PHYSICAL REVIEW A 70, 063403(2004)

Atom trap and waveguide using a two-color evanescent light field
around a subwavelength-diameter optical fiber
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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, auf2adius silica fiber carrying 30 mW of
1.06um-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 [9], who proposed the use of two colofise., red and blue
detuning$ and differing evanescent decay lengths to obtain
both attractive and repulsive forces. The two-color method
has been considered for planar prisf@§ dielectric micro-
phereq10], free-standing channel waveguidd4], and in-
tegrated optical waveguiddg4d?]. In these systems, the net
trapping potential is small compared to the optical potentials
T the red- and blue-detuned lights. Such traps are sensitive
small field perturbations. As already pointed out by Bar-
ttet al. [11], such sensitivity would be greatly reduced if

| shanéd A le is a holl ical fib h we could increase the difference between the evanescent de-
tential shapg4—7]. An example is a hollow optical fiber with ., jangths of the red- and blue-detuned lights. In addition,

light propagating _in the 9"’?‘53 and tuned far to blue of atomiq.xtilizing large detunings would also be advantageous for co-
resonancdg7]. Inside the fiber, the evanescent wave decaySf1erent guiding[11,12.

eXpP”e”“?"V away from the wall, producing arepulsive PO~ In this paper, we demonstrate that a subwavelength-
tgntlal which guides a}toms along the center axis. Alte,madiameter optical fiber carrying a red-detuned laser beam and
tively, a red-detuned Ilg_ht in the hollow center of t_he f|bera blue-detuned laser beam can be used to trap and guide
can also be used to guide atof. In several experiments y,mq qutside the fiber. Due to the small thickness of the
[5], cold atoms have been trapped and guided inside a holloyo e can use far-off-resonance lights with substantially
fiber. . - differing evanescent decay lengths to produce a net potential
Recently, a methpd for trapping and guiding neutral atomgyih (1) a deep minimum(2) a large coherence time, ang)
outside a thin optical fiber has been propos@l The a6 trap lifetime. We consider two schemes of input field
scheme is based on the use of a subwavelength-diametgy i, ation. In the scheme where both light fields are circu-
;lllca fiber with a red-detuned |Ig.ht launched into it. The larly polarized at the input, a set of trapping minima of the
light wave decays away from the fiber wall anq produces arE)otential in the transverse plane is formed as a ring around
attractive potential for neutral atoms. To sustain stable traPe fiber and the atoms can be confined to a cylindrical shell
ping and guiding outside the fiber, the atoms have to be kepl;,,nq the fiber. In the scheme where one or both of the
away from the fiber wall. This can be achieved by a centrifus, ¢ jight fields are linearly polarized, the potential has two
gal potential barrie(8]. . . . local minimum points in the transverse plane, and the atoms
A'."Other way to.produce a trap W'th a potent|_al MINIMUM ¢21 be confined along two straight lines parallel to the fiber
outside a surface is to employ the idea of Ovchinnikbwal. axis.
Before we proceed, we note that, due to recent develop-
ments in taper fiber technology, thin fibers can be produced
*Also at Institute of Physics and Electronics, Vietnamese Acadwith diameters down to 50 nrfil3,14. Therefore, a two-
emy of Science and Technology, Hanoi, Vietnam. color trap using a subwavelength-diameter fiber is a quite

One of the key problems of matter-wave physics is trap
ping and guiding neutral atomd]. Atom traps and atom
waveguides can be used as tools for atom optics, atom inte
ferometry, and atom lithograph2]. Atoms can be trapped
and manipulated by the gradient forces of light waj@sIn
particular, evanescent light waves have been used exte
sively to trap and guide atoms. The advantages of suc
waves are that they have high spatial gradients and use rig
dielectric structures like prisms and fibers to define the po
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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 demonstrgted.

The evanescent waves from zero-mode metal-clad
subwavelength-diameter waveguides have been used for op-
tical observations of single-molecule dynam|d$]. Rigor-

ous calculations for the spatial distribution, the waveguide
dispersion, and the polarization orientation of the light field
around a thin fiber have been repor{é®,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. Il we study the
scheme where both input light fields are circularly polarized. FIG. 1. Schematic of atom trapping and guiding around an op-
In Sec. Il we study the scheme where one or both of thdical fiber.
input light fields are linearly polarized. Our conclusions are

given in Sec. IV. |E? = 2K (ar) + wik3(an) + fiK3(@n]. ()

trapped atom

A

optical fiber

two-color light waves

Il. TWO-COLOR TRAP WITH CIRCULARLY POLARIZED
INPUT LIGHTS Here the notatioi,, stands for the modified Bessel functions

of the second kindg; characterizes the decay of the field

Consider a thin single-mode optical fiber that has a cylingytside the fiberw; and f; describe the deviations of the
drical silica core of radiug and refractive inde)ﬂl and an exact fundamenta' mode HEfrom the approximate mode
infinite vacuum clad of refractive indemy=1. Such a fiber | p), ‘andé&, determines the strength of the electric field. The
can be prepared using taper fiber technology. The essence @efficientsw; and f; are defined av,=2q°/ BA(1-s)? and
the technology is to heat and pull a single-mode optical fibeg. - (1+5)2/(1-s)?,  where s=(1/c?a2+1/h’a?)/[J;(ha)
to a very thin_ thickness,_maintaining the taper condition to/hiaJl(hia)+Ki(qia)/qiaK1(qia)]- The parameters; and h
keep_ad|abat|c_all_y the sm_gle-mode co_ndl_tlplg]. Due 10 46 related to the longitudinal propagation constgntas
tapering, the original core is almost vanishing. Therefore, th iven byq_:(ﬁ_Z_nZk_Z)l/Z and h:[nz(w,)k_z_ﬁ_z]l/z The pa-
refractive indices that determine the guiding properties of th L2 PR
tapered fiber are the refractive index of the original siIicaf
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 inde
n, and the fiber radiug, respectively.

ameterg,; is determined by the eigenvalue equation for the
undamental mode at the frequeney[20].

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

A. Two-color optical potential 1 )
. . . . Ui=-~alEl, 2
Consider an atom moving in a potentidl outside the 4

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 wherea; = a(w;) is the real part of the atomic polarizability at
far from the fiber surface to make the effects of surface inthe optical frequencyw;. The factor 1/4 in Eq(2) results
teraction and heating negligible. For this purpose, we usé&om the fact that the dipole of the atom is not a permanent
two light fields in the fundamental modes 1 and 2 with dif- dipole but is induced by the field, giving 1/2, and from the
fering frequenciesy; and w,, respectively(wavelengths\;  fact that the intensity is averaged over optical oscillations,
and\,, respectively, and free-space wave numbegrandks, giving another 1/2.

respectively. A schematic of our design is shown in Fig. 1.  The functiona(w) for a ground-state atom is given by
Assume that the single-mode conditio[20] Vi  [21] a(w)=(/Me)3;fai(w— 0?)/[(0F— w?)2+y,w?]. Here
=kayni(w)-n5<V,=2.405 is satisfied for both modgs e andm, are the electric charge and mass, respectively, of the
=1 or 2. In addition, assume that the input fields are circu-electron, andv;,, f,;, andy;, are the frequency, absorption
larly polarized. In this case, the polarization of the transversescillator strength, and damping rate, respectively, of the
component of each propagating field rotates elliptically inspectral lineja. The absorption oscillator strengfh; is re-
time, the orbit rotates circularly in space, and the spatialated to the emission transition probabilitf, as A
distribution of the field intensity is cylindrically symmetric :fajezwjzagaIZWmeeO@gj. Hereg; is the statistical weight of
[18]. Outside the fiber, in the cylindrical coordinafese,z},  the excited levelj) and g, is the statistical weight of the
the time-averaged intensity of the electric field in mads  ground-state manifoléh). When we use the above relation,
given by[18,20 we find
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g Aul - ¥ w?) butions of the terms containing; and f; in Eqg. (5) are not
_ 3 Jj ja ja K i . .
a(w) = 2mec>, 5 22 5 (3)  substantia[18]. Then, we obtain the following approximate
j ga(wja - w ) + szaw ex : .
pression:

The linewidthy;, is determined by the lifetime of the excited _ ) 5

state|j) and is given byy;,=3;/A;j,. Here|j’) is a lower U(r) = GoKo(a2r) — GiKg(aur) - (6)
level. When the field frequency is far detuned from the
atomic frequencies;,, the contribution of the ternfyjzaw2 in

Eq. (3) is negligible.

We note that, in the model of a two-level atom, the realminimum point and local minimum value &f, respectively
part of the polarizability can be approximated as= From U’ (r,)=0, we find ' '
—eeCypal Wi A=—02/HA. Here A=w—wy, is the detuning :
of the optical frequencyw from the atomic frequencywy, F(r) =A 7)
andd is the projection of the dipole moment onto an axis. In '
deriving the above approximation fa, it has been assumed where
that A is large compared to the linewidti,, but is small
compared to the optical and atomic frequencies. The corre- Ko(air)K1(gqr)
sponding approximate expression for the optical potential of (= m (8)
the atom isUy=%02/A where Q=d|E|/2% is the Rabi fre- oI
quency. When the field frequenay is far from resonance and
with the frequencies;, of the real atom, we must take into
account the multilevel structure of the atom. A= 942G,

Assume that the time scale of atomic motion is much 9,6y
slower than the beating period of the two light fields, that is,
the inverse of their frequency difference. Then, the opticalSinceq; <q,, the functionF(r) is a monotonically increasing
potentials of the two fields add up to give the net opticalfunction of r. Hence, Eq.(7) has a solutionr,,>a if A
potential >F(a), that is, if

U:U1+U2. (4)

We use this approximation only for our analysis but not for
our numerical calculations.
We introduce the notation,, andU,,=U(r,,) for the local

9

G, > 0:Ko(012)K1(9:2)
The sign of the optical potential of each mode is controlled G 9uKo(ga)K4(gpa)
by the sign of the mode detuning. We choose a red detunln% N _ _ o
(A,<0) for the field in mode 1 and a blue detunirg., ondition (10) means that there exists a trapping minimum
>0) for the field in mode 2 to obtaimy, >0 and a,<0, outside the fiber if the intensity of the blue-detuned light is
respectively. This allows both attractieed-detuney and large enough or if the intensity of the red-detuned light is
repulsive (blue-detuneyl potentials to be created. When we Small enoughbut not zerg. Note that, when the power of

substitute Eq(1) into Eq.(2) and then the result into E¢4), the blue-detuned light increases or the power of the red-

(10

we obtain detuned light decreases, the de[blBE—Um:JU_m| of the
) 5 5 trapping potential decreases and the local minimum pgjnt
U(r) = Go[Ko(gar) +WoKi(gr) + fK5(0r)] is shifted farther away from the fiber surface. In the opposite

_ 2 2 2 case, when the power of the blue-detuned light decreases or
Ga[Ko(aur) + wiKi(cur) + f1Kz(eun)]. (8 o power of the red-detuned light increases, the potential

Here G,= a,£2/14=|a;|E214 and G,=—a,E3/4=|a,|E5/4 are  depth increases and the local minimum point is shifted to-

positive coupling parameters. They are proportional to thevard the fiber surface.

powers of the corresponding light fields. Sinee< w,, we The atom can be prevented from coming too close to the

haveq; <q,, that is, the evanescent decay lendth=1/q;  fiber surface before being loaded into the trap if the net op-

of the red-detuned field is larger than the evanescent decdical potential achieves a non-negative value at the fiber sur-

length A,=1/q, of the blue-detuned fiel8,20. When the face, that is, ifu(a) = 0. This requirement will be satisfied if

intensity of the blue-detuned field is large enough, the net

optical potentialU is repulsive at short range and attractive Gy _ K(cma)

at long rang€g[9]. Such a potential possesses a local mini- G, - Kg(qza)'

mum point, where the two forces cancel each other, leading

to the possibility of atom trapping. Sintgis independent of When condition(11) is satisfied, conditiorg10) is also satis-

¢ andz, a minimum point in the one-dimensional spdcg  fied. To maximize the depth of the trapping minimum, we

corresponds to a cylindrical shell of minimum points in the optimize the powers of the two field in such a way that

(11

three-dimensional spade, ¢,z}. condition(11) reduces to an equality, namely,

To get insight into the trapping properties of the net opti-
cal potentialU, we perform an analytical treatment. To sim- Gy _ Ké(%a) (12)
plify this treatment, we assume that, from one side, the co- G, K3(gpa)

efficientsw;, and f; are sufficiently small and, from another
side, the parameterga are sufficiently large that the contri- Then, Eq.(6) yields
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KﬁQﬂ)__KaQJ)]’ Yo (18

(13) Tap= ———2———
K3gpa) K3(qua) T o glreop(sor
i

where Gy =G, K3(q,8) = G,K3(q,a). _ o _ .
We analyze the effects of the evanescent decay parametefgaracterizes the trap lifetime due to recoil heating. When

g, andq, on the trapping potential under conditiot2). For the light fle_Id frequencies are near to the atomic resonances,

this purpose, we fix; andG; (or g, andG,) and increase, t_he scattering rates are large and, therefore, the cohe_rence

and G, (or decrease); and G;) in such a way that equality time and the trap I_|fet|me are small. To p_rod_uce a trap with a

(12) is kept. This leads to a reductionlihand, consequently, large coherence time and a large trap lifetime, we must use

to a decrease in the minimum vall,, that is, to an in- far-off-resonance fields.

crease in the deptb=-U,, of the trapping potential. Such )

variations also make the minimum point of the potential B. van der Waals potential

closer to the fiber surface. Note that, when the fiber radius is An atom near the surface of a medium undergoes a van

small, the evanescent decay lengthis a fast increasing der Waals force. The van der Waals potential of an atom near

function of the light wavelengtix [8]. Therefore, using a the surface of a cylindrical dielectric rod is given [32]

thin fiber, we can obtain a large ratio @ to g; by choosing .

a small\, and/or a large\;. Thus, a reduction in the blue- h - ,

detuned light wavelength\, or an increase in the red- V(r):477360n22_w . dKKKAZ(kr) + (K + n?/r)KG(kn)]

detuned light wavelength; allows us to increase the poten-

tial depth provided the power of the light fiel, or E;, * i i

respectively, can be optimized appropriately to satisfy condi- X f dé a(i§)Gy(ié), (19)

tion (12). However,\, must not be too small because it is 0

limited by the single-mode condition. In addition; must  where

not be too large because a larger wavelengtheads to a ,

larger penetration length, and, therefore, to a smaller po- Go(w) = [e(w) — &o]ln(ka)lp(ka) (20

tential magnitude for the same power of light. Furthermore, " el n(ka)K/ (ka) - e(w)l;(ka)K,(ka)

the detuningg\; of the light fields from the dominant atomic

resonance frequency must not be too large because a lar

detuning leads to a smaller polarizability and, consequentlyndified Bessel function of the first kind.
to a smaller potential magnitude for the same power of light, Ve calculate the van der Waals potential of a ground-state
In general, the polarizability of an atom is a complex C€SIUM atom near a silica fiber surface. The dynamical di-

characteristic. The imaginary part of the polarizability is €/€ctric function of silica is given bj23]

u(r) :Go{

dapre €(w) is the dynamical dielectric function arlg is the

given by[21] o) _, . 0.6961663\° .\ 0.4079426\°
- 2_ 2_
< O A Yjaol o2, & A%?-0.0684043 A\?2-0.1162413
K(w) = 2, — (14) 0.8974794\2

2 .
j ga(wja - (1)2)2 + ’szawz

It is responsible for spontaneous scattering. The rate of spon-

taneous Scattering caused by a Sing|e ||ght E|¢ given by where\ is in units of micrometers. To calculate the integral
(19, we use the approximate expressiom(w)

=2m€C°SGiA ! [Gawn(wh—w?)]. This approximation is
justified because the resonant frequencies of the ground-state

o cesium atom are substantially different from the resonant
wherek;=«(w;). Spontaneous scattering limits the COherencefrequencies of silica. We take into account four

time of the trap. For atoms spending time close to the minigominant lines of the atom, namely;;=852.113 nm Ao,
mum r, of the two-color potential, the net scattering rate =894.347 nm\,,=455.528 nm, and A\;,=459.317 nm
1S (see [25]). The emission transition probabilities of these
lines are A;,=3.276x10" s, A,,=2.87X10" %, Ag,

+ -
\%-9.89616%’

1
I = wlEf, (15)

— 1(s9 (s0)
Poe=T1(rm) + 157 (rm) (16)  _1 ggx 10P s71, andA,,=8X 10° s71. The statistical weights
and the characteristic coherence timé1i$,12 of the four corresponding upper states gie4, g,=2, g3
=4, andg,=2. The statistical weight of the ground state is
= i 17 ga:Z‘
Teoh= (17 In Fig. 2, we plot the van der Waals potentidl of a

sc . . . .y .
ground-state cesium atom near a cylindrical silica fiber as a

Every scattered photon imparts a recoil energ&?ec) function of the atom-to-surface distanbe=r—a. The com-
=(fk;)%/2M to the atom, wherél is the mass of the atom. parison between the solid lin@=0.2 um) and the dashed
Therefore, the absorption of mode photons and emission dine (a=0.4 um) shows that a smaller fiber radiadeads to
other photons result in a loss of atoms from the trappinga smaller magnitude and a less steep slope of the van der
potential. For a trap depttp, the quantity[12] Waals potentiaV.
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FIG. 2. van der Waals potentidlof a ground-state cesium atom FIG. 4. Contributions to the total trapping potentld), of a
near a thin cylindrical silica fiber. ground-state cesium atom outside a vacuum-clad subwavelength
silica fiber with two circularly polarized input light fields. The ra-

to-surface distanc®, the van der Waals potentisd is, in detuned componettt; (dotted ling subtracts from the blue-detuned

general, different from the flat-surface bulk-medium van defcomPonent); (dashed lingto give the net optical potential (thin
Waals potential Vy;=—Cs/D3. Here the coefficientCs solid line). This is modified by the van der Waals surface interac-
is determined b;t[24] ng(ﬁ/16ﬂ260)f§d§ i elié) tion, giving the total potentidl,y (thick solid line. The laser wave-
—¢]/[€(i€)+ €. For cesium atoms and flat silica surfaces,l:nf];%srﬁx):;dtof;gmm%cd A2=700 nm. The laser powers are
this coefficient is estimated to b€;=5.6x104°J m? ! 2 '

=4.1X 1(T5_ mK um3. Figure 3 illustrates the difference be- ggo nm(D, line) and 894 nm(D, line). To trap the atom, we
tween the fiber-surface potentidland the flat-surface poten- se red- and blue-detuned lights with wavelengihs

tial V. The figure shows tha/ Vi, <1, that is, the mag- =1 06 ,m and\,=700 nm, respectively. The detunings of
nitude ofV is smaller than the magnitude W, When the  {he |aser beams from the dominady line of the atom are
atom-to-surface distancP tends to zero, the rati¥/Via  A,/27=-69 THz andA,/2w=76 THz. The fiber radius is
tends to unity, that is, the two potentialsand Vi, tend 0 3202 um. This radius is small enough to create a large ratio
become the same. Whed increases, the rati®¥/Vyy re-  of g, to g, and to reduce the effect of the van der Waals force
duces, that is, the relative difference betweérand Vi [8]. For the above parameters, we finga=0.2438 and

Increases. 0,a=0.9686. The corresponding evanescent decay lengths
are A;=0.8 um and A,=0.2 um. The relative difference
C. Total potential between the decay lengths is measured by the parameter
The total potentiall,, of the atom is the sum of the net @s=(A1=A)/A,=3. The obtained value of this parameter
optical potentialU and the van der Waals potentid] i.e., is much larger than the characteristic valug=0.47 esti-
mated for the case of channel guides with the TE and TM
Ut =U + V. (2)  modes[11].

In Fig. 4, we plot the contributions to the total trapping
potentialUy, of the atom. The figure shows that the evanes-
cent decay length of the red-detuned light is substantially
(Jﬁlrger than that of the blue-detuned light. The net optical
potential U has a local minimum valu&J,=-2.9 mK at
] . , . rm=0.37 um, well outside the fiber. The van der Waals po-

R tential is only about -5uK at the distancer,-a
N — a=02um =0.17 um from the fiber surface and makes just a small
06 eeea=04um | contribution in the vicinity of the trapping minimum. It is

' interesting to note that the depth,=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-
0 0.4 0.8 12 1.6 tials are large but the net potential is sndlP].

We estimate some critical trapping parameters for the case
of Fig. 4. We find that the rates of scattering due to the

FIG. 3. Ratio between the van der Waals potentaimdVy, of ~ trapping fields at the potential minimum ar€(f°)

a ground-state cesium atom near a thin cylindrical silica fiber and & 22.39 s* andF(zsc) =8.46 s'. Accordingly, the net scatter-
flat-surface bulk silica dielectric, respectively. ing rate and the coherence time dtg=30.85 s and 7,

We use Eqs(5), (19), and(21) to calculate the total potential
U,o: Of @ ground-state cesium atom outside a thin cylindrica
silica fiber with two circularly polarized input light fields.
The ground-state cesium atom has two strong transitions,

0.8

04

Ratio V/V, flat

Atom-to-surface distance D [um]
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Ulor ImK]
O S

Utor IMK]

x[pm] ) 2t

FIG. 5. Transverse-plane profile of the total potentig), pro-
duced by laser beams that are circularly polarized at the input. All

the parameters are the same as for Fig. 4. 0 0.4 0.8 12 1.6

()

=32 ms, respectively. Since the recoil energies due to single
red- and blue-detuned photons aﬂgec)E0.0G,uK and FIG. 7. Effect of the poweP, of the blue-detuned light on the

0(2“90)50_15 uK, respectively, the trapping lifetime due to re- total potentialUy. The power of the red-detuned light is fixed at
coil heating is estimated to bg,,=541 s. At the trapping P;=30 mW. All the other parameters are the same as for Fig. 4.
minimum, the radial oscillation frequency iso /27

=492 kHz, giving an estimate of about 231K for the en- P, of the red- and blue-detuned laser beams, respectively,

have opposite effects on the total potential of the atom.

ergy of the ator_nic mode spaci_ng. . ' ) Therefore, to produce a potential with a deep trapping mini-
Due to the circular polarization of the input fieldsy is ) m outside the fiber and with a high repulsive wall in the

cylindrically symmetric. In Fig. 5, we plot the spatial profile region ofr <r,,, the ratio betweer, and P, must be opti-
of Uy in the fiber transverse plane. The figure shows thajyized appropriately.
Utet is independent of the azimuthal angdeand has a set of  pye to the cylindrical symmetry of the total potentiaj,,
deep minima formed as a ring surrounding the fiber. Sincghe component., of the angular momentum of the atom is
the atom can move freely along the directipwof the fiber  conserved. In the eigenstate problem, we hayesm,
axis, Uy is also independent ot Therefore, the ring of the \herem is an integer, called the rotational quantum number.
potential minima in the transverse plane results in a cylindri-The centrifugal potential of the atom is given By
cal shell of the minima of the trapping potential in the three-=#2(m2-1/4)/2Mr2. The radial motion of the atom can be
dimensional space. treated as the one-dimensional motion of a particle in the
Figure 6 illustrates the effect _of the powey of the red-  effective potentialUgy=U,u+Uy. In Fig. 8, we plot the
detuned light on the total potentibk,. As seen, an increase ejgenfunctions for the first six levels of the radial motion of
in P, leads to an increase in the deftl, of the trapping  the atom in the effective potentidl.y with the rotational
potential and to a shift of the local minimum poirt toward quantum numbem=0. The energy of the ground state is
the fiber surface. However, the iﬂcreaSGHD also reduces EOE_2872 mK. The Spacing between the energies of the
the height of the repulsive wall in the region ofr, ground state and the first excited state is roughly83The

Figure 7 illustrates the effect of the powj of the blue-  characteristic size of the ground stateAis=8.8 nm.
detuned light on the total potentibl,. As seen, an increase

in P, leads to a decrease in the deptlh of the trapping lll. TWO-COLOR TRAP WITH LINEARLY POLARIZED
potential and to a shift of the local minimum point farther INPUT LIGHTS
away from the fiber surface. Meanwhile, the height of the  The formation of a set of trapping minima as a ring in the

repulsive wall in the region of <r, is increased. The com-  finer transverse plan@r as a shell in the three-dimensional
parison between Figs. 6 and 7 show that the powgrand

-2.7 4
2
< n=3
= O0r E n=4
x P
é b“’ -28 - n=3
g n=2
=)
22 n=1
n=20
L 2.9 . . .
4 - . . . 0.0 0.2 0.4 0.6
0 0.4 0.8 1.2 1.6 2 7 [pum]

FIG. 8. Bound states for the first six levéls=0, 1, 2, 3, 4, and
FIG. 6. Effect of the poweP; of the red-detuned light on the 5) of the radial motion of a cesium atom in the effective potential
total potentialU,y. The power of the blue-detuned light is fixed at Uggs=U,o+22(mP—1/4)/2Mr?. The rotational quantum number is
P,=29 mW. All the other parameters are the same as for Fig. 4. 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 x [pm] ’ 1

of the silica core and the vacuum clad, the intensity distribu-

tion of the field in a fundamental mode with quasilinear po-  FIG. 9. Transverse-plane profile of the total potentig pro-

larization strongly depends on the azimuthal angle, espéjuced by laser beams that are linearly polarized at the input. The

cially in the vicinity of the fiber surfacg18]. laser powers ar®;=30 mW gndP2=35 mW. All the other param-
Regarding the properties of the trapping potential, there i§t€rs are the same as for Fig. 4.

no substantial qualitative difference between the case where _ _ ]

both input fields are linearly polarized and the case wherd&f@nsverse plane in fact correspond to two straight lines for

one is linearly polarized and the other one is circularly po_the minima of the trapping _potenual in the three-dimensional

larized. Therefore, we consider here, as an example, the caggace. These potential minimum lines can be used to trap and

where both input fields are linearly polarized, along the sam@uide atoms along the fiber.

direction, namely, the direction. In this case, the polariza- ~ We use Eq(23) as well as Egs(19) and(21) to calculate

tion of each light field propagating along the fiber is quasi-the total potential, of a ground-state cesium atom outside

linear and the spatial distribution of the field intensity is not@ thin cylindrical silica fiber with two linearly polarized input

cylindrically symmetric[18]. Outside the fiber, the time- light fields. We plot in Fig. 9 the spatial profile &f, in the

averaged intensity of the electric field in modis given by ~ fiber transverse plane. The figure shows gt varies sub-
(18,20 stantially with the azimuthal angle, especially in the vicin-

0 22 5 5 ity of the fiber surface. The minimum points in the radial
|Eil* = EXKG(ar) + wiKi(gir) + fiK3(qr) dependence dfl,, form a ring surrounding the fiber. Unlike
2 : _ ‘ the case of circular polarization, see Fig. 5, the ring at the
+Iwika(an + &Ko(anKo(gin]eos 2. (22) bottom of Fig. 9 is not flat with respect tp. This ring has
Here &=2(1+s)/(1-s). We use the above field intensity two deepest points, located symmetrically on #haxis (at
distributions and Eq(2) to calculate the optical potentidls;, ~ ¢=0 and ¢=). These points correspond to two straight
and U, of an atom in the red- and blue-detuned fields. Thelines, parallel to the fiber axis, for the trapping minima in the
net optical potential=U;+U, is then found to be three-dimensional space.
_ 2 2 2 To get a closer look at the spatial distributions of the
U(r, @) = GatKo(Gr) +waK(gr) + f2K5(qpr) potential along different radial directions, we replot in Fig.

Uy, K]

+ [WoK3(gor) + £Ko(0or)Ko(gpr) Jcos 2o} 10 the potentiall,, of Fig. 9 as a function ok aty=0 (i.e.,

5 5 5 as a function of at ¢=0) and as a function of atx=0 (i.e.,

= Gy{Kio(aur) +wKi(yr) + f1K3(aur) as a function of at ¢=/2). Figures 10a) and 1@b) show
+ [WaK3(cur) + £1Ko(cr)K(aar)Jcos 29} that, for P;=30 mW andP,=35 mW, the depths of the po-
23) tential minima for thex andy directions are about —3.2 mK

and -2 mK, respectively. Thus the depth of the potential
Unlike the potentia(5), the potentia(23) contains additional minimum for thex direction is larger than that for the
terms that vary with the azimuthal angle Due to these direction. Consequently, the local minimum for thelirec-
terms, the potential23) is not cylindrically symmetric. tion is the local minimum for the whole transverse plane.
Meanwhile, when the intensity of the blue-detuned field is

large enough, the potentigR?3) is, like the potential(5), 61 ]

repulsive at short range and attractive at long range. For a r=0 x=0
fixed anglee, the potentiall(r, ) as a function off must . 4 i

have a local minimum valu¥d,(¢) achieved at a point,,(¢) E 5] |

where the repulsive and attractive forces cancel each other. &

Due to the cylindrical asymmetry of the potentibl,(¢) is 0l i

not constant inp. ConsequentlylJ,,(¢) must have a global

minimum valueU,=min U(¢), which is achieved at a finite -2 .

number of angleg,, Thus the potentidl(r, ¢) must have a

global minimum valueU, achieved at a finite number of '40 1 0 1 ]
single points(r(¢m), o) In the fiber transverse plane. Due (@) x [um] ()  »[um]

to the axial symmetry, we havd(r, ¢)=U(r,7+¢). There-

fore, there must be two minimum points fok(r, ¢) in the FIG. 10. Total potentiall,,; as a function ok aty=0 (a) and as
transverse plane. Since the atom can move freely along thefunction ofy at x=0 (b). All the parameters are the same as for
directionz of the fiber axis, the two minimum points in the Fig. 9.
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-3 ' ' ' timated to ber,,=500 s. When we fit the bottom of the
At 7 = 0.4 pm potential around the minimum point by a two-dimensional
harmonic potential, we find that the transverse oscillation
frequencies arew,/2m=533 kHz and w,/2m=156 kHz.

'
[

g
E L. These frequencies provide a ground-state localizatioh of
< =8.4 nm and ,=15.6 nm.
3
IV. CONCLUSIONS
3.5 We have demonstrated that a subwavelength-diameter op-
0 /2 T 3n2 2n 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
The difference between the depths of the potential minimg, 5 cylindrical shell around the fiber. When one or both of
for the x andy directions is about 1.2 mK. Note that the {he inpyt light fields are of linear polarization, the potential
radial distancesx,=rm(0) and yn=rn(w/2) of the local  ,cpieves its minimum value at two single points in the trans-
minima for thex andy directions are almost the same, yerse plane. In this case, the atoms can be confined along
namely,f () = 0.4 um. two straight lines parallel to the fiber axis. Due to the small
~ To get insight into the variations df,, along the bottom  thickness of the fiber, we can use far-off-resonance fields
ring r=ry(¢)=0.4 um, we plot this potential in Fig. 11 as a wjth substantially differing evanescent decay lengths to pro-
function of ¢ for a fixed radial distance=0.4 um. As seen, duce a net potential with a large depth, a large coherence
along the bottom ringl;y; achieves its minimum value at time, and a large trap lifetime. For example, a ir@-radius
two anglesp=0 ande=. The difference between the maxi- silica fiber carrying 30 mw of 1.0@m-wavelength light and
mum and minimum values dfl,; along the bottom ring is 29 mw of 700-nm-wavelength light, both fields circularly
about 1.2 mK. polarized at the input, gives for cesium atoms a trap depth of
We estimate some important parameters of the trap at th2 9 mk, a coherence time of 32 ms, and a recoil-heating-
minimum point(r=r, ¢=0) or (r=ry, =) in the situation  |imited trap lifetime of 541 s.
of Fig. 9. We find that the rates of scattering due to the light
fields at the trapping minimum arE(fC)EZS.87 st and
I'$9=10.49 5. Accordingly, the net scattering rate and the
coherence time aré',=36.36 s* and 7,,,=27.5 ms, re- This work was carried out under the 21st Century COE
spectively. The trapping lifetime due to recoil heating is esprogram on “Coherent Optical Science.”

Azimuthal angle ¢

FIG. 11. Azimuthal dependence of the total potentig, for r
=0.4 um. All the parameters are the same as for Fig. 9.
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