-mode optical fiber to a very thin thick-
ness maintaining the taper condition to keep adiabatically the

single-mode condition[9]. The thin fiber has an almost van-
ishing core. Hence, the refractive indices that determine the
fiber modes are the cladding refractive indexnf and the re-
fractive indexn0 of the medium surrounding the fiber. The
cladding indexnf will be referred as the fiber refractive index
henceforth.

Consider an atom moving around an optical fiber, see Fig.
1. We assume that the potentialU of the atom is cylindrically
symmetric, that is,U depends on the radial distancer from
the atom to the fiber axisz, but not on two other cylindrical
coordinatesw andz. Due to this symmetry, 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 poten-
tial of the atom is repulsive and 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 po-
tential Ueff=Ucf+U.

There exist stable bound states for the atom ifUeff has a
local minimum at a distancer =rm outside the fiber. This may
happen only if the potentialU is attractive, opposite to the
centrifugal potentialUcf. To produce such a potentialU, we
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FIG. 1. Schematic of atom trapping and guiding around an op-
tical fiber.
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send an optical field through the fiber. This field generates an
evanescent wave around the fiber, whose steep variation in
the transverse plane leads to a gradient force on the atom. We
assume that the atom is initially in the ground state and the
detuningD of the field from the dominant atomic line is large
compared to the Rabi frequencyV and the linewidthg.
Then, the optical potential of the gradient force is given by
[10,11] U="V2/D. We choose a red detuningsD,0d for the
field to makeU an attractive potential.

We assume that the fiber is sufficiently thin that it has a
vanishing core and it can support only a single, fundamental
mode HE11 [12]. The fiber mode characteristics are then de-
termined by the fiber radiusa, the light wavelengthl, the
fiber refractive indexnf, and the refractive indexn0 of the
surrounding environment. In the linear-polarization approxi-
mation, the spatial dependence of the amplitude of the field
outside the fiber is described by the modified Bessel function
K0sqrd. Here the parameterq=1/L is the inverse of the char-
acteristic decay lengthL of the evanescent-wave field and is
determined by the fiber eigenvalue equation[12]. Then, the
optical potential outside the fiber can be written asU=
−GK0

2sqrd, where G=−"Va
2/DK0

2sqad is the coupling con-
stant for the interaction between the evanescent wave and the
atom. HereVa is the Rabi frequency of the field at the fiber
surface.

It should be noted here that the field distributionEsr d
corresponding to the fundamental mode HE11 of the fiber has
three nonzero componentsEr, Ew, and Ez, which have azi-
muthal variation and therefore are not cylindrically symmet-
ric. The cylindrical symmetry of the field in the fundamental
mode appears only in the framework of the linear-
polarization approximation for weakly guided modes. Al-
though this approximation is good for conventional fibers, it
may be questionable for thin fibers sincenf andn0 are very
different from each other. A simple general way to produce a
cylindrically symmetric optical potential is to use a circularly
polarized light. The time average of the potential of such a
field is cylindrically symmetric on the slow time scale of the
atomic center-of-mass motion.

The effective potential for the radial motion of the atom in
the optical potentialU can be written in the form

Ueffsrd = urecFm2 − 1/4

k2r2 − gK0
2sqrdG , s1d

whereurec=s"kd2/2M is the recoil energy andg=G/urec is
the normalized coupling parameter. HereM is the mass of
the atom andk is the wave number of the field. At the local
minimum pointrm, the derivative ofUeffsrd is zero. Hence,
we find rm=xm/q, wherexm is a solution of the equation

fsxd = M, s2d

with fsxd=x3K0sxdK1sxd and M=sm2−1/4dq2/gk2. The
function fsxd achieves its peak valuefc>0.2545 at xc

>0.9331. The condition for the existence ofrm is M, fc.
When this condition is satisfied, Eq.(2) has two solutions.
The smaller one corresponds to the local minimum pointrm
of Ueffsrd and the larger one corresponds to a local maximum
point. It follows from the relationxm,xc that rm,xcL

>0.9331L. Thus the distance from the local minimum point
rm of the effective optical potential to the fiber axis is always
shorter than the decay lengthL of the evanescent wave. The
comparison of the requirementrm.a with the inequality
rm,xcL yields

qa, xc > 0.9331 s3d

or, equivalently,a,xcL>0.9331L. As shown below, con-
dition (3) can be satisfied only when the size parameterka of
the fiber is small enough. On the other hand, the requirement
rm.a can be satisfied only whenfa,M, where fa= fsxad
with xa=qa. Combining the conditionsfa,M andM, fc
and using the explicit expression forM, we obtain

fa , sm2 − 1/4d
q2

gk2 , fc. s4d

Thus stable bound states of the atom may exist only if
mminømømmax, wheremmin andmmax are the integer num-
bers closest toÎfagk2/q2+1/4 andÎfcgk2/q2+1/4, respec-
tively. Note that an increase inm leads to an increase in the
positionrm as well as a decrease in the depth −Ueffsrmd of the
local minimum of the effective optical potential. In addition,
the depth −Ueffsrmd increases with increasing the coupling
parameterg.

We calculate the decay parameterq for the evanescent
wave of the fundamental mode HE11 by solving the exact
eigenvalue equation for the fiber[12]. We show in Fig. 2(a)
the characteristic dimensionless parametersL /l and qa as
functions of the fiber size parametera/l. We find from the
figure that condition(3) is satisfied when

a/l , 0.283, s5d

that is, when the fiber is thin compared to the wavelength of
the trapping light. The penetration lengthL is plotted in Fig.

FIG. 2. (a) Normalized penetration depthL /l and normalized
decay rateqa of the evanescent wave as functions of the fiber size
parametera/l. The parameters used:nf =1.45 andn0=1. (b) Pen-
etration lengthL of the evanescent wave against the wavelengthl
of the light field for various values of the fiber radiusa. The dis-
persion of the silica-glass fiber indexnf is taken into account, and
the environment refractive index isn0=1.
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2(b) as a function of the light wavelengthl for various val-
ues of the fiber radiusa. In these calculations, we took into
account the dispersion of the silica-glass fiber indexnf. The
figure shows that condition(3) is satisfied whenl.0.72,
1.06, 1.41, 1.75, and 2.09mm for a=0.2, 0.3, 0.4, 0.5, and
0.6 mm, respectively.

When the atom is near to the fiber surface, we must take
into account the van der Waals force. The van der Waals
potential of an atom near the surface of a cylindrical dielec-
tric rod has been calculated by Boustimiet al. [13]. We use
their general formula to calculate the van der Waals potential
of a ground-state cesium atom near a cylindrical silica fiber.
We plot the results in Fig. 3. As seen, whenr is fixed, a
larger fiber radiusa leads to a deeper and steeper van der
Waals potential. When the van der Waals force is substantial,
the effect of the centrifugal potential may be reduced and,
consequently, the local minimum pointrm of the effective
optical potentialUeff may be washed out in the total effective
potentialUtot=Ueff+V. To reduce the effect of the van der
Waals force, we need a thin fiber. Around such a fiber, the
total effective potentialUtot may have a local minimum point
near torm. On the other hand, we can also reduce the effect
of the van der Waals force by increasingrm. For a fixed value
of the coupling parameterg, we can increaserm by consid-
ering orbits with larger values of the rotational quantum
numberm.

We now perform numerical calculations for the total ef-
fective potentialUtot of a ground-state cesium atom outside a
thin cylindrical silica fiber. To trap atoms, we use light with
the wavelengthl=1.3 mm. The fiber radius is chosen to be
a=0.2 mm =0.154l, which is small enough to satisfy con-
dition (5) and to reduce the effect of the van der Waals force.
The penetration length of the trapping light from the fiber is
found to beL>2.42mm =12.1a. The coupling parameterg
should be large to produce a strong dipole force leading to an
effective optical potential with a deep local minimum point.
For the calculations, we chooseg=5330. Then, condition(4)
yields the lower and upper boundary valuesmmin=114 and
mmax=430 for the range ofm where the effective opticalUeff
has a local minimum pointrm outside the fiber. For the cal-
culations, we choosem=220, 230, and 240. These values are
not only in the intervalsmmin,mmaxd but also are sufficiently

large thatrm is far away from the range of substantial action
of the van der Waals force. We then expect that the total
effective potentialUtot has a local minimum point near to the
point rm.

We plot in Fig. 4 the results of our calculations forUtot.
As seen, the total effective potential has a deep minimum
point, which is located more than 0.4mm far away from the
fiber axis, not only well outside the fiber but also outside the
range of substantial action of the van der Waals force. We
observe that an increase in the rotational quantum numberm
leads to an increase in the positionrm8 of the local minimum
point and a decrease in its depth −Utotsrm8 d. We note that, in
the region ofr .a, the shape ofUtot is similar to that of the
attractive van der Waals potentialV. However, in the region
of r @a, where V is weak, Utot practically coincides with
Ueff.

The existence of a deep local minimum of the potential
Utot leads to the existence of bound states of the atom. In Fig.
5, we plot the wave functionsun for the first five energy
levels of the radial motion of a cesium atom in the potential
Utot. Since the potential is deep, the lower levels practically

FIG. 3. van der Waals potentialV of a ground-state cesium atom
outside a thin cylindrical silica fiber.

FIG. 4. Total effective potentialUtot of a ground-state cesium
atom outside a silica fiber with the radius of 0.2mm. The wave-
length and the coupling parameter of the trapping light arel
=1.3 mm andg=5330, respectively. The recoil energy isurec=888
Hz=42.6 nK.

FIG. 5. Bound statesun for the first five levels(n=0, 1, 2, 3, and
4) of the radial motion of a cesium atom in the total effective
potential Utot. The rotational quantum number ism=230. All the
other parameters are the same as for Fig. 4.
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do not depend on the van der Waals potential. They are
mainly determined by the effective optical potentialUeff.
However, the upper levels, which are not shown in the figure,
are sensitive to the van der Waals potential and also to the
boundary condition at the fiber surface. Tunneling from such
highly excited levels into the narrow potential well between
the repulsive hard-core potential and the attractive van der
Waals potential may occur.

The experimental realization of bound states requires the
binding energy of atoms to be larger than their typical ther-
mal kinetic energy. In the case of Fig. 5, the energy of the
ground state isE0>−6716urec. Since Utotsr =`d=0, the
binding energy of an atom in the ground state isEB=Utotsr
=`d−E0>6716urec>0.29 mK. Thus we can trap cesium at-
oms around the fiber at a temperature of less than 0.29 mK.

The tangential component of transverse velocity of an
atom spinning around the fiber at the distancerm is given by
vT=Lz/Mrm="m/Mrm. For a cesium atom spinning in a
bound state withm=230 and rm=0.5 mm, we find vT
>0.22 m/s. The kinetic energy of this rotational motion is
MvT

2 /2>1 mK. This energy is larger than the binding energy

and consequently than the allowed value of the average ther-
mal kinetic energy estimated above.

We note that the coupling parameterg=5330 corresponds
to the field intensity of 1 MW/cm2 at the fiber surface with
the radius of 0.2mm. Such an intensity is large, but it can be
easily generated since the fiber is thin. In fact, the power of
light corresponding to such an intensity is estimated to be
about 27 mW, a very ordinary value for the laser light with
the wavelength of 1.3mm.

In conclusion, we have suggested and analyzed a method
for trapping atoms based on the use of an evanescent wave
around a thin silica fiber. We have shown that the gradient
force of a red-detuned evanescent-wave field in the funda-
mental mode of a silica fiber can balance the centrifugal
force when the fiber diameter is about two times smaller than
the light wavelength and the component of the angular mo-
mentum of the atoms along the fiber axis is in an appropriate
range. Since optical fibers offer the possibility of engineering
evanescent fields, the system can be used to store, move, and
manipulate cold atoms in a controlled manner. The system
may prove useful as a waveguide for matter waves.
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