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The theory of atom guiding in a far blue-detuned hollow laser bédirB) is developed for the dipole
interaction scheme described by a three-lekemodel. The complete kinetic description of atomic motion
based on the Fokker-Planck equation for the atomic distribution function is presented. The dipole gradient
force, radiation pressure force, and momentum diffusion tensor are then derived. It is found that even for a
far-detuned laser beam, the optical potential for a three-l&valom is not generally reduced to a sum of two
independent potentials associated with the two two-level interactions in theheme. The theory developed
here is also compared with the experimental guiding of &b atoms in the HLB. The experimental results
are found to be in good agreement with the Monte Carlo simulations based on the thre&-lewelel. We
observe that the guiding efficiency depends strongly on the intensity and the detuning of the HLB and the
initial temperature of atoms. In particular, the experimental results show that, at small detunings, the guiding
efficiency is deteriorated strongly by the radiation pressure force. The Monte Carlo simulations also indicate
that the efficiency of guiding versus detuning depends strongly on the direction of the HLB propagation with
respect to that of atomic motion. Under optimal conditions, the guiding efficiency was found to be about 20%.
[S1050-2947@9)09112-X

PACS numbses): 32.80.Pj, 32.80.Lg, 39.18, 42.50.Vk

I. INTRODUCTION gravity force in the guiding potential, the guiding efficiency
depends strongly on the direction of the guiding-laser propa-
During the past several years, there has been a growingation with respect to the direction of guided atoms due to
interest in the guiding of atoms in the evanescent waves dehe contribution of the radiation pressure force. In principle,
veloped inside hollow optical fiberdHOF9g [1-12], in the  the contribution of the radiation pressure force could be re-
optical dipole potentials due to hollow laser beathtBs) duced by choosing a relatively large value of the detuning. In
[13-21], and in the use of the optical dipole potentials inany practical guiding scheme, however, the increase of the
optical or gravito-optical trapgl3,14. The development of detuning is accompanied by the decreases of the effective
an efficient atomic guiding coupler is of importance for the saturation, and consequently the height of the guiding poten-
applications related to the transfer of cold atoms from artial becomes decreased. Any compromise between the neces-
atom trap, such as the magneto-optical t(RfOT), to the  sity of choosing a relatively large detuning and of simulta-
spatial regions where atoms can be experimentally used fareously keeping the saturation at a proper level results in the
different applications, such as Bose condensation, highanavoidable presence of the radiation pressure force.
resolution spectroscopy, and atom optics. On the other hand, When the HLB propagates counter to the guiding direc-
there are still some unclear basic questions associated wition of atoms, the radiation pressure force decelerates the
the efficiency of atomic guiding in the optical dipole poten- atoms and even reverses the velocities of the slowly moving
tial. For example, the basic questions on the optimal value ohtoms. As a result, the flux of guided atoms and accordingly
the laser beam detuning and the influence of the radiatiothe guiding efficiency are decreased. We conclude at this
pressure force on the atomic velocity distribution remain un-point that, for the counterpropagating direction of the HLB
addressed. with respect to the atomic guiding, the contribution of the
The present paper is devoted to the analysis of the effiradiation pressure force is the main cause that limits the
ciency of atomic guiding in the HLB for a case 8PRb  guiding efficiency at intermediate detunings. At large detun-
atoms. We present a theoretical analysis of atom guiding foings, on the other hand, the contribution of the radiation
a practically important model of a three-levklatom inter-  pressure force can be negligibly small, but the height of the
acting with a far blue-detuned HLB and describe an experipotential barrier also becomes small.
ment on guiding®®Rb atoms from the MOT to the observa-  In Sec. Il, the basic microscopic equations describing the
tion region located 11 cm below the MOT center. interaction of a three-level atom with a single-mode laser
Our experimental results show that in the case of coldvave are presented. Section Ill is devoted to the derivation
atoms released from the MOT and falling freely under theof the radiation pressure force and momentum diffusion ten-
sor for a chosen interaction scheme. In Sec. IV, the dipole
gradient force and the optical dipole potential are derived.
* Author to whom correspondence should be addressed. Sec. V presents the radiation forces, optical dipole potential,
Electronic address: whjhe@phya.snu.ac.kr and diffusion tensor for a specific case of a blue-detuned

1050-2947/99/6(®)/47969)/$15.00 PRA 60 4796 ©1999 The American Physical Society



PRA 60 GUIDING COLD ATOMS IN A HOLLOW LASER BEAM 4797

T T e> amplitudeE,. For the case of the laser way®) having a
constant amplitude, the density matrix equations are obtained
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FIG. 1. Energy-level diagram of a three-levklatom interact- = —i(k-1=8ot) () _ ai(k-r—85t) (+)
ing with a far-detuned single-mode laser beam. diP2 I rx(e P32 —€ p23’)
HLB and slowly moving atoms. In Sec. VI, we discuss the J (n) 42

) . . ; v N +2 d(n den,
dipole potential and the dipole gradient force in a simplified 72| P(Mp3s
dressed-atom picture and compare the results with those de-
rived _from anab initio analysis. Secti_or_w VII dgspribes the =ik (e,i(k.r,glt)p(ﬂ_ei(k4r,51t)p(+))
experimental setup used for the guiding rubidium atoms. dtfi e st 13
Section VIII presents a comparison of the developed theory
with the experimental data for guiding rubidium atoms in the f (n) 42
. . +2 d(n don, 3
HLB and presents the results of the Monte Carlo simulation " (Mp3: @
for the guiding efficiency.
d . .
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Il. THREE-LEVEL INTERACTION MODEL P (P17~ pss ) ¥l P21

We consider a three-leveh atom that includes two —(y1t+ v2)P3s
hyperfine-structure ground statdgy,)=|1) and |g,)=|2)
and one excited state)=|3), as shown in Fig. 1. An atom
is assumed to interact with a single-mode traveling laser
wave of frequencyw. The detunings of the laser wave with
respect to the resonant transitions @& w—w; (j=1,2), — (71t v2)p32
wherew;(w») is the atomic transition frequency between the
ground staté1)(]2)) and the upper stat8). The hyperfine
structure splitting between two ground-state levels is denoted
as 5hfS: w1~ Wr.

For the above interaction scheme, the atomic Hamiltonian Here the density matrix elements are defined with respect

dtPse 1€ (020 () — D)) iyl KT p ()

gtPe= i Klefi(k'rialt)szr)_ i K€ (1020 i)

can be written as to the time-dependent, stationary atomic eigenfunctions in a
usual way,
2
H=Ho— 57 V*~D-E, D) pS)=(alp(r,p= 3#ik,1)|b), p{B={(alp(r,p+nkk,)|b),

I . . where @,b)=1,2,3,n is a unit vector that defines the direc-
where the Hamiltoniai ; describes the atomic energy levels . o :
tion of the spontaneous photon emission, and the total time

E,,E,,E; and the last term describes the dipole interaction

between the atom and the laser field. In our model, the Iasedre”v"’mve IS
field is chosen as a spatially inhomogeneous monochromatic d 9 P
—_— — + —
laser wave, Sl @
E=Eocogk-r—wt), 2)

The halves of the Rabi frequencies and the partial spon-

where E,=E,(r) is the coordinate-dependent amplitude of {2ne€ous decay rateg are defined asj=1,2)

the laser wave an#t=w/c is the magnitude of the wave

vector. Note that in the following analysis the spatially inho- =

mogeneous phase is neglected in &j. 2 2%
For a chosen three-levél-model scheme, the complete

description of the time evolution of an atom can be given byin Egs.(3), the function®(n) describes the angular anisot-

the equations for the atomic density matrix in the Wignerropy of the spontaneous photon emission. In our simplified

representation. The dipole interaction of an atom with themodel that neglects the atomic level degeneracy, the function

laser field is considered as usual in the rotating-wave ap®(n) is chosen to be isotropic, such that

proximation (RWA) [23]. To simplify the derivation of the L

equations of motion, we first write t_he_ initial microscopic d(n)= —, f d(nd2n=1. 6)

equations, neglecting the spatial variation of the laser beam

Q. dsE o 4d%d
bl B Y i - -i3%o
, 27= Wy, 3 48 (5)
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Note also that the microscopic equations for the consideredance with the definition of the Wigner distribution function
model scheme do not include the integral term in the equaf8), the unknown diagonal functions satisfy the normaliza-

tion for the ground-state coherenpe,. tion conditions
Ill. RADIATION PRESSURE FORCE AND DIFFUSION P01 S 19 10
COEFFICIENT 2 5=l 2 raa=0 X (10

Substituting the general solutio®) into the expanded
. equations for the atomic density matrix elements and analyz-
ing the expanded equations in successively increasing orders
in the photon momenturhk, we finally derive from Eqs(7)

The initial microscopic equation@®) can be reduced to a
Fokker-Planck-type kinetic equation in a usual way. Elim
nating explicit time and position dependence by the subst|

twtions, the Fokker-Planck equation for the Wigner distribution func-
= gyei ko = g el (kT 02, tion w(r,p,t) from Egs.(7).
Par™ st S To the second order in the photon momentt the
pro= 010 (P17 %= 5 o~ Tohrs equation for the distribution functiomw=w(r,p,t) is de-

scribed by a second-order Fokker-Planck kinetic equation,
we first note that, at typical values of the Rabi frequencies

small compared with the hyperfine structure splitting ( oW Ow
<68htg), the small ground-state coherenpg, can be ne- Tt VW:__ (Fw)+ Z (D,,w) 1D
glected in Eqgs(3). Consequently, we obtain

d For the considered case of a plane laser wave, the qué&ntity

—paz=iuy(ol3x)— o) +ius(obs) — 0l,)) is the radiation pressure fordg, andD;; (i=x,y,z) is the
dt momentum diffusion tensor. These two basic kinetic quanti-
ties are expressed by the steady-state atomic populaggon

~2(y1+ 72)P3s, and the optical coherenceg ands, as given in the Appen-
d diX,
dthz—'Uz(Usz)_(Tz )+27’2J ®(n)pfPd®n
Frp=fk(K1S1+ K2S;), (12
d
=i () _ (+) (Mg 1
dtpll_lul(o-Sl 013 )+271f CI)(n)p (7) Diizgﬁzkz’yrggg- (13)

Substituting the values 0123, s;, ands,, one can finally
obtain the explicit expressions for the radiation pressure
force and momentum diffusion tensor,

d
Jroa=iUi(ply) = pEE) (81— k-V) = (y1+ 7o) oy,

;jtazz—luz(Pzz)_Pa )FLI(S—k-v)=(y1+ y2) ]oss. LyL,
. ) o Frp:ﬁkyﬂ«l'—z‘"#2L1+3|—1|—2/2’ (19
Assuming that the interaction times exceed the spontane-
ous Qecay _time fint>T;p= 1MW), we can expand the 1., L,L,
density-matrix elements in the powers of the photon momen- Dji =gh key Lot oL+ 3L,L,02 (15

tum 7k. Moreover, whenr;,>17¢,, the Wigner density-
matrix elements become the functionals of the Wigner disy the above equations, the quantities define the relative

tribution function spontaneous-emission rates for the two photon-emission
channels,
W=W(r,p,t)= > paa, a=123, (8)
Y1 Y2
_ _ » _ A= Ma T (16)
so that we can introduce the following explicit functional Yitvy2 Y1ty
Sgrp]):ndence according to the structure of the expanded €AUfe dimensionless Lorentzian factdrs (j=1,2) define the
’ relative strengths of the two atomic dipole transitions and
o 1 L 1 L IW G;'s are the dimensionless saturation parameters,
Paa=|"aat Ehkranr : W+§ﬁk(qaa )&—+
P 2
L © 6= +
= ) = o Y=Y1T 72
1 1 ow P14 (8 -k v)UH2 R4
0 - - 1 o i Y Y
+ + .. + + ... +...
Oab= | Sab zﬁksib w Zﬁk(tab )&pz (:) a7
9

Note that the radiation pressure force, momentum diffu-
wherer?, .80, r1 st ... qi..th,. ..., are thdunctions sion tensor, and upper-state populatidg are proportional
of the atomic momenturp or atomic velocityv=p/M that to the saturation parameters, since all these quantities are
should be determined by the solution procedure. In accorrelated to the independent absorption of laser light neigbor-
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ing transitions. These absorption processes depend strongly Note that, like the radiation pressure force, the dipole gra-
on the efficiency of the optical pumping process. If thedient force also depends on the efficiency of the optical
strength of the dipole transition, say, on transitioh) pumping process. When the strength of the dipole interaction
—13), goes to zero, i.e5;=0 andL,=0, all the atomic on any one optical transition goes to zero, the dipole gradient
population is transferred to the stdte), the upper popula- force also goes to zero since all the atomic population is
tion becomes zero, and both the radiation pressure force amgptically pumped to that ground state that is not excited by

momentum diffusion tensor also vanish. the laser light. Finally, the force in ER0) should be used in
the Fokker-Planck equation, E@Ql1l), as a total radiation
IV. DIPOLE GRADIENT FORCE force on an atom in the considered interaction scheme.

We now take into consideration the dipole gradient force
Fyr associated with the gradient of the laser beam amplitude
Eq=Ey(r). The derivation of the gradient force can be done
in a way that generalizes the procedure considered in the The above general relations can be directly applied to a
preceding section. Representing the laser amplitude in thease of cold atoms guided in HLBs. In the case of a hollow

V. FORCES, DIFFUSION TENSOR, AND OPTICAL
POTENTIAL FOR COLD ATOMS IN THE HLB

form of the Fourier expansion, laser beam, the dipole gradient force in E2R) pushes cold
atoms to the central hollow region at blue detunings. For
Er(r)=(27h 73/2J E-(q)eld g3 Iarge positive detunings and slowly moving atoms, the ki-
ol1)=(2mh) o(a) a4 netic coefficientsF,,, Fy,, andD; can be simplified as,

neglecting the small Doppler shiit-v compared with the

one should introduce into Eg&3) the following substitution: detunings k- v|<;,5,)

) B . . 1
i k(1) pan(P)—(27h) 3/2f ikj(q)€' 9 pap p+§ﬁQ>d3Q- :_ﬁ 161GV G+ 126,G1VG,
(18) 2 1G24 8By + G (1+ 8242 +3G,G,l2]
. . (23
For a laser beam amplitude that varies in space on a scale
large compared to the size of the atomic wave packet, the GG
expansion of the density-matrix elements to first order in aF ,=fhky 12 5 )
small momentunt.q, p1Go(1+ 851 Y%) + G (1+ 85/ ¥?) +3G1G,/2
(24)
<+1ﬁ> ()+1ha (p)
Pab| PT57Q | =pap(P) T 500-—pap(P), 1
2 2 9p DnZgﬁszV
transforms Eq(18), into a new one,
. . h J X C1G .
i k(1) pan(P)—ik;j(r)pap(P) + EVKj(r)%Pab(p)- w1Go(1+ 831 92) + pGr(1+ 85/ v?) + 3G, G,/2
(19 (25)

Equation(19), after being substituted into EqS), gives the Note now that the two saturation parameters are different
total radiation force as a sum of the radiation pressure forcaue to the difference in the dipole-matrix elements for the
and the dipole gradient force, neigboring optical transition&; ~ |d;s- €/, whereeis a unit
vector describing the polarization of the laser field. The dif-
ference in the spontaneous decay rate$or the two decay

The d|po|e gradient force is determined by the Steady_channels is also caused by the different dlpOle matrix ele-

F=Fp+Fyr. (20

state optical coherences as ments. For this reason, in our simplified model, the satura-
tion parameters can be considered as proportional to the par-
Fgr=fc VK +hC,Vk,. (21)  tial spontaneous decay rates and can thus be written as
An explicit expression for the dipole gradient force accord- Gi=u1G, Gy=u,G, (26)

ing to the Appendix is
where the quantitieg; are defined by Eq(16) and the re-

Fo—— b (&imkv) . VG duced saturation paramet@éris defined as
I 2 14(8,—k-v)2y? miblotpoly+3LL2 7 , ,
2x° _1([dlEo
o (62—k-v) Mol g VG, G=7=§<W , (27)

2 1+ (8,—k-v)2/y? kot pola+3L4L,/2
(22) and||d|| is the reduced dipole matrix element.
Under the assumption of E¢R6) relevant to the consid-
where the saturation parameters, relative decay rates, and theed model scheme, the forces and the diffusion tensor re-
Lorentz factors are determined by E@S), (16), and(17). duce to the following simple expressions:
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F :_ii (p101+ 126,)VG (28)
O 224 6%+ 82y2+3GI2

F =hk c 29
Y S S+ 522+ 3612
1 G

D =—4%2K2 } (30
6" " Y oy 5292+ 6242+ 3GI2

The last simplification can be done for a practically impor-

tant case when the detunings considerably exceed both the

spontaneous decay rates and the Rabi frequenagiess(
andKJ:QJ/2<(SJ),

2

h 04
For=—5(n101+ Mz%)WVG, (3
G 2
Fro=hky o, 32
01+ 05
1 Gy?
D. =—#%2%k? . 33
i~ 755_'_5% (33

According to Egs(28) and (31), in the case of cold at-
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FIG. 2. Dressed states for a three-leyehtom interacting with
a hollow laser beam for positive detuning$, (6,>0). In the zero
laser field, the states of the “atontaser” system are shown in the
middle of the picture. The dressed states in a nonzero field are
shown on the right-hand side.

VI. DRESSED ATOM PICTURE

The aboveab initio derivation of the dipole gradient force
and optical potential can also be performed by a simple
qualitative picture describing the quasienergy states or the
dressed states of a three-levelatom in the field of a laser
beam(Fig. 2). In the dressed-atom representation the three

oms, the dipole gradient force corresponds to the optical poyare atomic states, two ground stafes)=|1) and |g,)

tentialUg,, which is given by, for a case of large detunings,

2
Y
- 2C
01+ 05

1
Ugr:—f Fgr-dr=5a(p161+ 1267) (34)

At large detunings, the optical potential thus has the sam
position dependence as the saturation parantgte6G(r) or
the intensity of the laser beah+1(r).

=|2) and the excited statpge)=|3), mix with the photon
states|n) to produce three basis stateg;,n+1), |g,,n
+1), and|e,n), wheren is the number of photons in a laser
beam. The linear superpositions of these basis states produce
three dressed statés(n)), |2(n)), and|3(n)) described by
the eigenenergieg,,; (j=1,2,3).

In a case of large detunings, the values of eigenenergies
En. andE,,, corresponding to the statek(n)) and|2(n)),

To apply the above formulas to a real experimentalcan be shown to bE22]
scheme, we finally assume that the hollow laser beam is

linearly polarized, described by the intensity distribution,

1=1(p.2) 4P p? 2p?
=1(p,2)= — —expg — —|,

P aw? w? w?
w=wWo\1+{(Z/zg)?, zg=mWIIN, (35

whereP is the laser powenw=w(z) andw, are the beam
waists at the distanceandz=0, respectively, andy is the
Rayleigh length. The parametesg and{ are assumed to be
found from the comparison of the real intensity distribution
with that described by Eq35). Note that at a given coordi-
natez the radial intensity distribution has a maximum value
| »=2P/mew? at a distancep,,=w/+/2. For the intensity
distribution Eq.(35), the reduced saturation parameter is

2p?

2
=Gop—2ex -
w w

2

4P

7TW2|S

B CﬁZ,yZ
4 d|®
(36)

I's

G y Go:

S

wherel g is the saturation intensity.

55

Enj=nﬁw+ﬁ5j+ﬁ 2 J

K
g

(37

The ground-state populations, according to the Appendix, for
large detunings are given by

5

%
8+ 82

r 22_ .
5+

0

0
T

(38

Accordingly, the position-dependent optical potential can be
obtained as

1
ZEﬁ(M151+M252)

h

L W )
g o

g1 M2 0
51 11

I'22) y*G

U 5

2
G (39)
81+ 85
The last expression exactly agrees with E2f)) derived by
the strict kinetic approach.
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MOT ment, the temperature of the atomic cloud in the MOT was
about 150uK. The number of atoms guided by the HLB was

’ detected by observing the fluorescence excited by a horizon-

tally placed probe laser beam tuned to the resonance of the

atomic transition 5, (F=3)—-5P5,, (F=4). The probe la-

ser beam has a cross section of 1 mm height and 10 mm

width and was positioned at 110 mm below the center of the

PR i-Repomping:laser MOT. An additional laser beam overlapping the probe laser

beam was used for the optical repumping of atoms. The re-

pumping laser beam was at resonance with the transition

58y, (F=2)-5P3, (F=3).

The procedure of preparing cold atoms for atom guiding

PMT e includes two basic stages, trapping atoms in the MOT and
cooling atoms down to a typical temperature of 2K by the
polarization gradient coolindPGQ technique. The PGC
procedure included the following step6) first, the anti-
Helmholtz magnetic field of the MOT was quickly switched
off; (ii) after a 5-ms delay, the detuning of the cooling laser
was increased from- 15 MHz to —70 MHz; (iii) in 5 ms,

v

Coupling Lens

From Ti:s Laser HOF Half-Wave Plate the intensity of the cooling laser was decreased to a one-third
_bg__ | value of the initial intensity.
vl | I Iz PBS After the PGC procedure, the cooling and repumping la-
Coupling Lens Object Lens(X40) ser beams were blocked by the mechanical shutters, and si-

multaneously the HLB was introduced into the atomic cloud
FIG. 3. Experimental setup used for guiding rubidium atoms.by opening another mechanical shutter. Then, the atoms
The hollow laser beantHLB) produced inside the hollow optical Started falling into the HLB due to gravitation.
fiber was collimated by the objective lens with a magnificaton fac-
tor of 40. The HLB was reflected by a polarization beam spIitterV”L GUIDING EFFICIENCY: EXPERIMENTAL RESULTS
(PBS to propagate upward to the center of the MOT. The TOF AND NUMERICAL SIMULATIONS
fluorescence signal was detected by a PMT at a position 11 cm
below the MOT center. The fluorescence was excited by the probe According to our experimental setup, the detected atomic
laser beam and the repumping laser beam is overlapped with tHeux depends on two basic processes, atom loading from the

probe laser beam. optical molasses into the HLB and atom guiding in the HLB.
To characterize the first process, we introduce the loading
VIl. EXPERIMENTAL PROCEDURES efficiency 7, determined as the ratio of the number of atoms

The experimental schematic of guiding rubidium atoms is0aded into the HLB Rjoaq) to the initial number of atoms
shown in Fig. 3. A hollow laser beafiiLB) was generated [N the optical molassesNn),
from a micron-sized hollow optical fibdrl7] that has the
inner and outer diameters of 2m and 6um, respectively. 7}|=M- (40)
A Ti:sapphire(TS) laser pumped by an Ar-ion laser was used Nin
as the guiding laser source. The HLB used for atom guiding
was chosen as being linearly polarized with the,lode. ~ According to the definition, the loading efficiency depends
The power of the laser mode was 180 mW. The distanc&ainly on the relation between the initial size of the atomic
between the objective lens and the MOT was 180 cm. Comcloud characterized by radius, and the size of the ring-
paring the observed intensity distribution with that describedshaped potential barrier of the HLB described by radius
by Eq.(35), we found the beam waist ag=21 um and the  THLB-
dimensionless parametér=0.02. The second process is described by the guiding efficiency
For trapping®®Rb atoms, a standard six-beam, vapor-cell 74 defined as the ratio of the number of atoms in the guided
MOT was constructed. The vapor cell was pumped by an io@tomic flux (Ngiqe) to the number of atoms loaded into the
pump down to a typical pressure 10 Torr. The two HLB (Njoad),
external-cavity diode lasers were used for cooling and re-
pumping the rubidium atoms. The cooling laser was tuned to _ Nguide (41)
15 MHz below the 5,;, (F=3)-5S;, (F=4) atomic tran- 79" Nioad
sition and the repumping laser was resonant with tBg.5
(F=2)-5P;, (F=3) transition. The cooling laser beam has This guiding efficiency depends mainly on the intensity and
a diameter of 16 mm and an intensity of 1.2 mWf¢crand  the detuning of the HLB, and the initial temperature of atoms
the repumping laser beam has a diameter of 16 mm and dwefore guiding. It can also depend on the background pres-
intensity of 0.4 mW/crh. sure in the vacuum chamber. Under our experimental condi-
A typical diameter of the atomic cloud in the MOT was tions, the influence of the background pressure on the guid-
about 1 mm, and the number of atoms trapped therein waiag efficiency could be practically neglected at a pressure of
about 16. According to the time-of-fligh{ TOF) measure- about 10° Torr.
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FIG. 4. The guiding efficiency as a function of the detuniig FIG. 5. The guiding efficiency as a function of the HLB power

The initial atomic temperature =20 uK. The power of the HLB  at the atomic temperature =20 K and detunings,=6 GHz.
is 180 mW and the maximum intensity of the HLB at the MOT

position is 500 mw/crh guiding efficiency as explained before.

Figure 6 shows the dependence of the guiding efficiency

In order to get high loading efficiency,; g should be  on the initial temperature of the atomic cloud. We found that
larger tharr;, . However, wherry, g is increased, the height when the temperature was lower than 8, the guiding
Of the pOtential b?.l‘riel’ iS decreased que to the deCI’ease in t@ﬁciency rose dramatica”y7 especia”y at temperatures be_
effective saturation parameter, which then decreases thgy 10 ,K. That dependence is in good correspondence with
guiding efficiency. The efficient transfer of atoms from the o temperature dependence of the Boltzmann factor.
MOT to the observation region is thus possible under some Figures 5 and 6 allow us to compare two possible ways of
optimal conditions. In our experiment, the loading efﬁCie”Cyincreasing the guiding efficiency, by increasing the power of
was typically in the range ofy =70-90%, depending on the he HIB or by decreasing the temperature of the atomic
initial_ atomic. temperature and the parameters of the atomg|oud. Our experimental results show that a 30% guiding
HLB interaction. _ _efficiency can be attained at the initial temperature o0
_ Figure 4 shows the experimental dependence of the guids the power of the HLB is only 180 mW, while at the initial
ing efficiency on the detuning,=w— w, (refer to Fig. . emperature of 2QK, the required power is as much as 500
For comparison, Fig. 4 also shows the dependence obtaingg\y From an experimental point of view, the decrease in
by the Monte Carlo simulation based on the forces, diff“Siorlemperature by 1@K is much easier than the threefold in-
tensor, and optical potential presented in Sec. V. The maXizrease in the laser power.
mum guiding efficiency, about 20%, is observed at the de- |, kg 7 we finally compare the guiding efficiencies for
tuning 6,=6 GHz. The guiding efficiency decreases sharplyihe two possible HLB-propagation directions, with respect to
at smaller detunings due to the destructive contribution of they, o guiding direction. The Monte Carlo simulations show
radiation pressure force. L that the efficiency of atomic guiding in the copropagating
. At small detunings, the radiation pressure force becomeg g is generally higher than in the counterpropagating
important. The force decelerates the atoms and reverses tig g que to the opposite role of the radiation pressure force.
velocities of the slowly moving atoms, reducing finally the \ypile the radiation pressure force prevents slow atoms from

guided atomic flux and accordingly the guiding efficiency. reaching the observation region in the counterpropagating
The slight discrepancy between the experimental and com-

putational results may arise mainly for the following main
reasons:(i) the limited detection efficiency of the TOF ]
method did not allow us to detect slowly moving atoms due 80
to the large time delay of the TOF sign4i,) the contribu- . 70
tion of the radiation pressure force could be higher than thaF’\; 60
estimated by a simple three-level interaction model. At aboutz
3 GHz detuning, the HLB was close to a resonance andg
accordingly increased the efficiency of optical repumping,% 40
which could also produce an additional error in the detectiono 0

—— Experiment
—e— Monte Carlo Simulation

50

process. S g
Figure 5 shows the dependence of the guiding efficiency® 0] "‘--\\{‘
on the power of the HLB at a fixed detuning. The guiding ] .

0 T T T T T T T T T T v T T T
0 20 40 60 80 100 120 140
Initial Temperature of Atoms T, (uK)

efficiency increases with the power due to the increase of the
potential barrier. At a high laser power, the guiding effi-
ciency saturates or even decreases. This is another manifes-
tation of the contribution of the radiation pressure force that FIG. 6. The guiding efficiency as a function of the initial atomic
was directed opposite to the guiding direction in our experitemperature at the HLB power ¢?=180 mW and detunings,
mental scheme. The radiation pressure force then reduced the GHz.
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50 1 efficiency shifts to a small detuning. We also found that a

—=— Counter-propagating (a) small decrease in the initial temperature sharply increases the
40 —=+— Co-propagating (b) guiding efficiency, while the same increase in the guiding
] efficiency needs much more HLB power.
30 ()
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<

FIG. 7. The guiding efficiency as a function of the detunitay:
when the HLB propagates counter to the direction of atom guiding,
and(b) when the HLB propagates in the direction of atom guiding.
The HLB power isP=180 mW and the initial temperature ©
=20 uK.

APPENDIX

Below are listed the steady-state populatiofsr2,,r;
and coherences,,s;, C,,S, for a three-levelA atom in the

field of a laser beam of Ed2) [23]:
case, it pushes all the atoms into the observation region in a

co-propagating case, thus increasing the guiding efficiency. o L2(2u1+L) o Li1(2uatLy) o Lilo
=8 2T a0 TeT

IX. CONCLUSION
2uy(61—k-v) uily

Y2+ (8—k-v)2 A

. . ci=s0. 4+ = —
We have guided the col@Rb atoms in the HLB over a 17137931
distance of 11 cm with a maximum guiding efficiency about
20%. We have also developed a simple model of atomic

guiding for a three-level dipole-interaction scheme. The ex- S =i(s2—s%) = 2yt rabo
. . . 2 _ . 2 A

perimental results are in good agreement with the Monte v+ (6,—k-v)

Carlo simulations based on the three-level model. We also

found.that the guiding .efficiency depends strong_ly on the R 2Uy(8,—Kk-Vv) uoly

intensity and the detuning of the HLB and the initial tem- 275237 932 > _ 2 A

Y +(82—k-v)
perature of atoms.

The experimental results show that the guiding efficiency 24 L
is influenced strongly by the radiation pressure force at small Szzi(sgg_ ng)z 2 K2 1,
detunings. The Monte Carlo simulations prove that the guid- Y2+ (8—k-v)2 A
ing efficiency as a function of detuning depends on the di- ) .
rection of the atomic propagation with respect to that of theVhere the common denominator is given by
HLB. When the atoms and fch_e HLB propagate counter to A= Lo+ ol +3L4L,/2,
each other, the maximum guiding efficiency is observed at a
large detuning value. On the other hand, when the atomand all other quantities are determined by E&$. (16), and
propagate in the direction of the HLB, the maximum guiding (17).
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