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Atom guiding and cooling in a dark hollow laser beam
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We propose and analyze theoretically a scheme for atomic guiding and cooling in a dark hollow laser beam
generated from the collimated output beam of g;Lfode in a micrometer-sized hollow optical fiber. In the
scheme, cold atoms from a magneto-optical trap are loaded into the blue-detuned dark hollow beam, move
down in the dark hollow beam, and experience transverse Sisyphus cooling induced by the dark hollow beam
and a weak repumping beam. In the longitudinal direction, the guided atoms experience heating from the
gravity field and cooling from the upward-propagating dark hollow beam and repumping beam. We estimate
the transverse two-dimensional equilibrium temperature, the final longitudinal mean velocity, and the total loss
of the guided atoms. Our calculations show that a transverse equilibrium temperatte 2K, a final
longitudinal mean velocity of 0—-4.41 m/s, and a guiding efficiency of 65-95% may be obtained.
[S1050-29478)06407-3

PACS numbgs): 32.80.Pj, 32.80.Lg, 39.18j, 42.50.Vk

Atom guiding in hollow optical fiber§HOFsg has been a longitudinal spontaneous-force cooling from the DHB and a
subject of recent studi¢d —9] because of its potential appli- weak repumping bearfRPB) in the DHB atom guide. We
cations in atom optics, such as the atom-fiber interferometegstimate the two-dimension&D) equilibrium temperature,
atom-fiber cavity{10], atom-fiber lasef11], atom-fiber fun-  the final longitudinal mean velocity, and the total atomic
nel [12], and atom-fiber depositiod13]. Two guiding l0ss. Our results show that a bright coherent atomic source
schemes for thermal atoms in HOFs that use a red-detuneiith a transverse temperature ef1.2 uK and a final longi-
Gaussian laser beaf,2] or a blue-detuned evanescent light tudinal velocity of ~10 cm/s can be obtained in the DHB
[3-7] have been proposdd,3,4 and demonstrated experi- atom guide.
mentally[2,5—7]. Recently, Balykinet al. proposed an atom  The scheme of atom guiding and cooling in a DHB is
guiding and cooling scheme with a convergent hollow opti-shown in Fig. 1. A blue-detuned dark hollow beam with a
cal waveguide[8]. Neglecting the effect of the scattering small divergent angleq~10~2 rad) is generated by the mi-
forces from the evanescent wave and the repumping las@rocollimating techniquéusing a M-4x objective lengfor
beam on the longitudinal velocity of the guided atoms, theythe output beam of the lgP mode selectively excited by a
studied the evanescent-wave-induced cooling in &5aussian laser beam in a micrometer-sized HQ#,15.
cylindrical- or curved-convergent-hollow fibef9] and The coupling efficiency from the Gaussian beam into the
showed that a bright coherent source of cold atoms with ®HB is typically ~50% (the Gaussian beam with an input
density near that of Bose-Einstein condensation may be olpower~1 W can be converted into the DHB with an output
tained[8—9]. However, there are some shortcomings in thepower~500 mW) [15]. The DHB propagates upwards in the
practical application of their cooling and guiding scheme beZ direction and overlaps with a magneto-optical t(&fOT).
cause the grazing incident modes of the repumping beam iWhen the MOT is turned off, the cold atoms are loaded into
the hollow region of the micrometer-sized cylindrical HOFs the DHB under the influence of the gravity. A near-resonant,
[9] are leaky, which will limit the length of the HOFs to weak repumping beam is also propagating alongztlutrec-
<3.cm([5,12]. For atom guiding and cooling in a convergent tion and overlaps with the DHB. As the cold atoms bounce
hollow optical waveguid¢8], atomic loss will be consider- down inside the DHB, they experience efficient 2D Sisyphus
able due to the multiple optical modes of the convergentooling induced by the DHB and RP&ee discussion be-
hollow waveguide. low), which is similar to the well-known Sisyphus effect in

Recently, we produced a dark hollow laser bedhiB) standing-wave laser field46,17, and is analogous to the
from the output beam of the lgPmode selectively excited in  evanescent-wave-induced Sisyphus cooling in a gravito-
a micrometer-sized HOFs by a Gaussian laser beam and proptical atom trap18] and a hollow-fiber atom waveguide
posed three atomic guiding schemes using blue-detund®,9]. In the longitudinal direction, the guided atoms experi-
DHBs [14,15. We calculated the optical potential for atom ence heating from the gravity field and cooling from the
guiding in a collimated DHB[15]. However, the cooling upward-propagating DHB and RPB, since the photon mo-
mechanism of the blue-detuned DHB and the heating effeanentum of the DHB and RPB is opposite to the longitudinal
from the gravity field were not discussed. Here, we analyzenomentum of the guided atoms.
the spontaneous-emission induced heating, longitudinal The 3D intensity distribution of the linearly polarized
gravity-induced heating, transverse Sisyphus cooling an®HB from the LR; mode in a HOF can be simulated by a
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FIG. 1. Schematic diagram of atomic guiding and cooling in a 3 r
r =

dark hollow laser beam. DHB, MOT, PBS, L, WRPB, HOF, and b
GB stand for a dark hollow beam, magneto-optical trap, polarized (b)
beam splitter, len&M-40X microscope objectiveweak repumping

beam, hollow optical fiber, and Gaussian beam, respectively. FIG. 2. (@) Energy-level diagram of a three-levéfRb atom

interacting with a blue-detuned DHB and a near-resonant repump-
. . . ing beam (b) Dressed-states picture of the three-le¥8b atom in
simple theoretical mode, a modified TiMdoughnut beam  q piye-detuned DHB. It8) w,, o , andw,, are the frequencies
model[15], which is given by of the atomic transitiong,)«—|e), the DHB, and the repumping
laser, respectively.

o 2r? F< 2r? )
(r.2) TW(Z) WA(Z) RN wag)) @ than one spontaneous transition occurs per reflection for the
guided atoms in the DHB. For example, whér0.5 GHz
and Po=500 mW, we obtaim ppp~110um atZ=500 mm
W2(Z)=w2(1+kZ2/Z2) and ~80 nm atZ=0, which are sufficiently small to ensure
0 RP (2)  that the saturation paramet®r w2/256°<1 (wg is the Rabi
frequency [18]. The corresponding divergent angle of the
guided atomic sample in the DHB #%~2.3x 10 4 rad. For
Here P, and Z, are the power and Rayleigh length of the guiding and cooling of three-levef°>Rb atoms[the two
DHB, respectivelyw(Z) (wo) is the beam waist at the dis- lower states are §,, F=2 and F=3 hyperfine ground
tanceZ (Z=0), andk is a fitting parameter. For a HOF with States and the upper state is tH;5 excited state, which are
the hollow radiusa=3.5um, the core radiub=7.3um, shown in Fig. 2a)] considered here, the optical potentials of
the refractive index of the core,=1.45, and the relative the two hyperfine ground states and the excited state are
refractive index difference between the core and the claddingiven by[12,18]
An=(n2—n3)/2n?=0.18%, we obtainedv,=85um and

where

2
k=0.25 for the DHB collimated by a M-49 objective lens. Uy(r,2)= i fi I(r,.2) , 3
The corresponding far-field divergent angleof the colli- 12 6 s

mated DHB is about 10°rad. When r3(2)=r3(2) ,

=%W2(Z), we have the maximum radial intensityr,,Z) U(r Z):i s 1(r,2) @)
= mad2)=2P,/emw?(2). Herer is defined as the beam ra- 2 12 6+ Aps g

dius of the DHB.

A detailed study of the optical potential for two-level 1 Al%(2+Apsl 8) 1(r,2)
85Rb atoms confined in the DHB is given in REE5]. When Us(r.Z)=— 12 S+ Apgs ls ' ®)
the detuning §=0.5GHz (0.1 GH2 and the powerP,
=500 mW, the maximum height of the DHB potential bar- where Ay is the level splitting between the two hyperfine
rier atZ=Zyor=1000 mm is~1 mK (~2.3 mK), whichis  ground states, and andl 5 are the neutral linewidth and the
more than sufficient to capture all of the cold atoms from asaturation intensity, respectively. For ®Rb atom, Ay
MOT with temperatures- 120 «K. Under such conditions, ~3 GHz, I'=6.1 MHz and Ig=1.6 mW/cnf. When §
the penetration depthpp Of the cold atoms into the DHB is <A, we calculated the optical potentidl(r) (i=1,2,3)
much smaller than the beam radiyg, such that not more around the dark center of the DHB and found thig{r) of




PRA 58 ATOM GUIDING AND COOLING IN A DARK HOLLOW. . .. 511

the lower hyperfine ground state is larger thag(r) of the 1600
upper hyperfine ground state, which is a necessary condition "o .t
for the efficient Sisyphus coolindl2,16—1§ in the DHB. I %

Next, we discuss the cooling and heating of the guided & 1200f Po= 500 MW
atom in the DHB and the gravity field, which are similar to & 1000k \ 7= 10.4 cmis
that of the alkali-metal atoms in an evanescent ligl#. A 2 For ®Rb atoms
recent experiment demonstrated the evanescent-wave cool- € soof \

ing and its results agree with the theoretical predicfib@i.

We found that the radial intensity distribution of the linearly
polarized DHB around the dark center can be approximated
by a Gaussian beam:

N
(=
(=4

-
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E3 ]
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whereg=r—r, . Io, r., andw, are three fitting parameters FIG. 3. Mean spontaneous-emission ratg versus the blue
R a- 0 as a ing p " detuningé of the dark hollow beam for th&Rb atom.
Because of the transverse Sisyphus cooling, the penetration

depth of the guided atoms in the DHB decreases as the guid-
ing distance increases, thep andw, are dependent od. is a mean fitting parameter. When the initial and final trans-
The total probability of an inelastic reflection of an atom dueverse temperatures of the guided atoms as well as the detun-
to the three decay channels in the dressed stafes) ing and power of the DHB are given, the mean spontaneous-
—li,n—1) [i=1,2,3 denotes the three dressed states that amission rate ¥sp IS determined. Figure 3 shows the
the eigenstates of the interaction Hamiltonian including thedependence of, on & when the initial temperature of the
three-level atom and the DHB; see Figby, can be calcu- guided atomgi.e., the MOT’s temperatuyés ~120 uK and
lated by[18] the final transverse temperature of the guided atoms is
. ~1.2uK (see discussion belgwAs expected, the average
pspzl_exp(_ j irs dt). (7)  spontaneous-emission rate decreases rapidly with the in-
—o crease ofs. When §=0.1 GHz (1.0 GH2, we obtain yg,
~1045 51323 sY).

Because the divergent anglé of the guided atomic
ample in the collimated DHBa(~ 103 rad) is very small
(6~2.3x10 * rad), the transverse motion and longitudinal
motion of the guided atoms in the DHB can be considered

The relationship between the saturation paramgtend the
time t can be derived from the conservation of energy in theS
normal motion. Using Eq93) and(6), we obtain

= V2wa ds , (8) separately. In the transverse directions, the guided atoms ex-
4v; S|In(S/b)(aS—1) perience the Sisyphus cooling and the recoil-induced heat-
ing. In the longitudinal direction, the guided atoms experi-
where ence cooling from the scattering forces of the DHB and RPB,
a=78/3E the recoil-induced heating, and heating from the gravity
" (9) field.
b= (1,041 s8?). The transverse Sisyphus cooling can be understood in
terms of the dressed-atom picture shown in Fig. 2. An atom
Then, putting Eqs(8) and (9) into Eq. (7), we derive entering the DHB in the lower dressed sthten) may make
a spontaneous transition to the less repulsive, upper dressed
mw,l" state|2,n—1). After the reflection from the DHB, the atom
Psp= 1—exp{ T RS Uf) 10 e pumped back to the original lower dressed diare—1)

by the weak repumping laser. In this inelastic reflection pro-
If the mean transverse velocity and mean penetratioess, the atom lose their kinetic energy, and a closed and
depth of the guided atoms in the DHB avge and rapq, repeatable Sisyphus cooling cycle is formed. During the re-
respectively, then the mean reflection rate of the atoms in thitection, the atom may spontaneously decay to two other
DHB is n=N/7g¢=v,/(2r pps). HereN and 74,4 are the  channels: |1,n)—|1,n—1) or [1,n)—(3,n—1). The heating
total number of reflections and the atom guiding time in theinduced by the latter can be neglected because its transition
DHB, respectively. The time-averaged spontaneous-emissigorobability is very smal[18], whereas the spontaneous emis-
rate can then be estimated by sion of the former will result in a small heating of the re-
_ flected atom by one recoil energi ). During the repump-
1—exr< _ mw;, [’ v—) ing process, each random recoil of a spontaneously emitted
he ' photon also leads to a small heating of the reflected atom by
one recoil energEg.
where Taking into the consideration of the spontaneous-emission
5 heating and Sisyphus cooling, we derive an equation similar
= 1 f MOT (2)dz 12 o that in Refs[12,18 to estimate the final transver$2D)
% Zyor Jo a equilibrium rms momentum of the guided atoms in the DHB:

L— v
Ysp~ NPsp= T/—ipd ) (11
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FIG. 4. Transverse Sisyphus cooling ratg, and cooling time FIG. 5. Average guiding time,q and final longitudinal mean
Tsisy VErsus the detuning of the DHB for the®*Rb atom. velocity v, of the guided®Rb atoms in the DHB atom guide versus

the detunings of the DHB.

2 Ahfs (prms>2 1+qr_qev

-3 5+—Ahfs Tk =0, (13 Herev, andg are the final longitudinal mean velocity of the

Gr(1~Gev) guided atoms and the gravity acceleration, respectiegjyg

. ) o (arpp) is the mean deceleration from the scattering force of
whereq, (de,) is the mean branching ratio into the lower o DHB (RPB).

hyperfine ground state from the excitation of the upper hy- |t o atom makes a transition frofa,n) to |1,n—1) dur-

perfine ground state by the RRBe average branching ratio i the reflection, the velocity of the atom falling downwards

%g the spontaneous transition frdn) to |1n—1)). Forthe be slowed in theZ direction after it absorbs a DHB
Rb atom, q,=0.575, and g, =0.741 [18]. When & photon propagating upwards. From the momentum conver-

=0.5GHz, we obtainpms~3.13ik. The corresponding gaiion, the change of atomic velocity per reflection is given
transverse equilibrium temperature and transverse rms velog—y

ity of the guided atoms in the DHB are-1.21uK and
~1.88 cm/s, respectively. hk

Similarly, the Sisyphus cooling ratgs;s,, or cooling time Avpz=-—~6.01amm/s  (for ®Rb atom. (16
Tsisy» Can be estimated byl2,1§

Using Eq.(11), the total longitudinal velocity change of the
1 2 Aps 1-Qe atom afterN reflections inside the DHB can be estimated by
'YSisy_ TSisyN 35+ Ahfs 3 ‘ySp' (14)
E_ (Avphg)i =NAV 7~ YspTguidd Upz - 17
Figure 4 shows the Sisyphus cooling ratgs, and cooling :
time 7gjsy versus the detuning. Whené increases from 0.05
to 1 GHz, yg;sy decreases rapidly from80 s to ~15s ™7,
and the corresponding Sisyphus cooling timg, increases
from ~12 to ~67 ms. - 1
In the longitudinal direction, the guided atoms experience appg=
gravity-induced heating and the DHB and RPB induced Tquid
cooling because the atoms move downwards while both the L
DHB and RPB propagate upwards. Before the cold atoms in >imilarly, the mean deceleratiaikpg due to the absorp-
the MOT are released, their initial, mean longitudinal veloc-oN Of the RPB photons can be estimated by
ity is equal to zerdi.e., v,0=0). After the cold atoms from 1-
the MOT are loaded into the DHB &t 0, their longitudinal Arpe= > (Avgpp)i~ Gev
motion along the-Z direction can be approximately treated Tguid 1 ar
as a free-falling-body motion with the initial velocity,q o . )
—0 and a variable acceleration contributed by the gravitySubstituting Eqs(18) and(19) into Eq. (15), we obtain the
field and the scattering forces from the DHB and RPB. The2verage guiding timey,q and final longitudinal mean veloc-
longitudinal component of the gradient force of the DHB canity v Of the guided atoms in the DHB. Figure 5 plotg;q
be neglectedsincef~2.3x 10~ * rad). The longitudinal mo- @ndv, versus the detuning. When Zyor=21000 mm, Py
tion can then be described approximately (sgttingv,, =200 MW, and §=0.09 GHz (0.5 GH2, we obtain a
=0) =apyg+ arpe~9.65 M/$ (4.08 m/$). Using Eq.(15), we
then obtainry,¢~3.65s(0.591 3 andv,~54.8 cm/s(3.38
m/s). The guiding timergy,y is much longer than the Sisy-
(15  phus cooling timerg;s, (<100 ms). If the longitudinal slow-
. _ _ ) ing effect from the DHB and RPB is neglectéice., setting
Zyot=2(9—apHa— arpe) Tyuic a=0), we obtain 74,;=0.45s andv}=4.41m/s when

The mean deceleratioap,s due to the absorption of the
DHB photons is given by

Ei: (Avppg)i= YsAvpz- (18)

VspAU pZ- (19

v,= (9~ apHg— arpe) Tguid:
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ZMOT:lOOO mm, which are the limits Ef atomic gmdlng Free falling motion without the DHB and RPB
time 74,4 and final longitudinal velocityy, given by Eq. __95f ./._,.__,
(19). Itis clear that the influence of the DHB and RPBonthe = i
longitudinal motion of the guided atoms is importdittcan 3
. . S or b P0= 500 mW

sufficiently compensate, even completely cancel the accel- £ 8 5= 0.50 GHz
eration effect of the gravity fie)d Therefore, the final longi- S sof T= 300 K
tudinal mean velocity of the atoms can be controlled by the 2 P=10’°‘3T°rrz
detuning § or the powerP, of the DHB from ~10 cm/s WS opy= 107" om
(even near zepoto ~4 m/s, which may be useful in the £ 7of
study of the cold-atom collision0]. 3

The tunneling loss of the guided atoms in the DHB can be e ST IOV
neglected because of the high potential barriet (mK) of 00 01 02 03 04 05 06 07 08 08 10
the blue-detuned DHB. Collisions from the background ther- 8(GHz)

mal atoms in the vapor cell become the dominant loss

mechanism. The atomic guiding efficiency in the DHB can FIG. 6. Guiding efficiencyrg,q versus the detuning for the
then be estimated by cold ®Rb atoms in the DHB atom guide.

guig=1—2.31X 10" 20pepy1UmkgT7gua, (200 of ~1.2 uK (a transverse rms velocity of 1.9 cm/3 and a
) o ) i final mean longitudinal velocity of~10 cm/s can be ob-
whereag, () is the collision cross section 8fRb atom in  ained. The guiding efficiency and minimum spot size of the
cn? (the vacuum pressure in ToriT is the background tem- guided atoms in the DHB can reaeh95% and~ 100 nm,
perature in kelvins. Figure 6 plots the guiding efficiency regpectively. Since the longitudinal velocity of the guided
Ngquid @S a function of the DHB detuning. When Zyor  ¢old atoms can be adjusted by the detuning or the intensity of
=1000 mm,Po=500 mW, ands=0.1 GHz(0.5 GH2, we  {he DHB, this DHB guiding scheme may be used in the
obtain 74,i4~83.6% (94.4%. o study of cold-atom collision§20]. In particular, when the

In conclusion, we have presented an atomic guiding an‘ﬂ)robe beam in Fig. 1 is replaced by a blue-detuned plug

cooling scheme using a collimated DHB, and analyzed th¢yeam, a DHB gravito-optical trap based on the DHB-induced
DHB-induced transverse Sisyphus cooling, spontaneoussoling is formed.

emission heating, gravity-induced heating, the scattering-

force-induced slowing effects from the DHB and RPB, and This work is supported in part by the U.S. Army Research
the loss mechanisms in the DHB atom guiding. We have als®ffice under Grant No. DAAH04-1-0534 and a Cottrell Sci-
estimated the transverse equilibrium temperature, the meance grant of the Research Corporation. J. Yin acknowledges
guiding time, the final mean longitudinal velocity, and the financial support from the Nature Science Foundation of
atom guiding efficiency. Our results show that a low veloc-Jiangsu Province, and the National Nature Science Founda-
ity, an intense atomic sample with a transverse temperaturigon of China.
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