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Optical-dipole-force fiber guiding and heating of atoms

Michael J. Renn,* Alex A. Zozulya, Elizabeth A. Donley, Eric A. Cornell,† and Dana Z. Anderson
JILA‡ and Department of Physics, University of Colorado, Boulder, Colorado 80309-0440

~Received 19 August 1996!

We present an experimental and theoretical investigation characterizing the flux of laser-guided atoms
through hollow-core optical fibers and show how it depends on laser detuning from resonance, laser intensity,
and fiber curvature. The guiding employs dipole forces arising from the interaction of the atoms with the
optical field. Laser light is focused into the hollow region of 40-mm-inner-diam capillary fiber and guided
through the fiber by grazing incidence reflection from the glass walls. The lowest-order mode is azimuthally
symmetric with maximum intensity on the fiber axis and nearly zero intensity at the walls. Rubidium atoms are
attracted to the high-intensity region along the axis when the laser is detuned to the red of resonance and
consequently guided through the fiber. Of particular interest is the evolution of the atom-flux versus laser-
detuning profile of increasing intensity. At low intensities the dipole guiding potential is purely conservative
and the flux profile is roughly dispersion shaped. At high intensity, viscous dipole forces heat the atoms and
‘‘burn a hole’’ in the flux-detuning curve. We find that transverse heating of the atoms and the exponential
attenuation of optical mode intensity limit the distance atoms may be guided to about 20 cm in a 40-mm-diam
fiber. Bending the fiber can reduce the effects of heating on atom flux.@S1050-2947~97!04604-0#

PACS number~s!: 42.50.Vk, 42.81.Qb, 32.80.Pj
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I. INTRODUCTION

In recent work Renn and coworkers@1,2# and Itoet al. @3#
demonstrated atom guiding through hollow core optical
bers. The atoms are kept away from the inner glass walls
light that is also guided in the fiber. The notion of guidin
atoms in hollow fibers with light was first suggested
Ol’shanii, Ovchinnikov, and Letokhow@4#, and was further
elaborated on by Marksteineret al. @5# Fiber-guided atoms
may lead to an effective method for transporting cold atom
for example, from one vacuum system to another. It is f
thermore intriguing to consider the potential of fiber ato
optics: The deBroglie wavelength of sufficiently cold atom
approaches the hollow diameter, in which circumstance
oms propagate in modes much like the optical modes
conventional optical fibers@5#. In this domain lies the possi
bility of Mach-Zehnder, Sagnac, and other interferome
configurations. It is our hope that the hollow core fiber m
lead to a robust technology for atom interferometry and ot
cold atom experiments.

Atoms may be guided through hollow core fibers eith
by grazing incidence or evanescent light. The primary p
pose of this work is to investigate in some detail the char
teristics of grazing-incidence guiding. In this configuratio
laser light is launched into the hollow region of a glass c
illary fiber and guided by grazing-incidence reflection fro
the glass walls. The lowest-order grazing-incidence mod
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azimuthally symmetric, and has a maximal intensity alo
the fiber axis@6–9#. With the laser tuned to the red of th
atomic resonance, atoms are attracted to the high-inten
region along the axis, and guided through the fiber. Exp
ments using this method have shown that atoms may
guided around bends in curved fibers and sections of
fiber may be exposed to air: the glass wall is sufficient
maintain vacuum in the fiber@1#. We present an extende
experimental and theoretical study of the grazing-incide
mechanism of atom guiding. Measurements and calculat
are presented which characterize the dependence of gu
atom flux on laser intensity, detuning from atomic resonan
and fiber radius of curvature. The most striking characte
the dependence of the flux on detuning from resonance
low intensities the dipole force is purely conservative, a
leads to a guided flux spectrum that is roughly dispers
shaped and sharply peaked near zero detuning. At high
tensities, however, a viscous component of the dipole fo
@10# heats the atoms, and causes an exponential attenu
of atom flux with distance along the fiber. This heating te
‘‘burns a hole’’ in the flux spectrum such that the guide
atom flux is large at large detunings and has a dip at mo
ate detunings. We also show that the dipole heating fo
may be reduced relative to the guiding force simply by be
ing the fiber.

Grazing-incidence atom guiding is reasonably straightf
ward in practice for fibers having diameters much larger th
the wavelength of the guiding light. However, it has limit
tions that probably make it impractical for atom interferom
etry applications. Grazing-incidence modes decay expon
tially as they propagate along the fiber; for a fiber having
40-mm hole diameter, the fundamental grazing inciden
modes has a 1/e attenuation length of;3.1 cm. The attenu-
ation limits the useful length of a fiber, and since the atte
ation length varies as the cube of the hole diameter, it a
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55 3685OPTICAL-DIPOLE-FORCE FIBER GUIDING AND . . .
sets practical limits on the hollow diameter. Dipole heati
combined with the exponential decay of optical intens
limits the distances over which atoms may be guided
grazing-incidence optical modes to about 20 cm throug
40-mm-diam fiber.

The paper is structured as follows. In Sec. II, we provi
a context for the remainder of the paper by describing
generic grazing-incidence guiding experiment, and in Sec
we describe the salient qualitative features of the results
Sec. IV we present a simple theoretical model which allo
the flux through a fiber to be calculated. Closed-form so
tions can be obtained in various limiting cases such as la
detuning and small intensities. We derive general expr
sions showing the dependence of the atom flux on laser
tensity, detuning from resonance, length of fiber, and fi

FIG. 1. Experimental apparatus. A hollow core fiber joins tw
vacuum chambers, one serving as the source of rubidium atoms
other housing an atom detection apparatus consisting of an ioni
rhenium hot wire and a channeltron electron multiplier~CEM!.
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curvature. Finally, in Sec. V we compare numerical calcu
tions with experimental measurements, and draw some c
cluding remarks in Sec. VI.

II. EXPERIMENTAL APPARATUS

The basic apparatus shown in Fig. 1 consists of t
vacuum chambers connected by a glass capillary fiber ha
lengths ranging from 3 to 15 cm. The first vacuum cham
contains rubidium, and is heated to form a typical part
pressure of;1026 Torr. Atoms near the entrance of the fib
with appropriate trajectories pass into the guide. When
atoms reemerge, they are ionized on a heated rhenium w
and the ions are counted with a channeltron electron mu
plier.

Light from either a free running diode laser or a standin
wave Ti:sapphire laser is coupled into the fiber through
window in the rubidium source chamber. Considerable att
tion is given to optimizing the optical coupling into the EH11
mode, which is the lowest-order, azimuthally symmetr
grazing-incidence mode. Like coupling light into a singl
mode fiber, optimum coupling is achieved when the be
waist at the entrance of the fiber is approximately the size
the EH11 mode, and the axis of the fiber and beam coinci
For low-intensity high-resolution measurements, a 5-m
single-mode diode laser having a linewidth of;50 MHz
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FIG. 2. Guided atom flux vs laser detuning from resonance at several laser intensities. The fiber lengths are 3.1 and 6.2 cm f~a! and
~b!–~d!, respectively, and the inner diameter is 40mm. In Figs. 5~b! and 5~d! flux profiles with increasing titanium-sapphire laser intens
are shown. A spike near zero detuning is always observed due to the rapid turn off of the heating force relative to the guiding forceD→0.
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provides the guide light. Frequency tuning over a640-GHz
range from resonance is accomplished by varying the inje
tion current. A Ti:sapphire laser provides sufficient power t
reach the high-intensity regime, up to 1 W, but operates o
several longitudinal modes. The bandwidth of the Ti:sap
phire laser is'2 GHz with an etalon in the cavity. The laser
is tuned with the etalon over a range of660 GHz from
resonance. Detuning from resonance is measured with
optical spectrum analyzer relative to the center of th
5S1/2(F)25P3/2(F8) hyperfine multiplet of rubidium.

III. QUALITATIVE RESULTS

In Fig. 2 we show the typical dependence of guided ato
flux on detuning from resonance for several laser intensitie
The experimental data are shown by points, the solid curv
are theoretical fits to be discused later in the text. The profi
of Fig. 2~a!, representative of the low-intensity regime a
I 0563105 W/m2, was measured using a low-power, single
mode diode laser. In Figs. 2~b! and 2~c!, flux profiles with
increasing titanium-sapphire laser intensity are shown. F
all curves we observe the expected qualitative dependen
Atoms are guided when the laser is tuned to the red of res
nance but not to the blue. At an intensity of;0.6 MW/m2

@Fig. 2~a!#, the flux reaches a maximum near a detuning o
about21 GHz and then falls off rapidly for larger detunings
As we will show, this is expected from the conservativ
component of the dipole force. As the intensity is increase
as shown in Figs. 2~b!–2~d!, a substantial flux is observed at
significantly higher detunings. In addition, a dip forms in th
flux profile at intermediate detunings. As a function of in
creasing intensity the dip grows deeper and broader@Figs.
2~c! and 2~d!#. We attribute the hole formation to viscous
dipole forces which heat the atoms to larger transverse en
gies than can be guided.

FIG. 3. Intensity dependence of the guided atom flux atD528
GHz and a fiber length of 6.2 cm. At low intensity the flux increase
linearly with intensity but at high intensity the flux decreases wit
increasing intensity. The high intensity decrease of flux is caused
the nonconservative component of the dipole force that heats
atoms.
c-

n
-

an
e

s.
es
le

-

or
e:
o-

f

,

r-

The conservative and nonconservative characteristic
the dipole force are also evident in the intensity depende
of the flux. Figure 3 shows the intensity dependence fo
detuning of28 GHz from resonance. At low intensity, th
flux increases linearly with intensity for all laser detunin
from resonance, as expected in the limit of conservative
pole forces. However, at larger intensities the flux peaks
then decreases. Again, the flux decreases because the vi
component of the dipole force heats the atoms.

The formal treatment of atom guiding in the fiber, whic
is presented in the sections that follow, is rather involv
Yet it is not difficult to derive some insight into a qualitativ
understanding of the main features. At low guiding light i
tensities the guiding is described by the conservative dip
potential@10,11#

U5
\D

2
lnS 11

vR
2

2~D21G2!
D , ~1!

where D is the laser frequency detuning from the atom
resonance,D5vL2v0 , G is the natural linewidth of the
transition, andvR is the Rabi flopping frequency of the atom
in the laser field,

vR
25

2d2I

\2«0c
, ~2!

I is the laser intensity andd is the dipole moment for the
atomic transition,c is the speed of light, and«0 is the per-
mittivity of free space. This potential arises from the dyna
ics Stark effect which shifts the atomic energy levels as
lustrated in Fig. 4~a!. As suggested by the figure, for re
detuning of the laser the ground-state experiences an at
tive force while the excited-state experiences a repulsive o

Whenv R
2/D2!1 the saturation effects are insignifican

and the atoms spend most of the time in the~attractive!
ground state. An atom with sufficiently low initial transvers
velocity simply oscillates back and forth in the concave bo
of the ground state as it propagates down the fiber. With
additional assumptionG!D, one can expand the logarithm i
Eq. ~1! in the low saturation limit to obtain a form that i
linear in intensity and inversely proportional to the detunin
Figure 4~a! shows the intensity profile and level shifts whe
the laser is red detuned from an atomic resonance. The o
cal intensity profile in the fiber is maximum at the center
the hollow region, and falls to zero at the boundary. An at
predominantly in the ground state feels a force,Fdip52¹U,
directed toward the center of the fiber.

Atoms moving in the high-intensity field experience vi
cous dipole forces which are directed parallel to the rad
velocity, and heat the atoms for a red detuning from re
nance. This force can be understood as a result of the
delay between absorption and emission of photons fo
moving atom. Following Cohen-Tannoudji and Daliba
@10#, we use the dressed-state atom-field picture to illustr
a case for which the energy of an atom is increased in
interaction with the optical field. The dressed picture for
two-level atom in a laser field, shown in Fig. 4~b!, consists of
a ladder of pairs of ground and excited state levels separ
by the laser energy\vL . In the absence of coupling, th
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states are labeled by the unperturbed atomic statesg ande,
and by the photon occupation numbern. In this case the lase
field is detuned to the red of the atomic transition, so
excited state lies above the ground state in each man
pair. In the hollow region of the fiber where the light prop
gates, the atomic levels are mixed and energy shifted as

FIG. 4. ~a! Spatial variation of the energy levels of a two-lev
atom interacting with a laser field of intensityI (r) and frequency
vL,v0 . In the conservative limit of low intensities the atom r
mains in the ground stateug& and experiences a simple harmon
restoring force attracting it tor50. ~b! Dressed-state picture of th
atom-field levels. At high intensity, the atom-field system has
significant probability to make a spontaneous transition to the
pulsive state potential curve. The drawing illustrates the cas
which the atom in the nominal excited state gains kinetic ene
before decaying back to the nominal ground state and gains a
tional kinetic energy by the time it has completed a cycle.
e
ld

ey

are in Fig. 4~a! by the dynamics Stark effect. The transver
confining of an atom in its ground state is seen to arise fr
the concave shape of the dressed-atom level; in the abs
of spontaneous emission the atom simply oscillates back
forth in the inverted Gaussian bowl.

Occasionally a spontaneous emission event can take
atom from its nominal ground state into its excited state; t
is most likely to happen in the high-intensity region of th
field where the unperturbed states are maximally mix
Once it makes such a transition, the atom remains in
excited state on average for a lifetimeta52(pG)21, and
continues to move in the field. In the excited state the atom
now repelled by the field, and, as the figure illustrates
gains kinetic energy as it rolls down the convex surfa
Another spontaneous emission returns the atom to the no
nal ground state. The second spontaneous event is m
likely to occur in the low-intensity region near the wall
where the level mixing is minimum. In finishing its roun
trip, the atom rolls down the concave surface gaining ad
tional kinetic energy. In the worst case pictured, the at
gains an energy equal to twice the optical potential de
~and escapes the confining field rather than make a comp
round trip!. The ensemble of atoms becomes heated thro
this cyclic process. It is this heating process that is resp
sible for the hole in the detuning dependence of atom fl
shown in Fig. 2~d!, as we shall discuss further in Sec. VI.

IV. THEORETICAL MODEL

In this section we develop the theoretical framework
calculate the guided atom flux through the fiber. The mo
takes into account three primary considerations. The fi
considers two components of the optical field, one givi
rise to the~desirable! potential that guides the atoms and t
other giving rise to the~undesirable! heating of the atoms a
they propagate. The second consideration accounts for
Maxwell-Boltzmann distribution of the atomic velocities
and the fact that only a certain group of atoms within th
distribution can be captured by the optical potential. T
third consideration is that fact that the fiber may be curv
which changes the nature of the guiding characteris
somewhat.

In the following subsections we take these considerati
into account in a progressive manner beginning with the g
eral formalism in Sec. IV A. Section IV B analyzes the ca
of the straight fiber in the conservative force limit. Secti
IV C redoes the formalism to account for bending of t
fiber. Section IV D includes the nonconservative portion
the atom-field interaction, and is used to predict the at
flux from a straight fiber at large intensities. We do not a
count for curved fibers in this last regime, as a proper tre
ment complicates the formalism substantially.

A. General equations

Accounting for both conservative and viscous dipo
forces, the equations of motion for an atom of massm in the
fiber are given by@10#

dR

dt
5n, ~3a!
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m
dn

dt
52

\D

2

vR
2 I

vR
2 I12~D!2

“I

I

2
\D

2G F vR
2 I

vR
2 I12~D!2G

3S n•
“I

I D “I

I
, ~3b!

where R5(X,Y,Z) is the atom’s position in the fiber
D5vL2v02knz is the laser detuning from resonance i
cluding the Doppler shift,k is the wave number of the lase
light, andZ is the coordinate along the fiber. Here and in t
remaining text, the Rabi frequencyvR is taken at the inten-
sity maximum. For ease of calculation, the intensity of t
light I ~R! is normalized so thatImax51. The first term in the
right-hand side of Eq.~3b! is the conservative dipole forc
term. The second term is the nonconservative viscous t
that heats the atoms when the laser is tuned to the re
resonance (vL2v0,0) and cools them when tuned to th
blue of resonance (vL2v0.0).

In the remainder of this section it is convenient to intr
duce the dimensionless coordinates (x,y,z)5(X/r c ,
Y/r c ,Z/ l ) and velocities (ux ,uy ,uz)5(nx/n' ,ny/n' ,
nz /nT). The longitudinal coordinateZ is normalized to the
length of the fiberl , and the transverse coordinatesX andY
are normalized to the transverse hollow core radiusr c . The
longitudinal velocitynz is normalized to the thermal velocit
nT5A2kbT/m, whereT is the temperature andkb is Boltz-
mann’s constant. The transverse velocities are normalize
the characteristic transverse velocity of a trapped atomn'

5A\vR /m, that is, the maximum transverse velocity a
lowed by the light-induced potential. Finally, a convenie
dimensionless timet is derived from the timetL it takes for
a typical atom to traverse the length of the fiber:t5tnT/ l .

We assume that the longitudinal component]I /]z of the
intensity gradient¹I in Eq. ~3b! can be neglected compare
to the transverse one. Equations~3! in the dimensionless
variables can then be recast in the form

dz

dt
5uz , ~4a!

dr'

dt
5au' , ~4b!

du'

dt
5
ad

2 S I

I12d2D “'I

I

1
bd

2 S I

I12d2D
3S u'•

“'I

I D “'I

I
, ~4c!

where r is the cylindrical coordinate radius vecto
a5 ln'/r cnT and b5 ln'

2 /Gr c
2nT , and“' is the transverse

gradient operator. Finally,d52Dn1suz whereDn5D/vR
is the normalized frequency detuning taken with a min
sign for convenience, ands5knT/vR . The normalized time
in Eq. ~4! is within the range 0,t, l /uz . If the atom does
not hit the wall by the timet51/uz it passes through the
fiber.

The relative importance of the velocity dependent no
conservative term in Eq.~4b! is determined by the value o
the parameterb which can be written in terms of dimen
m
of

to

t

s

-

sioned timesb5(tL/t')(ta/t'). The first factor is effec-
tively the number of bounces a barely guided atom ma
before it exits the fiber, and the second term is effectively
number of bounces the atom makes during one spontan
decay lifetime. Thus, for relatively short~small tL! and/or
wide ~large t'! fibers and moderate intensities~again large
t'!, the contribution from the nonconservative term is sm
In the next two subsections we calculate the fluxes work
in the conservative limit so the second term in Eq.~4c! is
dropped. In Sec. IV D, we include the nonconservative c
tribution to the force.

B. Conservative limit, straight fiber

In this section, we work in the conservative limit, an
calculate the flux through a straight fiber. The nonconser
tive term in Eq.~4c! is neglected and the consequent equ
tion is integrated, resulting in an energy conservation exp
sion that is used to calculate the flux. Several assumpt
can be made which greatly simplify the flux calculatio
First, we assume that the distribution of atoms at the fi
input face is spatially uniform and has a Maxwell-Boltzma
velocity distribution. This assumption ignores the fact th
atoms can be funneled into the fiber by the laser light.
addition, we use a parabolic and a square box intensity p
file in the calculations, when actually the intensity distrib
tion has a Bessel function dependence; we find the total
culated flux dependence on intensity and detuning to
insensitive to the exact distribution of the optical field. Fu
thermore, we ignore quantum tunneling to the wall and
tractive van der Waals forces which are important at sm
atom-wall distances. Finally, we ignore the fact that t
mode intensity decays along thez axis, which is valid for the
short fibers used in the current experiments.

Starting with the first assumption, the atoms at the in
cross section of the fiber have the normalized velocity dis
bution

f ~u' ,uz!5p23/2~n' /nT!2 exp@2uz
22~n' /nT!2u'

2 # ~5!

and are uniformly distributed in space. The total flux striki
the hole in the fiber is then given by

Ji5E
x0
2
1y0

2
,1
dx0dy0E

uz.0
duzE du'uzf ~u' ,uz!5 1

2Ap.

~6!

~This flux is dimensionless, the physically measured fl
given as atoms per unit time isFi5JinT/ l .! Of the atoms
entering the fiber, only those that do not strike the w
emerge at the output end. The atoms that hit the wall
assume are lost from the guide. Thus, in the absence o
optical guiding potential, the atoms must follow a ballist
trajectory through the fiber, and the flux emerging from t
fiber is simply the input flux multiplied by the solid angl
subtended by the fiber outputJ05Ji(r c/ l )

2.
In the presence of the optical field the transverse ato

motion is bound by the optical potential. The correspond
output flux
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J~Dn!5E
x0
2
1y0

2
,1
dx0dy0E

u2.0
duzE

s
du'uzf ~u' ,uz!

~7!

is calculated by integrating over the velocity regionS con-
taining atoms passing through the fiber ballistically, a
those that undergo at least one bounce. To obtain a con
erable increase in the atomic flux due to the presence of
optical field, the latter contribution should be considera
larger, so in the following we neglect the contribution fro
ballistic atoms. Thus the results obtained below are valid
J(Dn).J0 .

Assuming a straight piece of fiber and excitation of on
the lowest-order, azimuthally symmetric light mode, the p
tential is cylindrically symmetric, and angular momentum
conserved. This momentum conservation may be expre
asM5ufr5const, whereuf is the azimuthal component o
the atom’s velocity, andr5(x21y2)1/2 is the magnitude of
the radial coordinate. Integration of Eq.~4c! then gives

ur
21

M2

r2
2d lnS 11

I ~r!

2d2 D5E, ~8!

whereE is the total center-of-mass transverse energy, kin
plus potential, of the atom.

The region of parameters corresponding to the trap
atomsS is determined from the condition that the energy
an atom entering the fiber at the point~r,f! with the velocity
components (ur ,uf) is less than the minimum energ
Emin5M21d ln[11I (r51)/2d2]5M2 of an atom with the
same value of the angular momentumM at the wall@recall
that I (r51)50#. This condition can be expressed as

S5H r,f,ur ,uf :ur
21~12r2!uf

2,d lnS 11
I ~r!

2d2 D J . ~9!

Integrating Eq.~7! with condition ~9! over the transverse
components of the velocity and the azimuthal anglef, one
finds

J~Dn!52a2J0E
0

1 dr2

A12r2
E

z

`

duzuz exp~2uz
2!

3d lnS 11
I ~r!

2d2 D , ~10!

wherez5max(0,Dn/s). The spatial integral in Eq.~10! re-
quires that the intensity profile, or more specifically, the o
tical potential, be specified. We take the optical potentia
be a box in order to obtain analytic results. For the b
potential,

J~Dn!54a2J0E
z

`

duzuz exp~2uz
2!d lnS 11

1

2d2D . ~11!

We have also evaluated Eq.~10! with a parabolic intensity
distribution, and found that the flux detuning dependenc
very similar to Eq.~11! but is roughly 2–3 times smaller
Thus we conclude that the flux profile is largely independ
of the exact shape of the potential in the low intensity lim
d
id-
he
y

r

-

ed

ic

d
f

-
o
x

is

t
.

In general the equation must be solved numerically,
one can obtain an analytic reduction of the integral in E
~11! in a few limiting cases. There are three frequencies t
characterize our problem: the detuningD, the Doppler fre-
quencyknT , and the Rabi frequencyvR . Recall that these
three frequencies are imbedded in the two dimension
quantitiesDn5D/vR ands5knT/vR . The relative sizes of
these frequencies provide the various limiting cases of in
est. For example, for detunings large compared to the D
pler width, uDnu@s, z can be set equal to 0 andd can be
treated as independent ofuz , reducing Eq.~11! to the expres-
sion

J~Dn,0!'2J0S lr cD
2 \vR

mnT
2 uDnu lnS 11

1

2Dn
2D . ~12!

If we additionally assume that the detuning is much larg
than the Rabi frequency,uDnu@1, the flux given by Eq.~12!
becomes

J~Dn,0!'J0S lr cD
2 \vR

2

uDnumnT
2 5Ji

\

mnT
2

vR
2

uDnu
, ~13!

which is proportional to the intensity and inversely propo
tional to the detuning. The condition of applicability of E
~12! uDnu@s also impliesuDnu@1, so this is the only case
possible for small intensities. On the other hand, for la
intensities the conditionuDnu@s can hold for bothuDnu@1
anduDnu!1; the flux expressed in relation~12! as a function
of the frequency detuning passes through a maximum
uDnu'0.35.

In the limit of small negative or positive detuning
uDnu!s and for small intensities such thatvR!knT , the flux
is approximately given by the relation

J~Dn50!'J0S lr cD
2 \vR

2

kmnT
3 5Ji

\

mnT
2

vR
2

knT , ~14!

whereas for large intensities, such thatvR@knT , its value is

J~Dn50!'J0S lr cD
2 k\

mnT
ln

vR
2

2k2nT
2

5Ji
\

mnT
2 knT ln

vR
2

2k2nT
2. ~15!

For all of the intermediate cases, the final integral over lo
gitudinal velocities must be performed numerically. We d
fer a discussion of the results of these numerical calculati
to Sec. V, where we compare them to experimental meas
ments.

C. Conservative limit, curved fibers

Consider now the situation when the fiber is bent in t
(Y,Z) plane with a radius of curvatureR. Some atoms are
lost from the guide when their relatively large axial veloci
is converted into transverse velocity, and the potential is
sufficient to contain the atoms. In an alternative picture,
oms traversing a bent fiber experience a centrifugal fo
which presses them into the outer wall of the fiber, and th
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are lost when the guide potential exerts insufficient force
overcome the centrifugal force. The following calculation
flux through a curved fiber is similar to the calculation
Sec. IV B, but with an additional energy contribution fro
the centrifugal potential.

For the bent fiber, instead of the initial coordinat
(X,Y,Z), we introduce a curvilinear system of coordinat
(X8,Y8,Z8), with the axisZ8 following the bent fiber

X5X8, ~16a!

Y5R@12cos~Z8/R!#1Y8cos~Z8/R!, ~16b!

Z5~R2Y8!sin~Z8/R!. ~16c!

The unit vectors (ex8 ,eY8 ,ez8) for this coordinate system ar
related to the old set~ex ,eY ,ez! by the expressions

ex85ex , ~17a!

eY85eY cos~Z8/R!2eZ sin~Z8/R!, ~17b!

eZ85eY sin~Z8/R!1eZ cos~Z8/R!, ~17c!

and the components of velocity by the expressions

nX85nX , ~18a!

nY85nY cos~Z8/R!2nZ sin~Z8/R!, ~18b!

nZ85nY sin~Z8/R!1nZ cos~Z8/R!. ~18c!

As in Sec. IV B, we introduce the dimensionless coordina
and velocities determined by the relatio
(x,y,z)5(X8/r c ,Y8/r c ,Z8/ l ), (ux ,uy ,uz)5(nx ,/n' ,ny/
n' ,nz/nT).

In these dimensionless coordinates, Eq.~4! takes the
forms

dz

dt
5uz , ~19a!

dr'

dt
5au' , ~19b!

du'

dt
5
ad

2 S I

I12d2D “'I

I
1
bd

2 S I

I12d2D
3S u'•

“'I

I D “'I

I

2eyaS nT
n'

D 2 r cR uz
2, ~19c!

where ey is the unit vector in the direction of the newy
coordinate. Direct comparison of Eq.~19! with Eq. ~4! shows
that, for a bent fiber, the equations of motion acquire
additional centripetal force term.

The region of the input velocities and the coordinates c
responding to the trapped atoms determined by conserva
of energy isu x

21u y
2,d ln~111/2d 2!. If we assume, for sim-

plicity, that the cross section of a fiber is a square21,x
,1,21,y,1, then thex andy velocity components sepa
rate and the trapping condition for thex coordinate is
o
f

s

n

r-
on

ux
2,d lnS 11

1

2d2D . ~20!

Note that this trapping condition may be evaluated at eit
the lower (x521) or the upper (x51) boundaries of the
fiber since they are identical.

The motion of an atom along they coordinate according
to Eq. ~19! is analogous to the motion of a particle in
gravity field with the effective acceleration consta
g5(nT/n')

2(r c/R)u z
2, which implies the energy conserva

tion law of the formu y
212(nT/n')

2(r c/R)u z
2y5const. The

trapping condition for this coordinate should be estimated
the lower~physically the outer! boundary of the fibery521
and read

uy
212S nT

n'
D 2 r cR uz

2~y011!,d lnS 11
1

2d2D . ~21!

The particle flux is calculated as in Sec. IV B using a fla
topped intensity distribution. Carrying out integration ov
the transverse components of velocity (ux ,uy) and the trans-
verse cross section of the fiber (x0 ,y0) and accounting for
the limits in Eqs.~20! and ~21!, one finds

J~Dn!52a2J0E
z

`

duzuzexp~2uz
2!d lnS 11

1

2d2DF~k!,

~22!

where in this case z5max(0,Dn/s) and
J058p23/2(r c/ l )

254p21(r c/ l )
2Ji . The effective reduction

of the flux due to the bending of the fiber is described by
functionF~k! determined by the relations

F~k!5H 2

3k
@12~12k!3/2#, k,1

2

3k
, k.1,

~23!

where

k54S nT
n'

D 2 r cR uz
2

d ln~111/2d2!
. ~24!

Note that Eq.~22! in the limit R→` is similar to Eq.~11!,
but differs by a factor of 2 and includes the functionF in the
integrand. Note also that the relative degree of the flux
duction due to the bending of the fiber, and governed by
function F, is independent of the fiber length. A physic
reason for this is that the main bulk of the flux is carried
atoms experiencing many bounces between the walls of
potential well. If an atom survives a couple of bounces it w
remain trapped through the rest of the fiber. The effect
reduction parameterk is directly related to the angula
change of the fiber’s axis between two successive bounce
the atom.

For negative detunings such thatuDnu@s, Eq. ~22! re-
duces to the expression

J~Dn,0!5J0a
2uDnu lnS 11

1

2Dn
2D E

0

`

dx exp~2x!F~ax!,

~25!
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where

a54S nT
n'

D 2 r cR 1

uDnu lnS 11
1

2Dn
2D . ~26!

In the limit of a large bend radius,a!1, and Eq.~25! recov-
ers the straight-fiber result of Sec. II A given by Eq.~12!,

J~Dn,0!5J0S lr cD
2 \vR

mnT
2 uDnu lnS 11

1

2Dn
2D . ~27!

For a@1, Eq. ~25! yields

J~Dn,0!5
2J0
3

a2uDnu lnS 11
1

2Dn
2D 1a ln a. ~28!

In the small-intensity limit whenuDnu@1, this further re-
duces to

J~Dn,0!5
2J0
3 S \vR

4mnT
2uDnu

D 2 l 2Rr c3 lnS 8mnT
2uDnur c

\vRR
D .
~29!

The flux in this limit is less than that given by Eq.~13!,
proportional to the intensity squared and inversely prop
tional to the detuning squared.

For near-zero detunings and small intensities wh
vR!knT , the degree of the reduction in the flux due to t
fiber bend is governed by the parame
b58(kmn T

3\v R
2)(r c/R). For b!1 ~large R!, the straight

fiber result

J~Dn50!5
ApJ0

4

\vR
2

kmnT
3 S l

r c
D 25 J0

Ap

\vR
2

kmnT
3 ~30!

is recovered, differing from Eq.~14! only by a numerical
coefficient of the order of unity.

Decreasing the radius of the bend decreases the flux
the opposite limit, forb@1 andb1/3!knT/vR , Eq. ~22! re-
duces to

J~Dn50!5
J0
2 S \vR

2

kmnT
3D 4/3S lr cD

2S Rr cD
1/3

5
2Ji
p S \vR

2

kmnT
3D 4/3S Rr cD

1/3

, ~31!

which shows that the flux is less sensitive to fiber bending
zero detuning than at large detunings@Eq. ~29!#. Also, the
functional dependence on the intensity becomesI 4/3 instead
of I , as in the case of straight fiber@Eq. ~30!#. The depen-
dence of the flux on the radius of the bendR is also milder
than for Eq.~29!. For large intensitiesvR@knT the param-
eterb controlling the degree of the reduction in the flux d
to the bending of the fiber is of the form
b54(mnT/\k)(r c/R)ln

21(v R
2/2k2n T

2).
The limit of smallb recovers the high-intensity straigh

fiber limit given by Eq.~15!. In the opposite limit,b@1 Eq.
~25! yields a lower flux,
r-

e

r

In

t

J~Dn50!5J0S \k

2mnT
D 2 ln2S vR

2

2k2nT
2D l 2Rr c3

5JtotS \k

2mnT
D 2 ln2S vR

2

2k2nT
2D R

r c
.

~32!

It is clear from Eq.~29! that in the large detuning limit the
flux is proportional to the laser intensity squared, and
versely proportional to the detuning squared. This resul
particularly interesting in regards to the coherent transpor
atoms through curved fibers. In order to reduce spontane
emission and hence the loss of coherence, it is necessa
detune the laser far from resonance. However, in curved
bers the guiding potential falls off at the same rate as sp
taneous emission, asD22. Thus the reduction in spontaneou
emission comes at the expense of a proportional reductio
guide potential.

D. Nonconservative limit, straight fibers

In the presence of the nonconservative viscous term in
equations of motion, the energy of an atom depends on
distance traveled inside the fiber. For negative detunings
term results in an increase of the transverse energy of
atom with the longitudinal coordinate~heating!. The amount
of this change can be calculated by multiplying Eq.~3b! by
u' , and integrating fromt50 to t51/uz . The conservative
term does not heat the atoms, since it depends only on
transverse position of the atom and can be neglected. Ta
simple approximations for the second term,l'1 and¹I /I
'1, and averaging over the period of one transverse osc
tion we relate the average radial kinetic energy of the atom
the fiber output to its initial radial kinetic energy,

ur
25ur

2~0!expF buz dS 1

112d2D
3G . ~33!

This shows that the transverse energy increases expo
tially as a function of distance along the fiber. The flux
calculated as in Sec. IV B, except that the guiding condit
should be estimated at the output of the fiber where the ra
transverse component of the atom velocity is the larg
Equation~11! is then replaced in the high-intensity limit b
the expression

J~Dn!5a2J0E
z

`

duzuz exp~2uz
2!d lnS 11

1

2d2D
3expF2

bd

uz
S 1

112d2D
3G . ~34!

In general this integral must be performed numerically. T
numerical results are presented in Sec. V and compared
experimental measurements.

Some asymptotic limits can be solved analytically. F
near-zero detunings, Eq.~34! reduces to
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J~Dn50!'J0S lr cD \k

mnT
E
0

`

duzuz
2exp~2uz

2!

3 lnS 11
1

2s2uz
2Dexp@2bs~112s2uz

2!23#.

~35!

In the low-intensity limitvR!knT , the degree of the reduc
tion of the flux is governed by the paramet
a5(3l\k/8mr c

2G)1/4(vR/knT)
3/2, and Eq.~35! yields

J~Dn50!5Ji
\vR

2

mknT
3 expF2

4

3
a G

5Ji
\vR

2

mknT
3 expF2

4

3 S 3l\k

8mrc
2G D 1/4S vR

knT
D 3/2G .

~36!

Comparison with Eq.~14! shows that the flux for zero de
tuning in the low-intensity limit decreases exponentially w
the optical intensity as exp(aI 3/4). In the opposite limit of
large intensitiesvR@knT , Eq. ~35! results in the expressio

J~Dn50!5Ji
\k

mnT
lnS vR

2

2k2nT
2D expS 2

l\k

mrcG
D . ~37!

The flux reduction due to heating now is independent
intensity, and is given by the reduction parame
exp(2 l\k/mr c

2G) @compare with Eq.~15!#.
For large negative detuningsuDnu!s, the flux reduction

parameter equals

a5S l\vR

2mrc
2GnT

D 2/3 uDnu2/3

~112Dn
2!2

. ~38!

The limit a!1 recovers the conservative-case results gi
by Eq.~12!. In the opposite limit,a@1, but stillsAa!1 Eq.
~34! yields

J~Dn,0!5Ji
\vR

mnT
2 uDnu lnS 11

1

2Dn
2DAa exp~23a!.

~39!

For the detunings exceeding the Rabi frequencyuDnu@1, Eq.
~39! can be further transformed to the form

J~Dn,0!'Ji S \vR

mnT
2 D 4/3S lnTr c

2G D 1/3Dn
28/3

3expF2
3

4
Dn

210/3S l\vR

2mrc
2GnT

D 2/3G .
~40!

V. COMPARISON OF THEORY AND EXPERIMENT

Section IV assembled a collection of formulas for the c
culation of atom flux through the hollow core fiber. We ha
modeled the major regimes covered by experimental m
surements except for the case of the curved fiber with la
guide intensities. In the curved fiber case the flux acquire
much greater dependence on the shape of the optical fi
f
r

n

-

a-
e
a
ld.

Curvature of the fiber in fact alters the optical field distrib
tion from the unperturbed, lowest-order grazing inciden
mode. This, along with the fact that the optical field deca
exponentially along the length of the fiber, makes quant
tive modeling difficult. Nevertheless, as we show in this s
tion, we can describe the qualitative behavior of the fl
through the fiber reasonably well in all cases.

In Fig. 2 we presented measurements of the flux dep
dence on detuning from resonance for a straight fiber with
inner diameter of 40mm. For data of Fig. 2~a!, the fiber
length is 3.1 cm and a single-mode, 5-mW diode laser p
vides the guiding potential. At large negative detunings
flux falls off as 1/D, and is sharply peaked near zero detu
ing. This data are representative of the low-intensity regim
and the excellent signal-to-noise ratio allows a direct co
parison with Eq.~10!, represented by the solid curve. Th
numerical calculation was performed using a parabolic int
sity profile. With no laser or with the laser detuned far to t
blue of resonance,D>40 GHz, the detector counts com
from two sources: from atoms passing ballistically throu
the fiber and from detector noise of approximately ten cou
per second. For intermediate blue detunings,D'3–30 GHz,
a dip down to the detector background count rate is
served. This dip, four atoms per second in amplitude@not
noticeable in Fig. 2~a!#, is attributed to the loss of ballistic
flux as these atoms are deflected into the wall of the fiber
the repulsive dipole force. The ratio of the peak guided at
flux to ballistic flux is then easily compared to theory. W
observed an enhancement factor of 800/45200 which is in
agreement with the 200-fold enhancement predicted fr
Eq. ~10! with the parabolic intensity distribution and a pea
Rabi frequency measured at the output tip of the fiber.
note that no adjustable parameter is used for the theory c
of Fig. 2~a!. We also note that qualitatively the flux profile
narrower than a dispersion line shape. This is because
flux is proportional to the dipole potential,
~\d/2!ln(11v r /d), and not the dipoleforcewhich is disper-
sion shaped.

The position of maximum flux occurs at a detuning of;1
GHz, roughly corresponding to the value of 0.35vR51.5
GHz predicted in Sec. IV B. With a good signal-to-noi
ratio and small intensities, a small peak nearD511.5 GHz
is observed. This peak is due to the hyperfine splitting of
5S1/2 ground state of rubidium. At small intensities the sh
of the ground state due to the dynamic stark effect is m
less than the hyperfine splitting~3.0 GHz!, and the dipole
force may be described by two dispersion lineshapes s
rated by 3.0 Ghz. The peak atD511.5 GHz is smaller be-
cause of optical pumping of atoms out of the guided st
and into the nonguided state. To confirm this explanation
have performed a separate experiment in which we fixed
guide laser atD50 and then tuned a second, weaker la
over the hyperfine resonances. We found that when the
ond laser excited atoms on the reddest hyperfine trans
(v.vL), atoms would be optically pumped into the blu
state (v.vL) and guided through the fiber. However, whe
the laser is tuned to the bluer hyperfine transition, atoms
pumped into the red state~so that effectively the laser is blu
detuned relative to the atoms! and guiding is inhibited. At
high intensities the individual dipole force dispersion profil
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FIG. 5. Measurements of the intensity dependence of the guided atom flux in a 6.2-cm-long fiber at~a! D50, ~b! 28, ~c! 216, and~d!
D5236 GHz. At small intensities where the heating effects are negligible the flux grows linearly with intensity for all detunings. At
intensities and at intermediate detunings,D528 GHz, the flux rools over and decreases. This behavior indicates that dipole he
attenuates the flux through the fiber. For large detunings the flux is described by the conservative limit of linear intensity depende
the experimental intensities available. The profiles here are in good qualitative agreement with calculations shown in Fig. 6.
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are indistinguishable and the peak atD511.5 GHz is not
observed.

In Figs. 2~b!–2~d!, measured and calculated flux profile
are presented with successively increasing intensities.
single-peaked spectrum of the low-intensity regime clea
splits into two peaks: one sharp centered near-zero detu
and one broad extending to large negative frequencies
larger intensities the dip grows wider and deeper. Super
posed on the data are numerical results from calculation
Eq. ~34!. For the calculation the Rabi frequency is reduced
half of the measured value and the curves are normalize
the data. The Rabi frequency is reduced to account for
use of a flattop radial intensity profile in contrast to the mo
accurate, parabolic profile used in Fig. 2~a!. Qualitatively,
the shape of the curve can be explained by velocity dep
dent forces which heat the atoms: at intermediate frequen
where the heating force is largest, atoms are heated out o
guide potential and lost. For large frequencies, however,
heating force falls off faster~asD25! than the conservative
guiding force ~as D21!, thus allowing more atoms to b
guided and explaining the origin of the second peak.
larger detunings the heating force is negligible and the p
file is described by the conservative force alone. As a re
the flux falls off asD21 for large detunings. The spike nea
zero detuning is similarly understood in terms of the heat
he
y
ng
At
-
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o
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e
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n-
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e

t
-
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g

force decreasing faster than the guiding force asD→0.
We note that the theoretical fit to the experimental data

qualitative, a consequence one may expect from the ave
ing process used to obtain Eq.~34!. In addition we have
made no correction for the fact that the light attenuates b
factor of;e22 over the fiber length. However, the calcul
tions do reproduce the features observed in the data q
well, and they confirm the dipole force heating explanati
of the observed dip in the experimental profile.

In Figs. 5~a!–5~d! we show measurements of the flux in
tensity dependence at selected detunings. At low intens
the flux grows linearly with intensity regardless of detunin
This is expected since the heating force is not significan
low intensities, and the flux is described by the conserva
force alone. Nonlinearities in the flux are evident at larg
intensities. For D50 the flux begins to saturate a
I55MW/m2, and reaches an asymptotic limit at higher inte
sities. For D528 GHz the flux also saturates, ne
I55MW/m2, but instead of approaching an asymptotic lim
it decreases. This behavior indicates that the heating
grows faster than the guiding potential, and atoms are los
they are heated to energies larger than the depth of the g
ing potential. AtD5216 GHz, evidence of heating is ob
served at higher intensities. We see no evidence of heatin
D5236 GHz for the available experimental intensities.
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In Fig. 6 we show calculations of the dependence
guided atom flux on intensity~indicated asv R

2! for the indi-
cated detunings from resonance. The calculations are b
on a numerical evaluation of Eq.~34!, assuming a flattop
radial intensity distribution. The horizontal scale and detu
ings roughly correspond to the experimental parameter
Fig. 5. Heating effects observed in the experimental m
surements are clearly manifest in the calculations, and
qualitative agreement is good. In particular the saturation
the flux forD50 is in good agreement with Eq.~34! and the
asymptotic form Eq.~27!, which states that the flux atD50
depends only on the length of the fiber and is independen
laser intensity at high intensities. Decreasing flux is also p
dicted at intermediate detunings, and for large detunings
flux increases linearly with intensity.

Atom guiding in curved fibers is more complicated b
cause of the additional centrifugal force acting to push
atoms into the outer wall. In the simplest picture, appro
mately valid in the low-intensity regime, the centrifug
force, Fc5mn z

2/R predominantly affects atoms with larg
longitudinal velocities as discussed in Sec. IV. As a res
the high-velocity tail of the Maxwell-Boltzmann distributio
is lost first as the fiber is bent. Thus, as a function of 1/R, we
expect the flux to decrease monotonically to zero. The int
sity dependence of the curved fiber flux is a complica
function of bend radius, detuning, and heating effects. T
low-intensity regime where heating effects are minimal is
simplest to describe, and is reached by reducing the l
intensity or the fiber length. In Fig. 7 we present calculatio
of the dependence of guided atom flux on intensity for s
eral fiber radii of curvature. The calculations have the
pected dependence that the flux monotonically decrease
the fiber is bent to smaller radii. The intensity dependence
the straight fiber case,R5`, increases linearly from zero
and eventually begins to saturate as a logarithm at large
tensity. In curved fibers and at small intensities the flux
creases as the square of intensity, reflecting the fact that

FIG. 6. Calculations of the dependence of guided atom flux
intensity, indicated in terms of the squared Rabi frequencyv R

2, for
the indicated detunings from resonance. The calculations are b
on a numerical evaluation of Eq.~34! and assume a flat top radia
intensity distribution. The horizontal scale and detunings roug
correspond to the experimental parameters of Fig. 5. Heating ef
observed in the experimental measurements are clearly manife
the calculations as well and the qualitative agreement is good.
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the low-velocity tail of the Maxwell distribution is guided
around the bend. At high intensities the potential begins
saturate, and the flux intensity dependence is logarithm
The calculations shown in Fig. 7 produce the same qua
tive behavior as the curved fiber data presented in Ref.@1#.

At similar intensities but with longer fibers, the heatin
force complicates the curved fiber description of atom gu
ing. In the absence of a model, we can nevertheless he
tically explain the dominant features of the experimental
sults. The centrifugal force arising from the curvature of t
fiber presses the atomic beam toward the outer wall of
fiber and away from the center of the optical intensity dis
bution. This has several consequences. First, at large de
ings from resonance, the additional centrifugal force eff
tively reduces the guiding potential height by pushing t
atoms toward lower intensity at the wall. In particular, th
effect contributes an additional attenuation factor ofD21 to
the flux profile, as shown by Eq.~29!, and is most pro-
nounced at large detunings. At intermediate detunings, h
ing effects dominate, and the situation is different. Co
pressing the atomic beam against the outer wall, the ave
field intensity seen by the atom is reduced and conseque
the heating force is reduced relative to the guiding for
Thus, for intermediate detunings, the guided atom flux m
actually increase in slightly bent fibers due to the stro
suppression of the heating force. We show measuremen
the flux profiles in Fig. 8 that qualitatively substantiate th
trend. For the straight fiber case in Fig. 8~a!, we observe a
typical two-peak spectrum with a hole burned between
peaks. For the moderately curved fiber cases shown in F
8~b! and 8~c!, the flux is attenuated strongly at large detu
ings due to theD22 scaling, but at intermediate detunings th
flux actually increases.

As mentioned above, we have not incorporated these
fects into our current numerical model primarily becau
tractable solutions to the equations of motion in the b

n

ed

y
ts
in

FIG. 7. Numerical calculations of the atom flux dependence
intensity indicated asv R

2 in the conservative regime for fibers wit
several radii of curvature. The parameters areD523 GHz, l56
cm, r c510 mm, andknT52 GHz. For perfectly straight fibers th
flux depends linearly on intensity initially, and then increases a
logarithm at large intensity. In curved fibers the flux initially in
creases as intensity is squared, and at larger intensities it h
logarithmic dependence. These calculations are in good qualita
agreement with data presented in Ref.@1#.
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FIG. 8. Detuning profiles of flux in bent fibers atI 0513107 W/m2 and l56.2 cm. For the straight fiber case~a! the profile is clearly
double peaked which is characteristic of the high-intensity regime. With moderate bending~b! and ~c!, strong attenuation of the flux is
observed at large detunings, which is in agreement with Eq.~12!. At small and intermediate detunings the flux initially increases with
bending as indicated by the disappearance of the hole and increasing amplitude of the spike atD50 GHz. This surprising behavior suggests
that the heating force which causes hole burning in the spectrum is reduced more rapidly compared to the guiding force as the fiber
Finally for large bends~d! the flux is strongly attenuated at all detunings.
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fiber case were possible only for a flattop intensity profi
Atoms in the flattop intensity profile feel the same peak
tensity regardless of fiber curvature, and consequently
heating rate is unaffected by bending the fiber. Finally,
smallR we only observe the spike atD50, and monotonic
attenuation of the flux for increasing detunings. Figure 8~d!
illustrates this behavior. In this limit the flux scales appro
mately asD22, as predicted from Eq.~29!.

VI. CONCLUSION

We have observed atom guiding in a hollow-core, opti
fiber, grazing-incidence mode configuration. Signatures
two intensity regimes have been identified. For low inten
ties and short fibers the detuning dependence of the flu
approximately dispersion shaped, as expected from the
servative part of the dipole potential. Also, in this regime t
flux increases linearly with intensity for all detunings,
expected. At high intensities and in long fibers dipole heat
of the atoms becomes significant, and a hole is burned
.
-
e
r

-

l
f
i-
is
n-

g
to

the flux spectrum. At these detunings the flux initially i
creases linearly with intensity, but then rolls over and d
creases at large intensities. This behavior signifies the
trance to the high-intensity regime. The observed spectra
intensity dependencies are in excellent quantitative ag
ment with numerical evaluation of general dipole force eq
tions of motion in the low-intensity regime, and in goo
qualitative agreement in the high-intensity regime.

Atom guiding in curved fibers is more complicated b
cause of the centrifugal forces acting on the atoms. An ad
tional loss of flux is most noticeable at large detuning
where the flux attenuates asR/D2. The flux near zero detun
ing in the high-intensity regime initially goes up with in
creasing bend. This counterintuitive result is consistent w
a more rapid falloff of the heating force relative to the gui
ing force when the fiber is bent. In short fibers, Ref.@1#
demonstrated that, with sufficient intensity, atoms may
guided in short curved fibers withR'5 cm. In long fibers
dipole heating and exponential attenuation of the laser in
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sity restrict the bend radii to more modest values of 20 cm
so.

It is interesting to speculate about the prospects of us
nonconservative dipole forces tocool atoms in the fiber. The
heating and guiding forces observed in the present exp
ment change sign when sign of the detuning from resona
changes. In particular, atoms are repelled from high-inten
regions and may be guided with a blue detuned evanes
field @2,3,5,12#. The nonconservative force for the blue d
.

r

g

ri-
ce
ty
nt

tuned case becomes dissipative, and may provide a co
nient mechanism for cooling atoms as they travel through
fiber.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of the Office
Naval Research~Grant No. N00014-94-1-0375! and the Na-
tional Science Foundation~Grant No. Phy-95-12150!.
@1# M. J. Rennet al., Phys. Rev. Lett.75, 3253~1995!.
@2# M. J. Rennet al., Phys. Rev. A53, R648~1996!.
@3# H. Ito et al., Phys. Rev. Lett.76, 4500~1996!.
@4# M. A. Ol’shanii, Y. B. Ovchinnikov, and V. S. Letokhov, Opt

Commun.98, 77 ~1992!.
@5# S. Marksteineret al., Phys. Rev. A50, 2680~1994!.
@6# H. G. Unger, Bell Syst. Tech. J.36, 1253~1957!.
@7# E. A. J. Marcatili and R. A. Schmeltzer, Bell Syst. Tech. J.43,
1783 ~1964!.
@8# T. Abel, J. Hirsch, and J. A. Harrington, Opt. Lett.19, 1034

~1994!.
@9# S. Jackelet al., Opt. Lett.20, 1086~1995!.

@10# J. Dalibard and C. Cohen-Tannoudji, J. Opt. Soc. Am.2, 1707
~1985!.

@11# J. P. Gordon and A. Ashkin, Phys. Rev. A21, 1606~1980!.
@12# H. Ito et al., Opt. Commun.115, 57 ~1995!.


