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Optical-dipole-force fiber guiding and heating of atoms
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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 df+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 pna-diém
fiber. Bending the fiber can reduce the effects of heating on atom[f1050-294®7)04604-(

PACS numbe(s): 42.50.Vk, 42.81.Qb, 32.80.Pj

I. INTRODUCTION azimuthally symmetric, and has a maximal intensity along
the fiber axis[6—9]. With the laser tuned to the red of the
In recent work Renn and coworkdrk,2] and Itoet al.[3]  atomic resonance, atoms are attracted to the high-intensity
demonstrated atom guiding through hollow core optical fi-region along the axis, and guided through the fiber. Experi-
bers. The atoms are kept away from the inner glass walls bynents using this method have shown that atoms may be
light that is also guided in the fiber. The notion of guiding guided around bends in curved fibers and sections of the
atoms in hollow fibers with light was first suggested by fiber may be exposed to air: the glass wall is sufficient to
Ol'shanii, Ovchinnikov, and Letokhoy4], and was further maintain vacuum in the fiberl]. We present an extended
elaborated on by Marksteinet al. [5] Fiber-guided atoms experimental and theoretical study of the grazing-incidence
may lead to an effective method for transporting cold atomsmechanism of atom guiding. Measurements and calculations
for example, from one vacuum system to another. It is fur-are presented which characterize the dependence of guided
thermore intriguing to consider the potential of fiber atomatom flux on laser intensity, detuning from atomic resonance,
optics: The deBroglie wavelength of sufficiently cold atomsand fiber radius of curvature. The most striking character is
approaches the hollow diameter, in which circumstance atthe dependence of the flux on detuning from resonance. At
oms propagate in modes much like the optical modes ofow intensities the dipole force is purely conservative, and
conventional optical fiberfs]. In this domain lies the possi- leads to a guided flux spectrum that is roughly dispersion
bility of Mach-Zehnder, Sagnac, and other interferometershaped and sharply peaked near zero detuning. At high in-
configurations. It is our hope that the hollow core fiber maytensities, however, a viscous component of the dipole force
lead to a robust technology for atom interferometry and othef10] heats the atoms, and causes an exponential attenuation
cold atom experiments. of atom flux with distance along the fiber. This heating term
Atoms may be guided through hollow core fibers either‘burns a hole” in the flux spectrum such that the guided
by grazing incidence or evanescent light. The primary puratom flux is large at large detunings and has a dip at moder-
pose of this work is to investigate in some detail the characate detunings. We also show that the dipole heating force
teristics of grazing-incidence guiding. In this configuration, may be reduced relative to the guiding force simply by bend-
laser light is launched into the hollow region of a glass cap-ing the fiber.
illary fiber and guided by grazing-incidence reflection from  Grazing-incidence atom guiding is reasonably straightfor-
the glass walls. The lowest-order grazing-incidence mode isvard in practice for fibers having diameters much larger than
the wavelength of the guiding light. However, it has limita-
tions that probably make it impractical for atom interferom-
*Permanent address, Physics Department, Michigan Technologetry applications. Grazing-incidence modes decay exponen-
cal University, Houghton, Ml 49931. tially as they propagate along the fiber; for a fiber having a
"Staff member, Quantum Physics Division, National Institute of40-um hole diameter, the fundamental grazing incidence
Standards and Technology, Boulder, CO 80309. modes has a &/attenuation length of~3.1 cm. The attenu-
HJILA is a joint institute of the National Institute of Standards and ation limits the useful length of a fiber, and since the attenu-
Technology and the University of Colorado. ation length varies as the cube of the hole diameter, it also
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curvature. Finally, in Sec. V we compare numerical calcula-
tions with experimental measurements, and draw some con-
Hollow fiber ’3 cluding remarks in Sec. VI.

TPt cem
Hot wire

FIG. 1. Experimental apparatus. A hollow core fiber joins two  The basic apparatus shown in Fig. 1 consists of two
vacuum chambers, one serving as the source of rubidium atoms, th@cuum chambers connected by a glass capillary fiber having
other housing an atom detection apparatus consisting of an ionizingngths ranging from 3 to 15 cm. The first vacuum chamber
rhenium hot wire and a channeltron electron multip(€EM). contains rubidium, and is heated to form a typical partial

pressure of-10 ° Torr. Atoms near the entrance of the fiber
sets practical limits on the hollow diameter. Dipole heatingwith appropriate trajectories pass into the guide. When the
combined with the exponential decay of optical intensityatoms reemerge, they are ionized on a heated rhenium wire,
limits the distances over which atoms may be guided byand the ions are counted with a channeltron electron multi-
grazing-incidence optical modes to about 20 cm through alier.
40-um-diam fiber. Light from either a free running diode laser or a standing-

The paper is structured as follows. In Sec. Il, we providewave Ti:sapphire laser is coupled into the fiber through a
a context for the remainder of the paper by describing thevindow in the rubidium source chamber. Considerable atten-
generic grazing-incidence guiding experiment, and in Sec. lltion is given to optimizing the optical coupling into the EH
we describe the salient qualitative features of the results. Imode, which is the lowest-order, azimuthally symmetric,
Sec. IV we present a simple theoretical model which allowgyrazing-incidence mode. Like coupling light into a single-
the flux through a fiber to be calculated. Closed-form solu-mode fiber, optimum coupling is achieved when the beam
tions can be obtained in various limiting cases such as largeaist at the entrance of the fiber is approximately the size of
detuning and small intensities. We derive general expreshe EH; mode, and the axis of the fiber and beam coincide.
sions showing the dependence of the atom flux on laser ifFor low-intensity high-resolution measurements, a 5-mW
tensity, detuning from resonance, length of fiber, and fibesingle-mode diode laser having a linewidth 660 MHz

Atom source chamber Detector chamber

Guide laser

E
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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 a2 amd for
(b)—(d), respectively, and the inner diameter is 4. In Figs. 8b) and 8d) flux profiles with increasing titanium-sapphire laser intensity
are shown. A spike near zero detuning is always observed due to the rapid turn off of the heating force relative to the guiding-fetce as
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provides the guide light. Frequency tuning ovet40-GHz The conservative and nonconservative characteristics of
range from resonance is accomplished by varying the injecthe dipole force are also evident in the intensity dependence
tion current. A Ti:sapphire laser provides sufficient power toof the flux. Figure 3 shows the intensity dependence for a
reach the high-intensity regime, up to 1 W, but operates oletuning of —8 GHz from resonance. At low intensity, the
several longitudinal modes. The bandwidth of the Ti:sapflux increases linearly with intensity for all laser detunings
phire laser is<2 GHz with an etalon in the Ca\/ity_ The laser from resonance, as eXpeCted in the limit of conservative di-

is tuned with the etalon over a range af60 GHz from pole forces. However, at larger intensities the flux peaks and
resonance. Detuning from resonance is measured with dhen decreases. Ag:_:tin, the flux decreases because the viscous
optical spectrum analyzer relative to the center of thecOmPonent of the dipole force heats the atoms.

, : ; L The formal treatment of atom guiding in the fiber, which
5S,(F)—5P5,(F’) h f Iltiplet of rubidium. '
A F) 3(F") hyperfine multiplet of rubidium is presented in the sections that follow, is rather involved.

Yet it is not difficult to derive some insight into a qualitative
understanding of the main features. At low guiding light in-
tensities the guiding is described by the conservative dipole

I1l. QUALITATIVE RESULTS potential[10,11]
In Fig. 2 we show the typical dependence of guided atom
flux on detuning from resonance for several laser intensities. AA wﬁ
The experimental data are shown by points, the solid curves U= > In{ 1+ m ) (1)

are theoretical fits to be discused later in the text. The profile

of Fig. 2a), re%resentative of the low-intensity regime athere A is the laser frequency detuning from the atomic
lo=6X10° W/m? was measured using a low-power, single-resonanceA = w, —wy, I' is the natural linewidth of the

mode diode laser. In Figs.(1® and 2c), flux profiles with  transition, ando, is the Rabi flopping frequency of the atom
increasing titanium-sapphire laser intensity are shown. Fojn the laser field,

all curves we observe the expected qualitative dependence:
Atoms are guided when the laser is tuned to the red of reso- )
nance but not to the blue. At an intensity 0.6 MW/n? w= 2d7
[Fig. 2(@)], the flux reaches a maximum near a detuning of R h2g0c’
about—1 GHz and then falls off rapidly for larger detunings.
As we will show, this is expected from the conservativel is the laser intensity and is the dipole moment for the
component of the dipole force. As the intensity is increasedatomic transitiongc is the speed of light, ane, is the per-
as shown in Figs. ®)—2(d), a substantial flux is observed at mittivity of free space. This potential arises from the dynam-
significantly higher detunings. In addition, a dip forms in theics Stark effect which shifts the atomic energy levels as il-
flux profile at intermediate detunings. As a function of in- lustrated in Fig. 4a). As suggested by the figure, for red
creasing intensity the dip grows deeper and brogfegs. detuning of the laser the ground-state experiences an attrac-
2(c) and 4d)]. We attribute the hole formation to viscous tive force while the excited-state experiences a repulsive one.
dipole forces which heat the atoms to larger transverse ener- When w3/A?<1 the saturation effects are insignificant,
gies than can be guided. and the atoms spend most of the time in {ladtractive
ground state. An atom with sufficiently low initial transverse
velocity simply oscillates back and forth in the concave bowl
of the ground state as it propagates down the fiber. With the
e oo 1 additional assumptiohi <A, one can expand the logarithm in
° { Eg. (1) in the low saturation limit to obtain a form that is
oo 1 linear in intensity and inversely proportional to the detuning.
d 1 Figure 4a) shows the intensity profile and level shifts when
1 the laser is red detuned from an atomic resonance. The opti-
° ] cal intensity profile in the fiber is maximum at the center of
° o, the hollow region, and falls to zero at the boundary. An atom
. 1 predominantly in the ground state feels a foreg,=—VU,
i 7 directed toward the center of the fiber.
° ] Atoms moving in the high-intensity field experience vis-
| o 4 cous dipole forces which are directed parallel to the radial
} { velocity, and heat the atoms for a red detuning from reso-
s s bbb e 1 nance. This force can be understood as a result of the time
0 10 20 30 40 50 60 . . .
Intensity (MW/m? delay between absorptlon and emission gf photons. for a
moving atom. Following Cohen-Tannoudji and Dalibard
FIG. 3. Intensity dependence of the guided atom fluaat-g  [10], we use the dressed-state atom-field picture to illustrate
GHz and a fiber length of 6.2 cm. At low intensity the flux increases@ case for which the energy of an atom is increased in its
linearly with intensity but at high intensity the flux decreases withinteraction with the optical field. The dressed picture for a
increasing intensity. The high intensity decrease of flux is caused bjwo-level atom in a laser field, shown in Figb4, consists of
the nonconservative component of the dipole force that heats th@ ladder of pairs of ground and excited state levels separated
atoms. by the laser energfiw, . In the absence of coupling, the

@

Atom Flux (10° &)

0.0
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states are labeled by the unperturbed atomic statasde, are in Fig. 4a) by the dynamics Stark effect. The transverse
and by the photon occupation numimeiin this case the laser confining of an atom in its ground state is seen to arise from
field is detuned to the red of the atomic transition, so thehe concave shape of the dressed-atom level; in the absence
excited state lies above the ground state in each manifoldf spontaneous emission the atom simply oscillates back and
pair. In the hollow region of the fiber where the light propa- forth in the inverted Gaussian bowl.
gates, the atomic levels are mixed and energy shifted as they Occasionally a spontaneous emission event can take the
atom from its nominal ground state into its excited state; this
Fiber Fiber is most likely to happen in the high-intensity region of the
wall wall field where the unperturbed states are maximally mixed.
le) ‘h—/\— Once it makes such a transition, the atom remains in the
4 excited state on average for a lifetimg=2(#T") "%, and
continues to move in the field. In the excited state the atom is
now repelled by the field, and, as the figure illustrates, it
gains kinetic energy as it rolls down the convex surface.
Another spontaneous emission returns the atom to the nomi-
ho, nal ground state. The second spontaneous event is most
likely to occur in the low-intensity region near the walls,
where the level mixing is minimum. In finishing its round
trip, the atom rolls down the concave surface gaining addi-
Uo tional kinetic energy. In the worst case pictured, the atom
gy = ——*- gains an energy equal to twice the optical potential depth
"""""" ¥ (and escapes the confining field rather than make a complete
Intensity round trip. The ensemble of atoms becomes heated through
this cyclic process. It is this heating process that is respon-
sible for the hole in the detuning dependence of atom flux
shown in Fig. 2d), as we shall discuss further in Sec. VI.

Energy
=
)
S

(a)
IV. THEORETICAL MODEL

In this section we develop the theoretical framework to
calculate the guided atom flux through the fiber. The model
takes into account three primary considerations. The first
considers two components of the optical field, one giving
rise to the(desirable potential that guides the atoms and the
other giving rise to théundesirablgheating of the atoms as
they propagate. The second consideration accounts for the
Maxwell-Boltzmann distribution of the atomic velocities,
and the fact that only a certain group of atoms within that
distribution can be captured by the optical potential. The
third consideration is that fact that the fiber may be curved,
which changes the nature of the guiding characteristics
Spontaneous somewhat.

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

FIG. 4. (a) Spatial variation of the energy levels of a two-level ment complicates the formalism substantially.
atom interacting with a laser field of intensityp) and frequency

o <wg. In the conservative limit of low intensities the atom re-
mains in the ground statg) and experiences a simple harmonic
restoring force attracting it tp=0. (b) Dressed-state picture of the Accounting for both conservative and viscous dipole

atom-field levels. At high intensity, the atom-field system has aforces, the equations of motion for an atom of mas# the
significant probability to make a spontaneous transition to the refiper are given by10]

pulsive state potential curve. The drawing illustrates the case in
which the atom in the nominal excited state gains kinetic energy
before decaying back to the nominal ground state and gains addi- .

’ oo B =, (33
tional kinetic energy by the time it has completed a cycle. dt

(b)

A. General equations
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dv KA w2R| Vi sioned timesb= (7 /7 )(7, /7, ). The first factor is effec-
m FT —WI— tively the number of bounces a barely guided atom makes
“R before it exits the fiber, and the second term is effectively the
A w3l 3 w1\ VI number of bounces the atom makes during one spontaneous
~5F m (v- I—) T (3b)  decay lifetime. Thus, for relatively shotsmall =) and/or

wide (large 7) fibers and moderate intensitiéagain large
7,), the contribution from the nonconservative term is small.
In the next two subsections we calculate the fluxes working
in the conservative limit so the second term in E4g) is
dropped. In Sec. IV D, we include the nonconservative con-
tribution to the force.

where R=(X,Y,Z) is the atom’s position in the fiber,
A=w —wy—kv, is the laser detuning from resonance in-
cluding the Doppler shiftk is the wave number of the laser
light, andZ is the coordinate along the fiber. Here and in the
remaining text, the Rabi frequeneyy is taken at the inten-
sity maximum. For ease of calculation, the intensity of the
light I (R) is normalized so thdt,,=1. The first term in the B. Conservative limit, straight fiber
right-hand side of Eq(3b) is the conservative dipole force

term. The second term is the nonconservative viscous term Im Itht|st?]ec;||on,tr\]/ve Wﬁrk '? t_h(ra]t(}.obnser%/ﬁtlve limit, and
that heats the atoms when the laser is tuned to the red §f cu'at€ the flux through a straight ibeér. The nonconserva-

resonance ¢, — wy<0) and cools them when tuned to the t!ve FeF”: In th.(§4c) IS I?egl_ected and the conseq;,_lent equa-
blue of resonanced, — wy>0). ion is integrated, resulting in an energy conservation expres-

In the remainder of this section it is convenient to intro- sion that is used to calculate the flux. Several assumptions
duce the dimensionless coordinatesx,y(z) = (X/r can be made which greatly_ si.mpllify the flux calculatic_)n.
| lociti . ¢ First, we assume that the distribution of atoms at the fiber
Yire,ZIl) and velocities @y ,uy,U,)=(v /v, ,vylv,, . f : Al it dh M lI-Bol
v,/v). The longitudinal coordinat& is normalized to the mput'ace'ls g,pat]a y uniform and nas a Viaxwetl- oltzmann
length of the fibetl, and the transverse coordinatésand Y velocity distribution. This assumption ignores the fact that

are normalized to the transverse hollow core radiusThe ijodrir:iso :a\,r\],ebﬁsgjgne;ergblgﬁg ;?1?:1 gb;“ru%eﬂ;)eo)ﬁignhsﬁltht' Irg
longitudinal velocityy, is normalized to the thermal velocity ' P 9 y P

vr=2kyT/m, whereT is the temperature arid, is Boltz- file in the calculations, when actually the intensity distribu-

) " . tion has a Bessel function dependence; we find the total cal-
mann’s constant. The transverse velocities are normalized {0

the characteristic transverse velocity of a trapped aigm Culated flux dependence on intensity and detuning to be
. . y bp tq insensitive to the exact distribution of the optical field. Fur-
=\hog/m, that is, the maximum transverse velocity al-

| d by the liaht-induced ootential. Finall . tthermore, we ignore quantum tunneling to the wall and at-
owed by e light-induced potential. Finally, a convenienty aqtiye van der Waals forces which are important at small
dimensionless time is derived from the timer_ it takes for

ical he | h of the fib I atom-wall distances. Finally, we ignore the fact that the
a typical atom to traverse the length of the fibe# ty/1. mode intensity decays along thexis, which is valid for the
We assume that the longitudinal componéhtsz of the

. : ) . short fibers used in the current experiments.
intensity gradien¥1 in Eq. (3b) can b'e negleqted cqmpared Starting with the first assumption, the atoms at the input
to the transverse one. Equatiof® in the dimensionless

. ; cross section of the fiber have the normalized velocity distri-
variables can then be recast in the form

bution
j_j:uz’ (43 f(u, u)=m"3v Iv)? exd —ui— (v, /v7)?ul] (5)
dp, and are uniformly distributed in space. The total flux striking
o, Cau (4b)  the hole in the fiber is then given by
du, aé I A
—— =<\ J:f dxod f dufduufu,u =1\
dr 2 |+252 | i x(2)+y(2)<1 0dYo 4,50 z L z( 1 z) 2\/;
b [ I \3 V.|V, 6)
+ = u - —_, (40
2 \1+28°) |7 1 [

(This flux is dimensionless, the physically measured flux
where p is the cylindrical coordinate radius vector, given as atoms per unit time i&;=J;v;/l.) Of the atoms
a=lv, /Ir.v; andb=1v2/Tr2p;, andV, is the transverse entering the fiber, only those that do not strike the wall
gradient operator. Finallyp=—A,+su, whereA,=A/wgr  emerge at the output end. The atoms that hit the wall we
is the normalized frequency detuning taken with a minusassume are lost from the guide. Thus, in the absence of an
sign for convenience, ans=kv,/wg. The normalized time optical guiding potential, the atoms must follow a ballistic
in Eq. (4) is within the range 87</u,. If the atom does trajectory through the fiber, and the flux emerging from the
not hit the wall by the timer=1/u, it passes through the fiber is simply the input flux multiplied by the solid angle
fiber. subtended by the fiber outpdg=J;(r /1)

The relative importance of the velocity dependent non- In the presence of the optical field the transverse atomic
conservative term in Eq4b) is determined by the value of motion is bound by the optical potential. The corresponding
the parameteb which can be written in terms of dimen- output flux
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In general the equation must be solved numerically, but
J(An):J2 R dXodyoJ dUzJ'dULsz(UL ,Uy) one can obtain an analytic reduction of the integral in Eq.
XptYyo<1l u,>0 s . Lo .
0 7o 7) (12) in a few limiting cases. There are three frequencies that
characterize our problem: the detuning the Doppler fre-
is calculated by integrating over the velocity regiSrcon- quencykvr, an_d the Rﬁ}bl frequenggoR. Recall that thgse
taining atoms passing through the fiber ballistically, andthree frequencies are imbedded in the two dimensionless
those that undergo at least one bounce. To obtain a consi

uantitiesA ,= A/wg and s=kvi/wg. The relative sizes of
erable increase in the atomic flux due to the presence of th ese frequencies provide the various limiting cases of inter-
optical field, the latter contribution should be considerably€St: For example, for detunings large compared to the Dop-
larger, so in the following we neglect the contribution from

pler width, |A,|>s, ¢ can be set equal to O anican be
ballistic atoms. Thus the results obtained below are valid foFSriiated as independentef, reducing Eq(11) to the expres-

J(A)>T,.

Assuming a straight piece of fiber and excitation of only 12 %o 1
the lowest-order, azimuthally symmetric light mode, the po- J(A< o)~230<—> —g [A,|In| 1+ —2) (12)
tential is cylindrically symmetric, and angular momentum is re) mvy 245

conserved. This momentum conservation may be express
asM =u p=const, whereu, is the azimuthal component of
the atom’s velocity, angh= (x>+y?)*2 is the magnitude of

eﬁgwe additionally assume that the detuning is much larger
than the Rabi frequencyA,|>1, the flux given by Eq(12)

the radial coordinate. Integration of E@c) then gives becomes
12 fo? Y-
M?2 1(p) J(A,<0)~J —) R =1 R (13
Upt 7 — 81+ 55| =E, ®) Bo=0=d0l ) Az~ mzia,

hich is proportional to the intensity and inversely propor-
ional to the detuning. The condition of applicability of Eq.
{2 |A,|>s also implies|A,|>1, so this is the only case
possible for small intensities. On the other hand, for large

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

The region of parameters corresponding to the trappe
atomsS is determined from the condition that the energy of

. . : : intensities the conditionA,|>s can hold for both A |>1
an atom entering the fiber at the poipf¢) with the velocity - n : . nl=
components ,,u,) is less than the minimum energy and|A,|<1; the flux expressed in relatid2) as a function

E,..=M2+5In[1+1(p=1)/25% = M2 of an atom with the of the frequency detuning passes through a maximum for

same value of the angular momentihat the wall[recall |An~0.35.

—av— . . In the limit of small negative or positive detunings
thatl(p=1)=0]. This condition can be expressed as |A,|<s and for small intensities such thak<kvt, the flux

1(p) is approximately given by the relation
s=[p,¢,up,u¢:u§+(1—p2)ug<5 In(1+ —)} (9)

26° A =0)=~1 ( | )2 ﬁsz 3 h w%
n—VY)=~Jo| 3 = Vi 2
Integrating Eq.(7) with condition (9) over the transverse fe/ kmoy mvy Ko, (14
;:i%nsponents of the velocity and the azimuthal angjeone whereas for large intensities, such thgt=>kv+, its value is
L dp? JA o)J(l)zkﬁl R
P ” =0)~Jdo| | —-IN55>
J(An)=2a230fo e L du,u, exp(—u?) " re/ mer  2k%vy
h w3
I(p) -3 R
X&In| 1+ W)' (10 Ji mv? kvr In 2k, v (15

where Z=max(0A/s). The spatial integral in Eq(10) re- For all of the intermediate cases, the final integral over lon-
quires that the intensity profile, or more specifically, the Op_g|tud|nal velocities must be performed numerically. We de-

tical potential, be specified. We take the optical potential tofer a discussion of the results of these numerical calculations

be a box in order to obtain analytic results. For the box© S€C- V, where we compare them to experimental measure-
ments.

potential,

) C. Conservative limit, curved fibers
. 11
26 (1 Consider now the situation when the fiber is bent in the

(Y,Z) plane with a radius of curvatui@. Some atoms are
We have also evaluated Ed.0) with a parabolic intensity lost from the guide when their relatively large axial velocity
distribution, and found that the flux detuning dependence iss converted into transverse velocity, and the potential is in-
very similar to Eq.(11) but is roughly 2—-3 times smaller. sufficient to contain the atoms. In an alternative picture, at-
Thus we conclude that the flux profile is largely independenbms traversing a bent fiber experience a centrifugal force
of the exact shape of the potential in the low intensity limit. which presses them into the outer wall of the fiber, and they

J(An)=4aZJ0f du,u, exp(—u?) s |n( 1+
4
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are lost when the guide potential exerts insufficient force to ) 1
overcome the centrifugal force. The following calculation of Uy<dInf 1+ 552/ (20

flux through a curved fiber is similar to the calculation in
Sec. IV B, but with an additional energy contribution from Note that this trapping condition may be evaluated at either

the centrifugal potential.

the lower k= —1) or the upper X=1) boundaries of the

For the bent fiber, instead of the initial coordinatesfiber since they are identical.

(X,Y,Z), we introduce a curvilinear system of coordinates

(X',Y’,Z"), with the axisZ’ following the bent fiber

X=X, (163
Y=R[1-coqdZ'/R)]+Y'cogZ'/R), (16b)
Z=(R-Y")sin(Z'IR). (160

The unit vectors € ,ey ,e,/) for this coordinate system are
related to the old sdk, e, ,e,) by the expressions

& =&, (173
ey =€y c0gZ'/R)—¢e, sin(Z'IR), (17b
e, =€y sin(Z'/R)+e, cogZ'/R), (179

and the components of velocity by the expressions

Vxr=Vyx, (1859
Vyr =y COSZ'IR)— vy SIN(Z'IR), (18b)
vy =y SINZ'IR)+ vy cOLZ'IR). (189

The motion of an atom along the coordinate according
to Eqg. (19 is analogous to the motion of a particle in a
gravity field with the effective acceleration constant
g=(v1/v,)%(r/R)u?, which implies the energy conserva-
tion law of the formu7+2(v/v,)?(r /R)uZy=const. The
trapping condition for this coordinate should be estimated at
the lower(physically the outérboundary of the fibey=—1
and read

vi\2r 1
uZ+ Z(V—I> ﬁc u(yo+1)<s In( 1+ ﬁ) . (2D

The particle flux is calculated as in Sec. IV B using a flat-
topped intensity distribution. Carrying out integration over
the transverse components of velocity, (u,) and the trans-
verse cross section of the fibexq(y,) and accounting for

the limits in Eqs.(20) and (21), one finds

o 1
J(An):zazaof du,uexp —u?)é In 1+§2)¢(K),
s
(22)
where in this case {=max(0A,/s) and

Jo=8m ¥rJN)2=47"2(rJ1)2J;. The effective reduction
of the flux due to the bending of the fiber is described by the
function ®(«) determined by the relations

As in Sec. IV B, we introduce the dimensionless coordinates

and  velocities  determined by the relations
%y, 2)=(X"Ire,Y'Ire,.Z' 1), (uy,uy,u)=(vy,lv, v/
v, ,v,lvy).

In these dimensionless coordinates, E4) takes the
forms

dz_ 19
d_T_uZ! ( a
dp,
F— u ., (19b)
du, as | V,I bé I3 V.1V, I
dr 2 \iv282) 1 T2 i) \ M)
2
—eal X7 e 2
ga o Ruz, (199

where g, is the unit vector in the direction of the new
coordinate. Direct comparison of E({.9) with Eq. (4) shows

2
_ _ _ 3/2 <1
3 [1-(1-0%, «
D(k)= 5 (23
—, k>1,
3k
where
2 2
_ VT rC Uz
"_4(Z> R 6 In(1+1/26%)" 24

Note that Eq.(22) in the limit R— is similar to Eq.(11),

but differs by a factor of 2 and includes the functiérin the
integrand. Note also that the relative degree of the flux re-
duction due to the bending of the fiber, and governed by the
function ®, is independent of the fiber length. A physical
reason for this is that the main bulk of the flux is carried by
atoms experiencing many bounces between the walls of the
potential well. If an atom survives a couple of bounces it will
remain trapped through the rest of the fiber. The effective
reduction parametek is directly related to the angular

that, for a bent fiber, the equations of motion acquire arthange of the fiber's axis between two successive bounces of

additional centripetal force term.

The region of the input velocities and the coordinates cor-

the atom.
For negative detunings such thgt,|>s, Eq. (22) re-

responding to the trapped atoms determined by conservatigiiCces to the expression

of energy isuz+u7< & In(1+1/25%. If we assume, for sim-
plicity, that the cross section of a fiber is a squaré<x
<1, —1<y<l1, then thex andy velocity components sepa-
rate and the trapping condition for tlxecoordinate is

J(A,<0)=Jga%A,|In

1+ %) f:dx exp—X)P(ax),
(25



2r, 1

14—
2A2

In the limit of a large bend radiugy<<1, and Eq.(25) recov-
ers the straight-fiber result of Sec. Il A given by Eg2),

= (26)
|A,in

1+

1
) . (27

I 2 ﬁwR
J(A,<0)=J, ' W |An|ln oAZ
c T n

For a>1, Eq.(25) yields

2J
J(A,<0)= ?" a2|A,|In

113\1
1+ m);ln «. (28)

In the small-intensity limit wherjA,|>1, this further re-
duces to

8mV'2I'|An|rc
hwRR

-3
r Cc

2J
J(A,<0)=

_O ﬁwR 2 |2R
3 | 4mug|A)

(29

The flux in this limit is less than that given by E{L3),

OPTICAL-DIPOLE-FORCE FIBER GUIDING AD.. ..

3691
ik \? [ g \IR
J(An=0)=Jo 2myt In 2k21/$ sl
c
[k 2| [ @& | R
- Ut ompy : 2k2v$- E
(32)

It is clear from EQq.(29) that in the large detuning limit the
flux is proportional to the laser intensity squared, and in-
versely proportional to the detuning squared. This result is
particularly interesting in regards to the coherent transport of
atoms through curved fibers. In order to reduce spontaneous
emission and hence the loss of coherence, it is necessary to
detune the laser far from resonance. However, in curved fi-
bers the guiding potential falls off at the same rate as spon-
taneous emission, @ 2. Thus the reduction in spontaneous
emission comes at the expense of a proportional reduction in
guide potential.

D. Nonconservative limit, straight fibers

In the presence of the nonconservative viscous term in the
equations of motion, the energy of an atom depends on the

proportional to the intensity squared and inversely propordistance traveled inside the fiber. For negative detunings this

tional to the detuning squared.

term results in an increase of the transverse energy of the

For near-zero detunings and small intensities whereatom with the longitudinal coordinat&eating. The amount
wr<kvy, the degree of the reduction in the flux due to theof this change can be calculated by multiplying E8jp) by

fiber bend is governed by the
B=8(kmv3twd)(r/R). For <1 (large R), the straight
fiber result

( | )2 Jo hod
rel ke
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, for3>1 and 8Y3<kv{/wg, Eq. (22) re-
duces to

B Vado hod

J(A,=
(&n 4 kmv-?-

(30

Jo [ e\ ¥ 1% R\
2l (1

23, [ hed | %3 R\ W
I
_?(kaT) (E) ’

J(A,=0)=

(31

which shows that the flux is less sensitive to fiber bending at

zero detuning than at large detunindsq. (29)]. Also, the
functional dependence on the intensity becorfésinstead
of I, as in the case of straight fibfEq. (30)]. The depen-
dence of the flux on the radius of the beRds also milder
than for Eq.(29). For large intensitiessg> kv the param-

eter 8 controlling the degree of the reduction in the flux due

to the bending of the fiber is of the form

B=4(mv/AK) (rJR)In Y wz/2k?v2).

parameteru, , and integrating fromr=0 to 7=1/u,. The conservative

term does not heat the atoms, since it depends only on the
transverse position of the atom and can be neglected. Taking
simple approximations for the second teri1 and VI/I

~1, and averaging over the period of one transverse oscilla-
tion we relate the average radial kinetic energy of the atom at
the fiber output to its initial radial kinetic energy,

3

2—u%(0 i 33
R I ey (33

In

This shows that the transverse energy increases exponen-
tially as a function of distance along the fiber. The flux is
calculated as in Sec. IV B, except that the guiding condition
should be estimated at the output of the fiber where the radial
transverse component of the atom velocity is the largest.
Equation(11) is then replaced in the high-intensity limit by
the expression

e 1
J(An):azaof du,u, exp(—u?) s In 1+§2)
¢
bs( 1 3 a4
X ex 0 12 | (34

In general this integral must be performed numerically. The
numerical results are presented in Sec. V and compared with

The limit of small 8 recovers the high-intensity straight experimental measurements.

fiber limit given by Eq.(15). In the opposite limit3>1 Eq.
(25) yields a lower flux,

Some asymptotic limits can be solved analytically. For
near-zero detunings, E¢34) reduces to
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( n )"’ 0 re/ mv 0 LUZexpl z)

XIn

1+ 1 exd —bs(1+2s%u?) 3]
25%u’ 2
(35

In the low-intensity limitwg<<kvy, the degree of the reduc-
the parameter dence on detuning from resonance for a straight fiber with an

tion of the flux is governed by
a=(31%k/8mr2I) Y wr/krv1)*? and Eq.(35) yields

A 2

[OF=) 4

J(AHZO):Ji m_ng exr{—g o
T

| hwd 4 [ 3lak \ Y4 wg)®?
“imk PR3 8mer) k) |

(36)
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Curvature of the fiber in fact alters the optical field distribu-
tion from the unperturbed, lowest-order grazing incidence
mode. This, along with the fact that the optical field decays
exponentially along the length of the fiber, makes quantita-
tive modeling difficult. Nevertheless, as we show in this sec-
tion, we can describe the qualitative behavior of the flux
through the fiber reasonably well in all cases.

In Fig. 2 we presented measurements of the flux depen-

inner diameter of 4Qum. For data of Fig. @), the fiber
length is 3.1 cm and a single-mode, 5-mW diode laser pro-
vides the guiding potential. At large negative detunings the
flux falls off as 1A, and is sharply peaked near zero detun-
ing. This data are representative of the low-intensity regime,
and the excellent signal-to-noise ratio allows a direct com-
parison with Eq.(10), represented by the solid curve. The
numerical calculation was performed using a parabolic inten-
sity profile. With no laser or with the laser detuned far to the

Comparison with Eq(14) shows that the flux for zero de- blue of resonanceA=40 GHz, the detector counts come
tuning in the low-intensity limit decreases exponentially with from two sources: from atoms passing ballistically through

3/4) )

the optical intensity as exp( In the opposite limit of

large intensitiesvg>kvy, Eq. (35) results in the expression

JA —01— ] ﬁkl w3 15k 2
(An=0)= im_anZksz2 &P ") 37)

The flux reduction due to heating now is independent o

intensity, and is given by the
exp(—7k/mr2T") [compare with Eq(15)].

For large negative detunindd ,|<s, the flux reduction
parameter equals

B |hwR 2/3 |An|2/3
S\omriTvr) (142422

(39

reduction parameter

the fiber and from detector noise of approximately ten counts
per second. For intermediate blue detuninys:3—30 GHz,

a dip down to the detector background count rate is ob-
served. This dip, four atoms per second in amplit{idet
noticeable in Fig. @)], is attributed to the loss of ballistic
fflux as these atoms are deflected into the wall of the fiber by
the repulsive dipole force. The ratio of the peak guided atom
flux to ballistic flux is then easily compared to theory. We
observed an enhancement factor of 868280 which is in
agreement with the 200-fold enhancement predicted from
Eqg. (10) with the parabolic intensity distribution and a peak
Rabi frequency measured at the output tip of the fiber. We
note that no adjustable parameter is used for the theory curve
of Fig. 2(a). We also note that qualitatively the flux profile is

The limit <1 recovers the conservative-case results givemarrower than a dispersion line shape. This is because the

by Eq.(12). In the opposite limita=1, but stills\Ja<1 Eq.
(34) yields

3(A,<0)=3, R
(n )_imy_zr nliN

1
1+ m) \/; eXF(_30[).
(39

For the detunings exceeding the Rabi frequdagy>1, Eq.
(39) can be further transformed to the form

hwR 4/3 | vr 1/3 a3
<0)=Jij| —= >
J(An 0) J|<mv_2|_) rﬁl“ An

3 lfiwg |23
% _ 2 A-loy TR _
exp{ 24 3(Zm ral vy

V. COMPARISON OF THEORY AND EXPERIMENT

(40)

flux is proportional to the dipole potential
(A82)In(1+ w,/ 8), and not the dipoléorce which is disper-
sion shaped.

The position of maximum flux occurs at a detuning-af
GHz, roughly corresponding to the value of 0.85=1.5
GHz predicted in Sec. IV B. With a good signal-to-noise
ratio and small intensities, a small peak néar+1.5 GHz
is observed. This peak is due to the hyperfine splitting of the
5S,,, ground state of rubidium. At small intensities the shift
of the ground state due to the dynamic stark effect is much
less than the hyperfine splitting.0 GH2, and the dipole
force may be described by two dispersion lineshapes sepa-
rated by 3.0 Ghz. The peak At=+1.5 GHz is smaller be-
cause of optical pumping of atoms out of the guided state
and into the nonguided state. To confirm this explanation we
have performed a separate experiment in which we fixed the
guide laser a=0 and then tuned a second, weaker laser
over the hyperfine resonances. We found that when the sec-
ond laser excited atoms on the reddest hyperfine transition

Section IV assembled a collection of formulas for the cal-(w>w,), atoms would be optically pumped into the bluer
culation of atom flux through the hollow core fiber. We havestate > ) and guided through the fiber. However, when
modeled the major regimes covered by experimental meahe laser is tuned to the bluer hyperfine transition, atoms are
surements except for the case of the curved fiber with largpumped into the red stateo that effectively the laser is blue
guide intensities. In the curved fiber case the flux acquires detuned relative to the atopnand guiding is inhibited. At
much greater dependence on the shape of the optical fielthigh intensities the individual dipole force dispersion profiles
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FIG. 5. Measurements of the intensity dependence of the guided atom flux in a 6.2-cm-long f#ek-a0, (b) —8, (c) —16, and(d)
A=-36 GHz. At small intensities where the heating effects are negligible the flux grows linearly with intensity for all detunings. At higher
intensities and at intermediate detuningsy —8 GHz, the flux rools over and decreases. This behavior indicates that dipole heating
attenuates the flux through the fiber. For large detunings the flux is described by the conservative limit of linear intensity dependence up to
the experimental intensities available. The profiles here are in good qualitative agreement with calculations shown in Fig. 6.

are indistinguishable and the peak/&t+1.5 GHz is not force decreasing faster than the guiding forceAasO.
observed. We note that the theoretical fit to the experimental data is
In Figs. 2b)—2(d), measured and calculated flux profiles qualitative, a consequence one may expect from the averag-
are presented with successively increasing intensities. Thieg process used to obtain E¢4). In addition we have
single-peaked spectrum of the low-intensity regime clearlymade no correction for the fact that the light attenuates by a
splits into two peaks: one sharp centered near-zero detunirfgctor of ~e~2 over the fiber length. However, the calcula-
and one broad extending to large negative frequencies. Atons do reproduce the features observed in the data quite
larger intensities the dip grows wider and deeper. Superimwell, and they confirm the dipole force heating explanation
posed on the data are numerical results from calculations aif the observed dip in the experimental profile.
Eq. (34). For the calculation the Rabi frequency is reduced to In Figs. 5a)—5(d) we show measurements of the flux in-
half of the measured value and the curves are normalized tensity dependence at selected detunings. At low intensities
the data. The Rabi frequency is reduced to account for théhe flux grows linearly with intensity regardless of detuning.
use of a flattop radial intensity profile in contrast to the moreThis is expected since the heating force is not significant at
accurate, parabolic profile used in FigiaR Qualitatively, low intensities, and the flux is described by the conservative
the shape of the curve can be explained by velocity deperforce alone. Nonlinearities in the flux are evident at larger
dent forces which heat the atoms: at intermediate frequencidntensities. For A=0 the flux begins to saturate at
where the heating force is largest, atoms are heated out of thHe=5MW/m?, and reaches an asymptotic limit at higher inten-
guide potential and lost. For large frequencies, however, theities. For A=—8 GHz the flux also saturates, near
heating force falls off fastefas A~®) than the conservative |=5MW/m? but instead of approaching an asymptotic limit
guiding force (as A™Y), thus allowing more atoms to be it decreases. This behavior indicates that the heating rate
guided and explaining the origin of the second peak. Atgrows faster than the guiding potential, and atoms are lost as
larger detunings the heating force is negligible and the prothey are heated to energies larger than the depth of the guid-
file is described by the conservative force alone. As a resuing potential. AtA=—16 GHz, evidence of heating is ob-
the flux falls off asA™! for large detunings. The spike near served at higher intensities. We see no evidence of heating at
zero detuning is similarly understood in terms of the heatingA=—36 GHz for the available experimental intensities.
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FIG. 6. Calculations of the dependence of guided atom flux on  FIG. 7. Numerical calculations of the atom flux dependence on
intensity, indicated in terms of the squared Rabi frequen@y for intensity indicated as 2 in the conservative regime for fibers with
the indicated detunings from resonance. The calculations are basedveral radii of curvature. The parameters Are—3 GHz, |=6
on a numerical evaluation of E¢34) and assume a flat top radial cm, r.=10 um, andkv=2 GHz. For perfectly straight fibers the
intensity distribution. The horizontal scale and detunings roughlyflux depends linearly on intensity initially, and then increases as a
correspond to the experimental parameters of Fig. 5. Heating effectsgarithm at large intensity. In curved fibers the flux initially in-
observed in the experimental measurements are clearly manifest #reases as intensity is squared, and at larger intensities it has a
the calculations as well and the qualitative agreement is good.  logarithmic dependence. These calculations are in good qualitative

agreement with data presented in Réfl.

In Fig. 6 we show calculations of the dependence of
guided atom flux on intensitindicated asw 3) for the indi-  the low-velocity tail of the Maxwell distribution is guided
cated detunings from resonance. The calculations are basadound the bend. At high intensities the potential begins to
on a numerical evaluation of Eq34), assuming a flattop saturate, and the flux intensity dependence is logarithmic.
radial intensity distribution. The horizontal scale and detun-The calculations shown in Fig. 7 produce the same qualita-
ings roughly correspond to the experimental parameters dfve behavior as the curved fiber data presented in Féf.

Fig. 5. Heating effects observed in the experimental mea- At similar intensities but with longer fibers, the heating
surements are clearly manifest in the calculations, and thforce complicates the curved fiber description of atom guid-
qualitative agreement is good. In particular the saturation oing. In the absence of a model, we can nevertheless heuris-
the flux for A=0 is in good agreement with E34) and the tically explain the dominant features of the experimental re-
asymptotic form Eq(27), which states that the flux &=0  sults. The centrifugal force arising from the curvature of the
depends only on the length of the fiber and is independent dfber presses the atomic beam toward the outer wall of the
laser intensity at high intensities. Decreasing flux is also prefiber and away from the center of the optical intensity distri-
dicted at intermediate detunings, and for large detunings thbution. This has several consequences. First, at large detun-
flux increases linearly with intensity. ings from resonance, the additional centrifugal force effec-

Atom guiding in curved fibers is more complicated be-tively reduces the guiding potential height by pushing the
cause of the additional centrifugal force acting to push theatoms toward lower intensity at the wall. In particular, this
atoms into the outer wall. In the simplest picture, approxi-effect contributes an additional attenuation factorAot: to
mately valid in the low-intensity regime, the centrifugal the flux profile, as shown by Eq29), and is most pro-
force, F.=mv2/R predominantly affects atoms with large nounced at large detunings. At intermediate detunings, heat-
longitudinal velocities as discussed in Sec. IV. As a resultjng effects dominate, and the situation is different. Com-
the high-velocity tail of the Maxwell-Boltzmann distribution pressing the atomic beam against the outer wall, the average
is lost first as the fiber is bent. Thus, as a function &, e  field intensity seen by the atom is reduced and consequently
expect the flux to decrease monotonically to zero. The intenthe heating force is reduced relative to the guiding force.
sity dependence of the curved fiber flux is a complicatedThus, for intermediate detunings, the guided atom flux may
function of bend radius, detuning, and heating effects. Thactually increase in slightly bent fibers due to the strong
low-intensity regime where heating effects are minimal is thesuppression of the heating force. We show measurements of
simplest to describe, and is reached by reducing the laséhe flux profiles in Fig. 8 that qualitatively substantiate this
intensity or the fiber length. In Fig. 7 we present calculationgrend. For the straight fiber case in FigaB we observe a
of the dependence of guided atom flux on intensity for seviypical two-peak spectrum with a hole burned between the
eral fiber radii of curvature. The calculations have the ex{eaks. For the moderately curved fiber cases shown in Figs.
pected dependence that the flux monotonically decreases 8&) and §c), the flux is attenuated strongly at large detun-
the fiber is bent to smaller radii. The intensity dependence oings due to the\ ~2 scaling, but at intermediate detunings the
the straight fiber casé€R=<, increases linearly from zero, flux actually increases.
and eventually begins to saturate as a logarithm at large in- As mentioned above, we have not incorporated these ef-
tensity. In curved fibers and at small intensities the flux in-fects into our current numerical model primarily because
creases as the square of intensity, reflecting the fact that onlyactable solutions to the equations of motion in the bent
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FIG. 8. Detuning profiles of flux in bent fibers Bf=1x 10" W/m? and|=6.2 cm. For the straight fiber ca¢a the profile is clearly
double peaked which is characteristic of the high-intensity regime. With moderate bebyliagd (c), strong attenuation of the flux is
observed at large detunings, which is in agreement with(E®). At small and intermediate detunings the flux initially increases with
bending as indicated by the disappearance of the hole and increasing amplitude of the ApikKeGitlz. 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 is bent.
Finally for large bendgd) the flux is strongly attenuated at all detunings.

fiber case were possible only for a flattop intensity profile.the flux spectrum. At these detunings the flux initially in-
Atoms in the flattop intensity profile feel the same peak in-creases linearly with intensity, but then rolls over and de-
tensity regardless of fiber curvature, and consequently thereases at large intensities. This behavior signifies the en-
heating rate is unaffected by bending the fiber. Finally, fortrance to the high-intensity regime. The observed spectra and
smallR we only observe the spike a&=0, and monotonic ntensity dependencies are in excellent quantitative agree-
attenuation of the flux for increasing detunings. Figuté)8 ment with numerical evaluation of general dipole force equa-
illustrates thizs behavio_r. In this limit the flux scales approxi-tions of motion in the low-intensity regime, and in good
mately asA ™, as predicted from E¢29). qualitative agreement in the high-intensity regime.

Atom guiding in curved fibers is more complicated be-
cause of the centrifugal forces acting on the atoms. An addi-

We have observed atom guiding in a hollow-core, opticaltional loss of flux is most ngticeable at large detunings,
fiber, grazing-incidence mode configuration. Signatures ofvhere the flux attenuates BA°. The flux near zero detun-
two intensity regimes have been identified. For low intensiNg in the high-intensity regime initially goes up with in-
ties and short fibers the detuning dependence of the flux igreasing bend. This counterintuitive result is consistent with
approximately dispersion shaped, as expected from the co@ more rapid falloff of the heating force relative to the guid-
servative part of the dipole potential. Also, in this regime theing force when the fiber is bent. In short fibers, REf]
flux increases linearly with intensity for all detunings, asdemonstrated that, with sufficient intensity, atoms may be
expected. At high intensities and in long fibers dipole heatingyuided in short curved fibers witR~5 cm. In long fibers
of the atoms becomes significant, and a hole is burned intdipole heating and exponential attenuation of the laser inten-

VI. CONCLUSION
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sity restrict the bend radii to more modest values of 20 cm otuned case becomes dissipative, and may provide a conve-

S0. nient mechanism for cooling atoms as they travel through the
It is interesting to speculate about the prospects of usindjber.

nonconservative dipole forces tool atoms in the fiber. The
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