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Efficient optical guiding of trapped cold atoms by a hollow laser beam

Xinye Xu? Kihwan Kim! Wonho Jhé* and Namic Kwon
school of Physics and Center for Near-Field Atom-Photon Technology, Seoul National University, Seoul 151-742, Korea
2Laboratory for Quantum Optics, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Shanghai, 201800, China
3physics and Chemistry Division, Hankuk University of Foreigen Studies, Yongin, Korea
(Received 19 June 2000; published 4 May 2001

We present an experimental and theoretical study of efficient optical guiding of trapped cold atoms by a
blue-detuned hollow laser beam. We have measured the atomic guiding efficiency with respect to the propa-
gation direction of the hollow beam, which is in good agreement with numerical analysis. In particular, using
a copropagating guide laser, we have obtained 20-fold enhancement of atom guiding with a guiding efficiency
of 50%. Simulation shows that the efficiency can be increased to 80% with an improved hollow beam mode.
The possibility of coherent atom guiding is also discussed.
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Recently, there has been much interest in atom guiding byputput power of 1.8 W. It is coupled to the core of a HOF
optical dipole potentials produced by hollow-core optical fi-with a coupling efficiency of about 30%. The typical HLB
bers(HOF’s) [1,2] and hollow laser beam@LB’s) [3—7].  power used for guiding atoms is 250 mW. By using micro-
Guidance of atoms by HLB's, in particular, has advantagesollimation and microimaging techniques for the linearly po-
over that by the evanescent waves in HOF'’s, since the valarized LRy, guided mode of the HOI8], a HLB with a
der Waals attraction due to the fiber walls can be ignored andmall dark spot can be conveniently obtained with a micro-
collisions with background gas are much less probablescope objective. We have used a micrometer-sized HOF that
Moreover, a HLB configuration can be controlled more con-has a hollow diameter of #4m, core thickness of zm, and
veniently than that of a HOF. The development of efficientlength of 25 cm. We have independently measured the inten-
optical guiding of cold atoms is of much interest and impor-sity distribution of the HLB in both guiding schemes, and
tance for applications related to the transfer of trapped colg¢onfirmed the identical radius of the maximum-intensity ring
atoms to a region of dense atoms or a lower-dimensiongh,(z), which varies linearly with the distance [p.(z)
space, which can be used for such experiments as high= p,(0)— @z, wherep,,(0)=1.4 mm is the value at the trap
resolution spectroscopy, atom lithography, atom microscopygenter ¢=0) anda=1.27(4)x 10 3].
and atomic fountains. We have used a standard vapor-cell magneto-optical trap

In this article, we present quantitative experimental andbf #Rb atoms in the stainless-steel vacuum chamber at a
theoretical studies of efficient optical guiding of trapped coldpressure of 10° Torr [4]. For cooling and repumping, we
atoms by HLB’s. We find that, when the HLB copropagateshave used two injection-locked 70-mW diode lasers, which
with the atoms, the guiding efficiency is higher than that dueare frequency-stabilized to the red of the=3—F’'=4 and
to a counterpropagating HLB, in particular at small laserthe resonanF=2—F’'=3 transitions of the RID, line,
detuning. Moreover, at large detuning, experimental resultsespectively. Each laser has a diameter of 16 mm and an
also indicate that a lower transverse atomic temperature igitensity of 3.3 mW/crf per cooling beam and 0.5 mW/ém
obtained. The experimental results show excellent agreemefdr repumping. The number of trapped atoms is typically 2
with two different theoretical analyses that have recentlyx 10’ and the trap diameter is about 1 mm, so that the load-
been developed from kinetic theory with the Fokker-Plancking efficiency of the trapped atoms into the HLB is 98%.
equation[4] and from the dressed-atom modél. We also By time-of-flight measurement, the temperature of atoms
discuss higher guiding efficiencies, with possible atom-in the MOT is found to be about 140K, which is further
optical applications such as optically guided atomic foun-cooled down to 16uK by polarization-gradient cooling. Af-
tains as well as dipole traps using HLB's. ter the sub-Doppler cooling, the cooling and repumping la-

Figure 1 shows the experimental schematic for guidingsers are blocked by mechanical shutters, and the HLB is
cold %Rb atoms. The atomic guiding direction is downward simultaneously introduced to the atoms to guide their gravi-
along gravity (+z direction, whereas the HLB propagates tational falling. The number and the temperature of guided
along the—z direction in a counterpropagating scheme oratoms are detected by observing the probe-induced fluores-
along the+ z direction in a copropagating scheme. Note thatcence with a photomultiplier. The probe laser beam is placed
an additional lens is used in the latter case to make the HLBiorizontally and tuned to the resonant transitio8;&F
approximately identical as experienced by the atoms, except 3)—5P,,(F’=4). It has an intensity of 1 mW/cfrand a
for the propagation direction in the two cases. A Ti:sapphirecross section of 2.5 mnt, and is positioned at 105 mm
laser is used as the guiding laser source with a maximurbelow the trap center. An additional laser, having an inten-

sity of 0.1 mWj/cni at the resonant line &, (F=2)
—5P5,(F'=3), is overlapped with the probe for optical
*Corresponding author. Electronic address: whjhe@snu.ac.kr  repumping.
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FIG. 2. Typical time-of-flight signals for atoms guided by a
HLB. (a) In the copropagating scheme, the laser detuding 1, 2,
6, 10, and 16 GHz(b) In the counterpropagating schen, is 6,
10, and 16 GHz. For comparison, the signal for freely falling atoms
is also shown(“Free”). In all cases, the HLB power is 250 mW
- Lens and the initial atomic temperature is 1.

Lol S guided atoms are decelerated as the detuning is decreased

-

Gravity ! [Fig. 2b)].
l ! We have made a quantitative numerical analysis for HLB
! guiding using explicit expressions for the dipole foreg,
. icm radiation forceF, , momentum-diffusion tensdd;; , and di-
= pole potentialUy, respectively, given by4,6]
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FIG. 1. Schematic diagram for HLB guiding of cold Rb atoms b —ihzkzFE 3
in (a) counterpropagating antb) copropagating schemes. MOT ii—192 Co’ )
denotes the magneto-optical trap and PMT the photomultiplier.
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Figure 2 shows time-of-flight signals of guided cold at- =g Ml (101 2)C_l’ @

oms in both guiding schemes at various laser detunifigs

[6=w—w; (j=1,2)], wherew is the laser frequency, and where Co=0y/f1+0,/f,+3G/2+4C/T? and C,

w, (w,) is the atomic transition frequency between the upper=0; 83/ f1+ 0,85/ f,. Heref; is the mean relative transition
(lowen) ground-state hyperfine levél) (|2)) and the ex- strength averaged over the ground-state hyperfine sublevels
cited statel3). For comparison, the signal detected without[6,7], andg; is the mean branching ratio of the excited state
the HLB for the freely falling atoms is also shown. In par- |3) decaying to the ground staté) when the statdi) is
ticular, we observe that the number of atoms guided by thexcited by the far-off-resonant HLB. For example, f6Rb
copropagating HLB is about 20-fold enhanced with respectitoms interacting with a linearly polarized HLB, by taking
to that without the HLB at 2 GHz detuning. In this case, theinto account all the excited-state hyperfine levels, one can
guided atoms also become faster along-thedirection due obtain f,=f,=2/3, q;=0.741 (0.185), andg,=0.259

to the increased radiation pressure at the small detifiigg  (0.815), for the excitation of1) (]2)). T' is the natural
2(a)]. In the counterpropagating case, on the other hand, theidth of the excited state, an@ is the dimensionless satu-
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FIG. 3. The guiding efficiency as a function of the detunifig

in the copropagatinga) as well as the counterpropagatirib) 1.0
scheme, with the same HLB power and initial atomic temperature 0.8]
as in Fig. 2. The solid curves represent the numerical simulation &
results. g 06
B 041
a
ration parameter given b§=1/1g, wherel is the intensity 02 o -,
of the HLB andl is the saturation intensitk is the wave 00 00 50 © 80 100
vector of the HLB. X-directional Velocity (mnvs)
We find that the different characteristics of the two guid- (b)

ing schemes in Fig. 2 are mainly associated with the
radiation-pressure forcéEq. (2)]. In the copropagating FIG. 4. The final velocity distributions of the atoms guided by
scheme, the amount of time that atoms stay in the HLB bethe copropagating HLB at several detunings, which are calculated
comes shorter due to radiation-pressure-induced acceleratidiigm the experimental data of Fig(&: (a) longitudinal and(b)
and as a result the heating due to momentum diffufigqn ~ transverse distributions.
(3)] is reduced. Therefore the, guiding efficiency is mainly
determined by the height of the mean potential baffi&y.  ciency(of course, the efficiency can be enhanced by guiding
(4)]. In the counterpropagating scheme, however, the radiacolder atoms as discussed lateéfor example, in the coun-
tion pressure decelerates the atoms at small detuning, anérpropagating case, it is about 10 GHz, and the maximum
even reverses their velocities. The atoms then stay longer iguiding efficiency is smaller than that in the copropagating
the HLB, resulting in a higher temperature, and consequentlgase since the corresponding detuning value is larger. We
the atoms can pass over the potential barrier and are losfave also checked that at small red detuning the time-of-
more easily. flight signals vanish in both cases due to the high-intensity-
Figure 3 presents experimental and numerical guiding efseeking dipole force.
ficiencies versus detuning in the copropagating as well as the In Fig. 4, we present the final velocity distributiofien-
counterpropagating scheme. Note that in our simulation thegitudinal as well as transvensevhich can be calculated from
HLB is assumed, to a good approximation, to be in the low-the experimental data in Fig. 2 by using a Monte Carlo simu-
est Laguerre-Gaussian (k@ mode, given byl=4P(x* lation [6]. In the copropagating case, we find that the longi-
+y?) exd —20E+y?)mP)/(mw), whereP is the laser power tudinal velocity distribution becomes very broad in the
andw=\2p(2) is the beam waist at the positian It can small-detuning region. For example, at 2 GHz detuning, the
be seen that at small detuning, atoms are most efficientlyelocity width is increased by a factor of 20 with respect to
guided in the copropagating scheiffier example, the maxi- the initial width, and most of the atoms are heated consider-
mum guiding efficiency is about 50% at a detuning of 2ably as shown in Fig.(@). Moreover, the transverse velocity
GH2z). Note that when atoms are released from the molassedistribution also becomes wider as shown in Fig)4where
without a HLB we detect only 2.5% of the initially trapped only the distribution in thex direction is shown due to the
atoms. On the other hand, the counterpropagating guiding isylindrical symmetry.
generally less efficient as is clear in Fig. 3. However, for However, for large detunings, whereas the longitudinal
large detunings, the two schemes provide similar guidingselocity distribution of the co-guided atoms is almost invari-
efficiencies, and the maximum efficiency of 23% is obtainedant with respect to that of the freely falling atoms, the trans-
at 10 GHz detuning in the counterpropagating scheme.  verse velocity distribution becomes non-Gaussian and nar-
We also observe that the guiding efficiency is increasedower than the initial distribution. For instance, at 16 GHz
with increasing laser detuning in the small-detuning regionrdetuning, while the longitudinal width is only a few percent
for the counterpropagating scheme, due to the decreasirigrger than the initial value, the transverse width is decreased
contribution of the radiation pressure. Therefore, for a giverby a factor of 2. This indicates that the transverse tempera-
HLB, there exists an optimum efficiency before the guidingture of the guided atoms is now #K. This cooling effect
is limited by the dipole-potential barrier, which decreasescan be attributed to velocity selection by the potential barrier
with increasing detuningEqg. (4)]. The corresponding opti- and photon scattering as follows. Although atoms initially
mum detuning is the threshold beyond which the photorhave average transverse energy lower than the potential bar-
scattering is reduced at the expense of smaller guiding effirer, those with higher transverse temperature can be more
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easily heated and lost during guiding as they can stay longe«K) or with a lower atomic temperature at a given power
in the high-intensity region than those with lower transversge.g., 75% with 1uK at 250 mW. Moreover, if the quality
velocity. As a result, as the potential barrier decreases witlf the HLB is improved by more careful fiber treatment and
the increase of HLB detuning, atoms having higher transoptical alignment for the Lg mode, described by
verse ter_nperature can escape more easily from the dark re=8pP(x2+y?)3exg —20¢+y)MA/(Bmw8)  with  w(2)
gion, which leads to the lower transverse temperature for \2/3p,,(Z), the numerical results indicate that the guiding
guided atoms. Note that this process occurs at the expense &fficiency will also be much enhanced. We find that the
the loss of guided atom@r smaller guiding efficiengy for  maximum guiding efficiency can be 80%0%) in the co-
example, the number of atoms guided by the HLB at 16 GHz,rgpagating counterpropagatingscheme with all the condi-
detuning is now only eight times larger than that without thetjons the same as shown in Fig. 3 except the HLB mode. In
HLB. _ ~ particular, the guiding efficiency at large detunings in both
We have also calculated the final velocity distribution in gchemes can be increased by a factor of 2. Note that the
the counterpropagating case and have obtained similar reyerall behavior of the guiding efficiency versus the detun-
sults: Iarger_ width at small detuning and smaller Wldth aling is very similar to that in Fig. 3 and the optimum detun-
large detuning. Moreover, we have recently made a direghgs are almost invariant for the two guiding schemes. More-
observation of such a lowered atomic temperature in apyer, we also find that, if the coherence of guided atoms such
optical-dipole trap constructed with two crossed HLB's atas 5 Bose condensate is to be preserved, both schemes may
large detuning(to be discussed elsewhgrdhis also indi-  pe exploited with higher power, larger detuning and colder
cates that the coherence of atoms may be preserved durigoms. For example, simulation shows that when the HLB
optical guiding for an appropriate detuning of the HLB. In 35 500 mw power and 220 GHz detuning, more than 30%
particular, having a comprehensive understanding of HLByf the atoms at 24K temperature can be guided over a dis-
guiding of cold atoms, one can also realize an opticallyiance of 30 cm without any spontaneous emission and with

guided atomic fountain that may improve the performance ofne gverage photon scattering rate much less thantl s
the atomic clock based on the atomic fountd®] (work
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