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PHYSICAL REVIEW A, VOLUME 65, 033402
Cesium gas strongly confined in one dimension: Sideband cooling and collisional properties
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D. S. Petrov
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
and Russian Research Center, Kurchatov Institute, Kurchatov Square, 123182 Moscow, Russia
(Received 6 June 2001; published 1 February 2002

We study one-dimensionél D) sideband cooling of cesium atoms strongly confined in a far-detuned optical
lattice. The Lamb-Dicke regime is achieved in the lattice direction whereas the transverse confinement is much
weaker. The employed sideband cooling method, first studied by Veletit, uses Raman transitions between
Zeeman levels and produces a spin-polarized sample. We present a detailed study of this cooling method and
investigate the role of elastic collisions in the system. We accumuld®%3f the atoms in the vibrational
ground state of the strongly confined motion, and elastic collisions cool the transverse motion to a temperature
of 2.8 uK=0.7Thwys/Kg, Where . is the oscillation frequency in the strongly confined direction. The
sample then approaches the regime of a quasi-2D cold gas. We analyze the limits of this cooling method and
propose a dynamical change of the trapping potential as a mean of cooling the atomic sample to still lower
temperatures. Measurements of the rate of thermalization between the weakly and strongly confined degrees of
freedom are compatible with the zero-energy scattering resonance observed previously in weak 3D traps. For
the explored temperature range the measurements agree with recent calculations of quasi-2D collisions. Trans-
parent analytical models reproduce the expected behavidios 7 v, and also fokgT <% w . Where the
2D features are prominent.

DOI: 10.1103/PhysRevA.65.033402 PACS nuntber32.80.Pj, 34.50-s

I. INTRODUCTION the formation of a stable condensate. A second interest in a
strong 1D confinement is the possibility to use a very effi-
The physics of systems with reduced spatial dimensionaleient optical cooling method, sideband cooli@-13]. This
ity has attracted a great deal of interest. These systemmethod requires,<\ (Lamb-Dicke regimg where\ is the
where one(two) degre¢s) of freedom are confined to the optical wavelength of the cooling transition. For instance, in
quantum ground state of motion, have properties that caref. [11], 925)% of the atoms have been cooled to the
markedly differ from those of three-dimension@D) sys-  ground state in the tightly confined direction. Several trap
tems. The case of a 2D Bose gas has been explored theoratbnfigurations for achieving 2D gases are under investiga-
cally and experimentally with atomic hydrogen adsorbed ortion. Many of them are based on far-off-resonance optical
liquid helium (see[1,2]). Advances on laser cooling and dipole trapg14] and evanescent fields near the surface of a
Bose-Einstein condensation of atomic gasdshave opened  dielectric[15,16. Another common approach is to confine
an interesting possibility to create new 1D and 2D quantumatoms in microwells of a 1D far-detuned optical lattice
degenerate systenjd,5]. In a recent paper Petrov, Holz- [8,11,17.
mann, and Shlyapnikov showed that collisional properties of In this paper, we present an implementation of Raman
cold gases can be drastically modified by strongly confiningsideband cooling of cesium atoms in an intensity lattice cre-
the motion of particles in one directigd]: for instance, ina ated at the intersection of two far-detuned yttrium aluminum
gas with negative scattering lengihthe mean-field interac- garnet(YAG) laser beams. The cooling method, first studied
tion can switch sign under variations of the strong confinein Ref. [8], uses Raman transitions between Zeeman sub-
ment. This is of particular interest for the case of cesiumstates of F=3) and produces an atomic sample polarized in
Due to a very large and negative scattering length |F=3m=3). 835% of the atoms are accumulated in the
—138 nmin thgF =3m=3) state[6], a cesium condensate ground state of motion in the direction of the lattice. The
in a weakly confining trap would be unstable for a few tensintensity lattice is vertical but atoms are also weakly con-
of atoms[7]. The characteristic size of the quantum groundfined in the horizontal plane owing to the YAG Gaussian
state in the strongly confined direction is another importanbeam intensity profiles. Elastic collisions couple the vertical
length in this problem. For a harmonic potential with oscil- and horizontal degrees of freedom so that 1D sideband cool-
lation frequencyw,s. this length isly= V% /2mw,s. Refer- ing efficiently cools in the three directioi8]. A horizontal
ence[4] predicts that for a sufficiently large value of the ratio temperatureT,=2.8 uK=0.74 w.s./Kg has been obtained,
al/ly the mean-field interaction becomes positive allowingwhich already corresponds to the condition of a quasi-two-
dimensional gas. We show that the cooling efficiency should
become exponentially small fdg T <7 w,s. and we propose
*Present address: Institute for Laser Science, University ot dynamical method to reach a lower rakigT/% wqs.. Fi-
Electro-Communications, Chofu-city, Tokyo, 182-8585 Japan. nally, we address the question of the influence of the strong
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confinement on collisional properties. For this purpose, we
measure the rates of thermalization between the strongly and
weakly confined degrees of freedom. In the explored tem-
perature range from 4 to 20K, our results are compatible
with the zero-energy scattering resonance previously ob- 6 =52°
served in weak 3D tragd8-20. The experimental data also
agree with calculations of Ref21] that takes into account
the quantum character of the particle motion in the strongly
confined direction. We propose simple analytical models that
reproduce the expected behavior I§T>% w,s., and also
for kg T<A wes., Where the 2D character of the particle mo-
tion is prominent. @)
The paper is organized as follows. In Sec. Il, we describe
the experimental setup and the intensity lattice. Section Il
recalls the cooling-method principle and gives a detailed ac-
count of the geometry we used that is different from that in
Ref. [8]. We present independent experimental determina-
tions of the parameters relevant for the cooling. The role of
the polarization of the trapping beams for the cooling is dis-
cussed in detail. In Sec. IV, the vertical cooling obtained is -2000
presented. This cooling is compared with the expected cool- Ly Ly
ing, taking into account s.everal features pf our experiment. ‘_’400 300 200 100 0 100 200 300 400
The role of the polarization of the trapping beam for the # [pim)]
cooling efficiency, discussed theoretically in Sec. Ill, is in- (b)
vestigated experimentally. Section V presents cooling of the
horizontal motion. In Sec. VI we propose a method to over- FIG. 1. (a) Laser beam configuration used in sideband cooling
come the exponential decrease of the horizontal cooling efef cesium. Atoms are confined in independent horizontal micro-
ficiency as the temperature decreases and we present an @ells resulting from the interference between the two YAG laser
perimental implementation of this method. In Sec. VII, webeams propagating in thez plane. A weak magnetic field is ap-
investigate collective effects. First, we report a dependencelied along x. A repumping beam tuned td6sy,,F=3)
of the temperature on the number of atoms. Then, we inves="|6ps2,F’ =2) propagates in the-y plane and makes an angle of
tigate the losses of atoms observed during the |Ong COOIindso with thex axis. The pOlariZation of one YAG beam is linear
time required for the horizontal cooling. We show that these?longx and the polarization of the other YAG beaiB) makes a
losses are consistent with the expected losses due to lighimall anglea with x. (b) Trapping potential along. For more
assisted exothermic collisions by the repumper beam. seisibility, the period of the latticé665 nm) has been increased by a
tion VIl is devoted to the study of collisional properties. actor 40-

After an introduction giving the relevant parameters, the exexperience a dipole potential proportional to the laser inten-
perimental measurements of thermalization times are desjty that confines the atoms in regions of maximum intensity.
scribed in detail. Finally, two calculations give the expectedror horizontal polarizations, the interference of the two
behavior in the two limitkgT>% wosc aNdkgT<7iwose. At peams creates a vertical intensity lattice with a period of 665
high temperature, we perform classical calculation using them, and the dipole potential is modulated in the vertical di-
Boltzmann equation. At low temperature, simple qualitativerection. The horizontal confinement is provided by the gauss-
arguments show an exponential decrease of the thermalizgy, shape of the YAG beams. The total trap depth is about
tion rate between the horizontal and vertical degrees of freep4q uK. Tunneling between different microwells is totally
dom. We thus recover the more rigorous calculation of Refnegligible for temperatures smaller than A8 and the at-
[21]. This calculation also explains the inhibition of the hori- oms are confined in independent microtraps. In the central
zontal cooling wherkgT<% wos., When sideband cooling is mjcrotrap, the vertical oscillation frequency i®qe/27
performed only in the vertical direction. =80kHz and the horizontal oscillation frequencies are
w,[2m=175Hz and w,/2m=140Hz. The spontaneous
emission rate at the bottom of the trap is about 3 & leads
to a heating rate of 0.3@K/s that we can neglect in the
Our 1D intensity lattice is similar to the one described infollowing experiments. This trap is loaded from a magneto-
Ref. [11]. It is produced at the crossing of two beams of aoptical trap as explained in Reffl1]. About 2x 10° atoms
YAG laser (1.06 um), propagating in a vertical plane and are trapped in a gaussian cloud of rms dimensions
making an angledyag=52° with the horizontal direction. =31um, o,=39um, ¢,=60um, thus populating about
Both beams have linear polarizations as presented in Fig. 200 horizontal microtraps. Their temperature 420 uK,
Each beam has a waist of 1@n and a power of about 5 W. which corresponds for the vertical motion to a mean vibra-
The YAG laser is far detuned to the red of tbed andD2  tional number(n)=5.8. The vertical oscillation frequency
transitions of cesium at 852 nm and 894 nm. The atomslepends on the position in the trap and varies by 15% within

Modified trappi
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Il. THE FAR-DETUNED TRAP
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the spatial extension of the cloud. 1.2
Using a charged-coupled-device camera, we perform two-
dimensional absorption images of the atomic cloud. The
probe beam is horizontal and makes an angle of 45° with the
plane of the YAG beams. First, an image taken just after
switching off the YAG beams gives a measurement of the 04} %
trap size. Second, an image taken after a free expansion time = on A
of the cloud gives access to the velocity distribution in the N
vertical and horizontal directions in the plane of the camera. Oy ™ P X . .
This time-of-flight method is detailed in R22]. 600 -400 -200 O 200 400 600
The Lamb-Dicke parameter isp=/wec/wos=0.16 6 (kHz)
where w,.=k?/2m is the recoil frequency associated with ,
the cesium D2 transition. This low value enables us to cool G- 2: Number of atoms transferred to the hyperfine ground

the atoms to the ground state of motion in the vertical direcSt2t€|F=4) by a two-photon Raman pulse as a function of the

. . . . detuning of the two-photon transition from 9.192 631 770 GHz. The
tion by using sideband cooling methods-11,23. Raman beams propagate in the same direction in order to avoid

change of vibrational state during the transfer. The labels indicate
the various|F=3m)—|F=4m’') transitions. Dashed line, unpo-
A. Principle larized atoms; solid line, atoms polarized by a 3.6 ms repumping

We describe here the main elements of the sideband Cooleser pulse with an intensity of g3, The resulting polarization

ing of the vertical motion as developed by Vulegital. [8]. exceeds 90%.

This cooling uses only Zeeman sublevels of the FCs3

hyperfine ground state and produces a sample polarized @n angle of 45° with the axis. With respect to the axis of the
|F=3m=3). A magnetic field is applied along theaxis = magnetic field, the total intensity of the bedrsplits in /3
such that the Zeeman sublevels Bf3 acquire different for the 7 polarization(i.e., along the axis of the magnetic
energy shifts. A repumping laser that is resonant with thefield), and 2/3 for the o™ polarization. The population of
transition|6s,,,,F =3)—|6p3;»,F' =2) and which has a po- the atoms in each of the Zeeman sublevel§ ef3 is mea-
larization with only7 and o, components, provides a finite sured via frequency selective Raman transitionsfRte 4).
linewidth of all Zeeman substates &=3 except for|F For this purpose we use two Raman beams with frequencies
=3m=3). Zeeman states withm differing by =1 are differing by about 9.2 GHz as explained in RE24].

coupled by a Raman process such that the Raman transition With this method we optimize the parameters of the re-
|m)y—|m—1) is resonant with the transition that decreasespumping beam in the absence of Raman coupling between
the vibrational quantum number by one. If the Raman couZeeman sublevels i.e. with parallel linear polarizations of the
pling and the intensity of the repumping laser are sufficientlyYAG beams(see Sec. Il ¢&. We can measure both the polar-
small, the motional sidebandim=3,n)—|m=2,n") are well  ization time constant and the steady-state polarization. With
resolved and the staten=3,n=0) is a quasi-dark state. Its our experimental precision, the equilibrium population in
lifetime is limited only by off-resonant Raman transfer and is|m= 3) deduced from data such as in Fig. 2 is between 90%
much longer than that of the other states. In the Lamb-Dickend 100%. We then deduce an intensity for the compo-
regime the vibrational energy of the atoms is much largement of the repumping laser smaller than 3% of thaten-
than the recoil energy. Therefore, the Raman transition to aity. The measured &/polarization time of an initially unpo-
Zeeman level withm<3 followed by optical repumping to larized sample is 1@sXlg,/I at small intensities.
m=3, leads on average to a decrease of the atom’s energyhe calculated lifetimel’’ "1 of the state |m=2) is
Thus by repetition of such cycles, atoms are cooled and a®.8 usl¢,/|. The optical density of our sample is about 2 and
cumulate in the quasidark stgte=3,n=0). A weak inten- we have seen no influence of the number of atoms on the
sity laser tuned to thgF=4)—|F’'=4) transition prevents polarization time constant and on the equilibrium polariza-
atoms from accumulating in tH& =4) state after spontane- tion. This means that we see no effect of reabsorption of
ous emission. The magnetic field is chosen so that the energyhotons on the polarization of the sample.

of [m,n equals the energy ¢fn—1,n—1). The Raman tran-

sition is then resonant if the two Raman beams have the C. Polarization of the YAG beams

same frequency, and in contrast to our previous work
[10,11], we simply use the YAG beams themselves to induc<%in
the Raman transitions. In order to introduce coupling be-
tween different Zeeman levels, the polarization of one of th
beams is slightly modified from the linear horizontal polar-
ization (see Sec. llI .

08 F

Nt (a-u-)

IIl. COOLING METHOD

The YAG detuning is much larger than the hyperfine split-
gs of the &;,, and 6pg, states. Hence, if the two YAG
eams are linearly polarized along there is no coupling
etween different Zeeman sublevels. The light-shift operator
is scalar(proportional to the identity operatoand all Zee-
man substates see the same YAG poteftid]. Raman cou-
pling between different Zeeman levels is obtained by intro-
ducing, for one of the trapping beanfslled MB), a small
The repumping beam tuned to tHe=3)—|F’'=2) tran-  component of polarizatioiX® orthogonal to the horizontal
sition of theD?2 line propagates in they plane and makes one. All Zeeman sublevels still share a common potential

B. Repumping beam

033402-3
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(a) ®

Uo Uo

0.5U¢ | 0.5Uo

0 0
z{ M z/M
FIG. 3. Raman coupliny(z) (dashed lingbetween F=3,m=3) and|F=3m=2) as a function of the vertical position of the atofa).
corresponds to a linear polarization of the MB making an angle of 20° with the horizontal directigh)ammiresponds to a polarization of
the MB with the same proportion of horizontal polarization but with a relative phasg2obetween the two polarizations. The solid lines
depict the dipole potential “seen” by the atoms, the potential being chosen 0 at the bottom of the microwells. For better visibility, we have
plotted 80x V(2).

energy and levelim,n and|m—1,n—1) are degenerate for the evolution of the population ifF =3,m=3). The mag-
anyme [ —2,3] and vibrational leveh>0. Raman transfers netic field for this experiment is chosen so that the levels
enable a change of the vertical motion. This corresponds ttm=3,n) and |[m=2n—1) are degenerate and the angle
absorption from one beam and stimulated emission into thef polarization of MB is«=20°. We observe a damped
other beam. Due to an interference between the two differergscillation. A damping with a time constantr

processes, at the bottom of a microtrap the Raman coupling ﬁwosc/(kBT)QE1 is expected as the couplifgn=23,n)

depends on the relative phase between the component of | ~_ " _\". :
horizontal polarization and the component aloXfy The —|m=2n-1) is proportional toyn. For a temperature of

_1 .
coupling is even inz for a phase difference ofi/2 (most 26 pK, we eXpeCthqA‘QR . Thg Rgman coupllng, aver-
elliptical polarization of the MB but odd for a zero phase ageq over the.populauon of the V|t.)rat_|onal states, is obtained
difference(linear polarization of the MBas depicted in Fig. PY fitting the first 40us of the oscillation with a sine func-
3. Thus, due to the parity properties of the vibrational statesion of amplitude 1. We obtain a Rabi frequency of 5 kHz in
linear polarization of the MB induces the maximum coupling €@sonable agreement with £§.2) In this analysis we have
between neighboring vibrational level whereas a phase difsupposed that all atoms contribute to the oscillations. How-
ference ofn/2 between the polarization components inducesVer, this is not strictly the case. First atoms|m=3n
a coupling only between vibrational levels of the same parity=0) are not transferred tpm=2). Second, atoms far from
In the experiment, the relative phase between the two polathe center of the trap have a vertical oscillation frequency
ization components of the MB is controlled by an adjustablethat differs from the central one. When the difference ex-
retardation wave plate. For a linear polarization of the MBceeds~5 kHz, the coupling is no longer perfectly resonant.
making an anglex with respect to & (see Fig. 1, the cou-  Both of these effects would lead to a Rabi frequency slightly

pling betweerlm=3,n)—|m=2n-1) is higher than the measured one, 5 kHz.
J6 1 1
V=22 7UoAvag| = — 1| Sin(@)sin fyac) Vi, 12 T
24 Ay A, Ay
i R
+ .
:VR\/ﬁ, (3. = 08t $-+1+++++ + i
66. > ll
whereA; (A,) is the detuning of the YAG beams with re- 5 06 1
spect to the CH, (D,) line, Ayayg=A41/3+2A,/3 andU, Zz 04f _ -
=4(Eqdg)?/Ayag is the depth of the trap with linear polar- 0.2 FEBospn © B |
izations. In this formula, only the component of order 17in ' Tﬂ ’ o
has been retained, which is a good approximation in our 0 ' » ’
N . 0 50 100 150 200
situation whereny=0.16. For an anglexr=20°, the calcu- Hus)
lated Rabi frequency of the couplingn=3n=1)—|m he
=2n=0) is FIG. 4. Experimental determination of the YAG couplifig
v =3m=3n)—|F=3m=2n-1). The atoms are previously polar-
QR=2—R=27T><6 kHz. (3.2) ized in [F=3m=3) by a strong pulse of the repumping beam.
h Crosses, evolution of the number of atoms transferred ffBm

] =3m=3) to |[F=4m=4) as a function of the delay time of the
In order to measure the coupling due to the YAG beamsraman probe pulse; dashed line, fit of the first40with a sine
we first polarize the atoms ifF =3,m=3) by an intense function of amplitude 1: squares, number of atoms transferred to
repumping pulse. We then measure the time evolution of thg=4) on the transitions|F=3m=3)—|F=4m=2) and |F
|F=3m=3) population using a Raman transition {& =3m=2)—|F=4m=3) (see Fig. 2 and Ref24]). We deduce a
=4m=4) as in Fig. 2(see also Refl24]). Figure 4 gives Rabi frequencylg=>5 kHz.
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can be neglected compared to the Raman coupling with a
change of vibrational level by 1. Thus, the two processes in
competition that define the equilibrium are the procpss
=3n=0)—|m=2n=1)=|m=3n=1) and the resonant
process|m=3n=1)—|m=2n=0)=|m=3n=0), where

= indicates optical pumping. Note that the Raman transfer
Im=3,n=0)—|m=2n=0) is not allowed with linear po-
larization of the MB. In the limit where the Raman coupling

is much smaller than the energy widfH of |[m=2), equal-

ing the rates of these two processes gives a relative popula-

FIG. 5. Number of atoms transferred to the hyperfine groundion of |m=3,n2: 1) of (I''/4wes9®. The expected cooling
state|F=4) by a two-photon Raman pulse as a function of the ate isI'¢oo= Qr/T"". With our experimental parameters, this
detuning of the two-photon transition from 9.192 631 770 GHz. Theleads to a temperature of about (ikZ. (population of
two Raman beams are counterpropagating in order to enable chanfi@=3,n=1) of 0.0002, a factor of 4.6 smaller than the
of vibrational level. The magnetic field has been turned off beforeobtained temperature. The predicted cooling rate is 3
the Raman pulse so that all the transitigfs=3m)—|F=4,m") x10* s (1/e cooling time of 30us).
are degenerate. Dashed line, Raman spectrum before cooling; solid We discuss now some possible sources of discrepancy
line, Raman spectrum after 20 ms cooling. The labels indicate thgetween this simple model and the experiment, although we
change of vibrational level during the transfer. After cooling, the redfind that they are not sufficient to explain the observed equi-
sideband corresponding to a decrease of the vibrational level by fnrium temperature. First, the resonance of the transition
has disappeared. This indicates that nearly all atoms are in the MPm=3n=1)—|m=2,n=0) is not fulfilled for all the atoms.
tional ground statgn=0). Indeed, the vertical oscillation frequency of the atoms, which

depends on their position in the trap, spreads over about 15%
IV. COOLING OF THE VERTICAL MOTION of the central 80 kHz frequency. If the transition is detuned
by 6>T', the expected steady-state populationrof=3,n
=1) is [6/(2wesd ]2 For 6=0.15w, this population is

The smallest vertical temperature we achieved with thisonly 0.005, still smaller than the measured one. However, the
sideband cooling method is about 04,5, Which corre-  cooling rate is significantly modified by this effect; for in-
sponds to about &8)% of the atoms accumulated in the stance, it is reduced by a factor 36 for a detuning of
ground state of motion. This temperature is measured eithé).15: w = 12 kHz. Thus, the spread of oscillation frequen-
by time-of-flight absorption imaging or by using a Ramancies is likely to be the cause of the long cooling time ob-
transition from|F=3m=3) to |[F=4m=4) with counter-  served. Second, nonresonant Raman transfer is not the only
propagating beams. The vibrational sidebands are resolvgstocess causing a departure frgqm=3,n=0). Indeed, a
(Fig. 5 and from the height of the red sideband we deduce&component ofr_ polarization of the repumping beam would
the population of the>0 vibrational statef11]. Both mea-  excite atoms ifm=3). The measurement of the steady-state
surements are in agreement at the 5% level. polarization without Raman coupling shows that the excita-

The measured #&/cooling time constant is 2.5 ms. Such a tion rate of|m=3) is smaller than 0.01'. The heating pro-
cooling is obtained for an intensity of the repumping beam ofduced by this excitation is smaller than or on the order of
2.4X10 2l ¢, wherelg,=1.1 mW/cnt is the saturation in- 0.01E,Jl"’. For atoms resonant with then=3,n=1)—|m
tensity. This beam intensity corresponds to a calculated en=2n=0) transition, this would lead to a steady-state popu-
ergy width of|m=2) #I'’=hx 4.8 kHz. The MB has a lin- |ation in the excited vibrational states of 0.003 much smaller
ear polarization witha=20° corresponding to a Raman than the measured one. However, atoms detuned by 12 kHz
coupling |[m=3n=1)—|m=2n=0) of hx2.5kHz. This (the typical width of the distribution of oscillation frequency
ground-state population of 8% is slightly lower than the in the cloud experience a smaller cooling rate and, therefore,
value[92(5)%] we previously obtained with sideband Ramanthe steady-state population of excited states increases to
cooling of unpolarized atoms involving the two hyperfine about 1% for these atoms.

Nat (a.u)

-100 -50 0 50 100
é (kHz)

A. Measured temperature

states F=3) and|F=4) [11]. Finally, heating due to multiple photon scattering within
the cloud is likely to bring a negligible contribution to the
B. Discussion observed mean vibrational number because the optical den-
sity is only 2.

The expected equilibrium temperature can easily be cal-
culated in the Lamb-Dicke regime whete<1 if the equi-
librium is set by nonresonant excitation frgm=3,n=0) to
|m=2), [25-27. The following simple argument gives the ~ The Raman transfgm=23,n)—|m=2n—-1) is resonant
equilibrium temperature in the limit where the Raman cou-when the Zeeman splitting is equal to the vibrational energy.
pling is much smaller than the lifetimE’ of |m=2). For  Figure §a) shows this resonant behavior of the cooling as a
7<1, we can neglect any change of vibrational level duringfunction of magnetic field. For a Zeeman splitting equal to
the repumping process. Furthermore, the Raman transfer i2w,g., a transfeim=3,n)—|m=2n-2) is resonant. But
ducing a change of the vibrational level ky 2, of orderz, with a linear polarization of the MB, such a transfer is for-

C. Effect of the polarization of the MB
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P — P E— state of the vertical cooling is an equilibrium between heat-
ing processes like excitation by the. component of the
28 28 : ;

o s repumper and the cooling itself. Spontaneous photons are
24} T o24p emitted at a rate proportional to the intensity of the repump-
s 9 | twee s | = ol wose s | ing Iase.r an_d the spontaneo_us photons e_mitted in the_hori-
) | | ! zontal directions are responsible for a heating of the horizon-

L 120 160 200 L 120 100 200 tal motion. To achieve a heating smaller than the cooling rate

w. (kiz) w. (k11z) due to the collisions, the power of the repumper should thus

be small enough. Figure 7 also indicates that the cooling in
FIG. 6. rms width of the vertical velocity distribution obtained the vertical direction is affected by the energy in the horizon-
after 30 ms of cooling as a function of the Zeeman splitting betweeng| planes since the rms velocity in the vertical direction
adjacent Zeeman levelso= viimwosd2 is the rms width of the  tends slowly to the ground state rms velocity as the horizon-
vibrational ground state. The polarization of the MB is lineatdn ] temperature decreases.
and elliptical in(b). In the horizontal plane, we could achieve a temperature
T=2.8uK (kgT=0.7h w9 Which corresponds to a mean
bidden(no coupling between levels of same parity as showrkinetic energy per degree of freedom of La3,./4. For such
in Fig. 3 of Sec. IlIQ. In contrast, when we choose an a low horizontal temperature, the energy transfer between the
elliptical polarization of the MB, cooling on the second side- horizontal and vertical degrees of freedom due to the colli-
band is observef@Fig. 6(b)]. This cooling is weak because sions is very inefficient. Indeed, we explain in Sec. VIIIE,
the Raman coupling is very small for a small Lamb-Dickethat for small horizontal temperatures, the rate of energy
parameter. In this case, as expected, almost no cooling igansfer due to collisions goes down exponentially with a

observed on the first sideband. factor exp-2fiw.s/ (kgT) as the temperature decreases. This
factor, which is 0.5 for the typical initial horizontal tempera-
V. COOLING THE HORIZONTAL MOTION ture kgT=3%w,s), is only 0.06 for the final temperature.

T | the horizontal d f freed ith th . Thus, even if the vertical equilibrium temperature of the
0 cool the horizontal degrees ot freedom wi € Vert- sigeband coolind ¢qis much smaller thar w,., We expect

cal gidebanq co.oling, a transfgr of energy from horizpntal Qhat the rate of the horizontal cooling decreases exponen-
vertical motion is needed. This transfer can be provided b¥ially as kaT<%o Small external sources of heating
B osc*

collisions between atoms and efficient cooling of the thregNOulol then cause the horizontal cooling to stop befbge
geg;er'en:e(ztgesgglmshés 2ﬁecr:alds'rggkr)];rtwrgtsgolIngahgﬁeoﬁgr'- has been reached. This inhibition of the coupling between the
Xper ’ vert ! g, " vertical and horizontal degrees of freedom for temperatures

zontal temperature drops fronT,=T,=13uK to T, . ' T ;
~ = A smaller thari w,s. is an important limitation of 3D cooling
=2.7uK andT,=1.6 uK as presented in Fig. 7. For these using 1D sideband cooling and collisions.

data, the cooling rate of the vertical motion is much higher The highest phase-space density obtained nPs%
than the horizontal one. The intensity of the repumping beam_ 3 S B

is decreased to about X80 3l which is about 10 times =1.3x10 %, whereApg=fiy2m/mksT is the de Broglie
smaller than the power that leads to the most effective coolVaVe- length antﬁ Is the peak atomic density. This is ob-
ing of the vertical motion. This is due to the heating of the [in€d after cooling to a temperatukgT,=kgT, = 4.3 uK
horizontal motion experienced by the atoms even after reactf!Ith abozut 450 atoms per microtraps at a peak dernsity
ing the steady state of the vertical motion. Indeed, the steady #* 10' atoms/cr.

24 : : : : VI. AMETHOD TO COOL FURTHER: CHANGE
R ZIRL {28 OF POLARIZATION ANGLE  a

2
18 F
1.6
14
1.2

1

To overcome the decrease of the cooling efficiency of the
horizontal motion as the temperature decreases, we changed
the parameters of the trap during the sideband cooling. More
precisely, the ratio of the horizontal to the vertical oscillation
frequencies is increased. Thus, if the change is done adiabati-
cally with respect to the oscillation of the atoms, the ratio of
the energy of the horizontal motion to the energy of the
vertical motion will increase. More pairs of colliding atoms
will then have a horizontal energy sufficient to populate the

FIG. 7. Evolution of the rms velocity width in the verticah) exci.ted vibrgtional _states after the coIIision.. Th.is change is
and the horizontalX) directions as a function of the cooling time. realized by increasing the angteof the polarization of the

v, is the width of the ground state of motion in the vertical direc- MB With respect to the horizontal direction, using a retard-
tion. Note, at very short cooling time, the initial increase of the 80l wave plate on a time scale of about 10 ms. With a large

velocity spread in the horizontal direction. It is due to the sponta-2ngle a, the contrast of the interferences between the two
neously emitted photons required for the sideband cooling of thérapping beams is reduced leading to a decrease of the verti-
vertical motion. cal oscillation frequency by a factofcos(). Because the

Yrmsg
vo

0 200 400 600 800 1000
T,,‘(,2 7 (ms)
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40 T T T T T than the measured loss rate due to collisions with the back-
/8, Wose = 80KHz Wose = 52 kHaz ground gag0.4(1) s 1].
30 \ i We believe that these losses are due to exothermic colli-
bl S sions assisted by the repumper ligB8]. However, a clear
20 e o i dependence of the loss rate on the density of atoms charac-
R R T NN teristic of such a two-body loss mechanism could not be
i obtained. Indeed, due to the dependence of the temperature
on the number of atoms, only small density changes have
been achieved and no conclusive results could be deduced.
T (ms) For the depth of our tragabout 140uK), the dominant
inelastic light-assisted process is radiative esd2%. We
FIG. 8. Two-step cooling with a decrease of the vertical oscil-give below an estimate of the loss rate due to this process in
lation frequency after 500 ms. Squares, rms velocity width along our experiments, based on earlier calculations made by Juli-
circles, rms vgloci_ty width along. The dashed st_raight lines giye enne and Vig(Je[30]. The loss rate can be writteKing,,
the rms velocity width of the ground state of motion in the vertical wheren,, is the density of excited atoms. For a temperature
direction. of 100 uK, a trap depth of 1 K, and a detuning of the laser of
—TI', K=0.2x 10 1[30]. Becaus& scales with the deptb
of the trap asJ 56 [30], we expecK to be bigger by a factor
1.7x10% in our trap. As the repumping beam in our experi-
ments is on resonance, we may expect a slight change of the
factor K, that we neglect for this estimate. The density of
excited atoms after the first 10 ms of strong vertical cooling,
is mainly determined by excitation of the atoms|in=3)
) L ; due to theo_ component of the repumper. With the experi-
horizontal oscillation frequenclles decrease.only py a faCtOFnentaI parameters and taking a component of bad polariza-
wa/wX1=0.88. At 53 kHz, sideband cooling still works tion of the repumping beam of 5%, is aboutnx 0.6
well, after the corresponding change of the magnitude of thec 104 wheren is the total density of atoms. With a mean
magnetic field. We also found that a decrease of the repUMRtensity n="5x 10 at/cn?, the estimated loss rate is then
ing power by a factor 3.3 was required. Figure 8 gives they 15 s, This loss rate is of the same order of magnitude as
time evolution of the horizontal and vertical velocity distri- the measured one. We note that, contrary to our findings, no
butions before and after the change of the vertical oscillationytom |osses were observed in RE], although the density

frequency. More efficient cooling after the change of the 0sychieved i8] was three times higher than ours.
cillation frequency is clearly visible.

If we assume that the cooling for a large valueaopro-
duceskgT=B%w,, when returning the polarization to its
original value the final horizontal temperature is given by
keTh/(fiws)) = B(wx, /wx,)(wz,/w, ). In this way, we could A. Introduction
produce a horizontal temperature that could not be obtained |n the ground state of motion in the vertical direction,
by cooling only withw, because of the decoupling between atoms are confined in a Gaussian distribution with rms size
horizontal and vertical motions at low temperature. [o=20 nm. On the other hand, the scattering length of ce-
sium atoms that characterizes the collisional properties at
low energy is, for thgF=3m=23) state, negative with an
absolute value larger than 60 fi®,20,23 (The most recent
calculations of Ref[6], based on the analysis of several

Dependence of the measured temperature with the nunkeshbach resonances of RE23] give a=—138 nm) An
ber of atoms has been observed. Both the vertical and thateresting question is then: are the collisional properties al-
horizontal temperatures achieved after 500 ms of cooling artered by the strong 1D confinement as compared to the free-
found to increase with the final number of atoms N about aspace case? With such a high absolute value of the scattering
dT/dN=4x10° uK/atom in the explored rangeN length, for the temperatures in our experiments, the colli-
=40x 10°—90x 10°. However, the cooling efficiency of the sional cross section for free atoms reaches its maximum al-
horizontal motion is expected to increase wittas the col- lowed value of 8r/k? wherek is the wave vector of the
lision rate increases. The positive slap&dN can be due to relative motion. This resonance behavior has been observed
heating by the reabsorption of spontaneous photons or by weak traps by measuring thermalization times as a func-
exothermic light-assisted collisions. tion of temperature[18—20. The quantity 1/0v Tiermy.

We also found that the sideband cooling is accompaniesivheren is the density of atoms, which is expected to be
by losses of atoms: about 50% of the atoms have been lost jproportional to the typical collision cross sectien was
the first 500 ms of the cooling presented in Fig. 7. The corfound proportional to . This was interpreted as a zero-
responding loss rate of about 119s ™ is significantly larger  energy resonance amcwas found equal to 8/k? between 5

Vpms (M)

depth of the trap is reduced whenincreases, the horizontal
oscillation frequencies are also reduced by a facto
V[1+cos@)]/2 that is smaller than the previous factor
VCOS().

Experimentally, we decrease the vertical oscillation fre-
quency fromw21=80(3) t0w22:53(2) kHz, (decrease by a
factor 0.6, corresponding tex going from 29° to 63°. The

VIIl. COLLISIONAL PROPERTIES

VII. DEPENDENCE OF THE TEMPERATURE
ON THE NUMBER OF ATOMS AND ATOM LOSSES
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and 60uK. We give below an analytical derivation, in the the cooling rate of the vertical motion is much larger than the
classical limit kgT>hwys), Of the thermalization time collision rate, most of the atoms are quickly cooled to the
Tiherm- ground state of the vertical motion, while the horizontal mo-
_ In our trap, at temperatures much larger than the vibration is cooled more slowly. At any cooling time, the horizon-

tional energyiiwos., we expect the collisions to be 3D col- 5] temperature is higher than the vertical one. If the vertical

tilggfs.t(l)r(])%eztl’ l)nsgi“zticoans:’ths\,g/%tlogfggeoitoﬁecivneﬁgoo"”g is stopped, the cloud of atoms relaxes towards equi-
' - P q librium. We then measure the time evolution of the widths of
defined wave vectok. The collision of two wave packets

occurs on a spatial scalekl(square root of the cross sec- the velocity distributions along the vertical and horizontal

tion). For the typical wave vectok=mksT/% and for dire_c?ions. We checkf_ad that this _rela_xatio_n is indee(_j due to
ks T>%iw,se this spatial scale is much smaller than the Spa_coII|S|ons by measuring .thermahzatlon .t|mes for different
tial amplitude of the oscillatiort k/(Mw,s) . numbers of atoms—hpem, is found to be inversely propor-
On the other hand, at temperatutlesl <% w,e., Petrov  tional to the number of trapped atoms.

and Shlyapnikov predict drastic changes of the collisional The initial horizontal temperature is varied by changing
and thermalization properties, such as a change of the sign tiie time duration of the sideband cooling phase before mea-
the scattering lengtfd] and an exponentially vanishing rate suring the thermalization time constant. We could thus mea-
of the thermalization between the strongly confined motionsure thermalization times for initial horizontal temperatures
and the transverse ong21]. As a test of these possible varying from 20uK to 4 uK. The maximum temperature is

changes we have investigated the zero-energy resonance apflited by the depth of the trap. Figure 9 presents many
searched for confinement-induced modifications of the thermeasurements of thermalizations Corresponding to various

malization rates at various temperatures. initial temperatures. As the absorption imaging is destructive,
each point in Fig. 9 corresponds to a different experimental
B. Measurements cycle lasting about 2 s. Fluctuations in the number of atoms

A situation out of thermal equilibrium is easily produced for @ given cooling time are about 2%. We check thét,2
by the vertical sideband cooling method described above. As-E. , whereE; andE. are the mean kinetic energies along
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, P does not differ much from thi@| = case. It also shows that

g Axo | for kyT<%iw,e the thermalization time is expected to in-
= s crease exponentially as

S L L]

< Im 1

[y

: 2t Tihern= g7 = €' “osc/kaT. 8.1
- 5 i therm 644 Nop ( )

EOET TS 5 . . .

g As we will show below, this behavior can also be under-

stood assuming that the scattering resonance is still valid but

0 005 01 015 02 025 taking into account the discrete structure of the vibrational
1/Ts (K1) energy in the vertical direction and parity conservation dur-

. . .ing the collision.
FIG. 10. Comparison between experimental results of thermali- 9

zation and theoretical calculations in the temperature interval

(4, 20 uK). The solid line corresponds to the three-dimensional D. Classical calculation ofT e

behavior Eg. (8.9)]. The dashed line results from the quantum cal- e propose here a calculation of the thermalization time

culationg of Petrov and Sthapnistee text A typical error bar i, the limit ks T>7% w,e.. In this condition, the motion of the

for a point at low temperature is shown. atoms can be treated classically. The collisions are the same
as for free atoms and can be considered as “pointlike” be-

the vertical and horizontal axis of the camera, is conserved teause the extension of the cloud is much bigger than the

within about 5%(see Fig. 9. This behavior is expected if the square root of the typical crosssection. Finally we assume

thermalization time is much larger than the oscillation time.that o= 8#/k?.

Indeed, in this case, we expect that the energy is always We are interested in the description of the thermalization

equally distributed between the potential and kinetic energyetween the horizontal motion and the vertical one. Thus we

and that the horizontal velocity distribution stays isotropic. consider the evolution of

C. Results AE=E,- ;E,, (8.2
Figure 10, presents, as a function of temperature, the S . .
quantity 1/03o0 meT ), Wherev . is the initial (i.e., at whereE, andE, are the kinetic energies of the vertical and

the beginning of the thermalizatipmms width of the hori- horizontal motionsAE vanishes at thermal equilibrium. If
zontal motion andT ., is the 1& thermalization time de- we neglect the anharmonicity of the trapping potential, only

duced from an exponential fit to the evolution of the verticaICO"'S'.o.nS can changaE. A (_:o|||3|on where. two atOT“.S of
velocity width. nsp is the initial mean density seen by an velocitiesv, andv, end up with the respective velocitieg
atom. It is averaged over the different vertical microplane®NdVa changesAE by

and the population of the different microplanes is deduced P

_1 2 2 _ 2
from the measured Gaussian vertical distribution of atoms d12-34= 2Mlvg +vy vz v,
and the lattice period. Furthermore we assume that the tem- 1, 2 2 2 2
o o . ) —3(vf +vi —vi —v)] (8.3
perature is identical in all microplanessp is then deduced 233 Tpg Tpr e '

from the temperature measurement and from the vertical and
horizontal oscillation frequencies. The horizontal oscillationwhere the indicep andz refer, respectively, to the horizontal
frequenciegof the order of 175 and 140 Hare measured _and .vertical component of the velocity. Energy conservation
through the heating of the atomic cloud produced by paralmplies
metric drive[31] with a precision of about 5%.

The straight line in Fig. 10 corresponds to the expected S1p.50=3 3M(v3 +v7 —vs —vl). (8.4)
behavior wherkgT># w,s.. It results from the 3xlassical
calculation presented below, where the scattering resonan¢ewe note f(r,v) the phase-space distribution, the rate of
is assumed but where the quantization of the vertical motiomhange ofAE is
is not taken into account. Within our experimental accuracy
and for the explored 4—-2@K temperature range, we have dAE

it i i ——=| d% % | d®vyd3v,divadiv, s W

seen no modification of the scattering resonance induced by ~g; f 4J 107V207V3U V4012 341234
the strong 1D confinement: our measurements are compat-
ible with the classicalcalculation. They are also compatible X[f(r,vy)f(r,vo)—f(r,va)f(r,vy)], (8.5
with the full quantum calculation performed by Petrov and
Shlyapnikov[21] (dashed line in Fig. 10 which departs where Wy, .3,2=W,3 .1, are the collision rates. The factor
significantly from theclassicalcalculation only for tempera- 1/4 cancels the fact that each collision process>@,2—4)
tures much below 4K. The quantum calculation assumes is counted four times.
an oscillation frequency of 80 kHz and a scattering leragth Changing variables in the integral, using the center of
of —60 nm. As this scattering length is already larger thanmass velocity and the angle of deviation in the center of
the size of the ground-state wave function, the calculationmass frameW is
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Ere

g
Wio30= Vo=V P (8.6)

with o=8m/k?, wherek=|v,—v;|m/(2%) is the wave vec-
tor of the relative motion.

Equation(8.5 alone does not give the evolution of the
distribution f. In general, one has to solve the Boltzmann
equation. But, in the collisionless regime, where the time
between two collisions is much longer than the oscillation
period of the atoms in the trap, the problem can be simpli-
fied. In this regime, we do not expect oscillations of the G, 11. Probability distribution of the relative kinetic energy of
cloud and we can assume that, for both the vertical and horihe horizontal motion of a pair of atoms for a temperature of
zontal motion, the distributiohcorresponds to a Boltzmann 3 w,./kj (initial conditions in our experimentsnd a temperature
distribution with temperature§, and T, which may be of 0.51w.s/kg (end of 1D sideband cooling
different.

kBT = 3hwosc

ksT = 0.5hwosc

With such an ansatz fdt and noting that the 3D density i1=nNp 2M/(wesdt), Wherenyp is the 2D
AE=NKp(T,~T,), 8.7) density. Thus the collisional rate satisfies
Eq. (8.5 gives a differential equation fof,—T,. For small hingp
initial deviations from equilibrium, we can linearize the L eon= m - (8.1
equation inT,—T,. With this approximation, the evolution
is exponential with a ¥ time constant -5 is an estimate of the thermalization time between the
15\/— 1 two horizontal degrees of freedom, in agreement with the
T — ” (8.9 rigorous calculation of Ref21] as long as the temperature is
them™ 2 8mh? [kgTo\Y?’ ' not extremely small32].
n m 2 kaT m On the other hand, the thermalization between the hori-
<_> B0 zontal and the vertical degrees of freedom actually takes a
2 m much longer time. Indeed, the energy levels are quantized in

the vertical direction. In order to transfer energy to the ver-
tical motion during a collision, the horizontal kinetic energy
of the atoms has to be at ledsb . before the collision. In
fact, because of parity conservation, only the vibrational
1 > 64\/_ 52 state|n=2) of the relative motion can be populated after the
o .. . .
— = (Ve = ——— , (8.9  collision[21]. Thus, the horizontal energy of the pair of col-
NUmsTtherm 15\ 15 mkgTo liding atoms has to be at leask @,.. Figure 11 presents the
) ] ) _ probability distributionn(E) of the kinetic energy of the
where o(vmg is the cross section for a relative velocity rejative horizontal motion of a pair of atoms, for a tempera-
Urms= VKgTo/m. - ture of 3wy and a temperature of 0ib,e. close to the
As expected, the quantity i nsTem IS inversely pro-  value achieved in our experiments. Because the density of
portional to the temperature. We have thus obtained the NWstates is constant in two dimensions, at a tempera’fure
m_erical factors entering in Eg8.9), which are plotted in n(E) =1/(kgT)exp(—E/(ksT)). Thus, the probability that a
Fig. 10. colliding pair has an energy large enough to populate the
excited states of the vertical motion is

whereT, is the equilibrium temperature andis the mean
density.
We thus find that

E. Inhibition of thermalization when kgT<# w

We now give a simple physical interpretation of the ex- p=expl— 2fhwosc/KpT) . (8.12
ponential decrease of the thermalization rate between the
horizontal and vertical degrees of freedom previously found Among the collisions transferring energy to the vertical
in Ref.[21]. We show that this behavior is due to the quan-motion, we can neglect the exponentially small amount that
tization of the energy levels in the vertical direction and towill transfer an energy larger tharmi2o,s.. Thus, the rate of
parity conservation during the collision process. change of the vertical energy is

The collision rate is

dE,

I'eqi=nvo, 8.1
coll ( @ dt

fingp
22%&)05(7 exp(— 2w kgT). (8.13

where n is the three-dimensional density, is the typical

velocity of the atoms, and is the typical cross section. For This exponential factor is responsible for the drastic inhibi-
keT<fiwg, the horizontal velocity of the atoms is much tion of the cooling of the horizontal motion nedgT
smaller than the typical vertical velocity% w,s/(2m) and =hw.s as already discussed in Sec. V.
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On the other hand, the increase of the vertical energys particularly efficient because, for each spontaneously emit-
needed to reach the thermal equilibrium is, neglecting théed photon, an energy of ordérw.g is removed from the

change of horizontal temperature, system. Atoms are spin polarized =3 and, at high den-
sity, elastic collisions enable 3D cooling of the sample
AE; =i 0os €XP — T s/ KpT). (8.14  through 1D sideband cooling. We have produced atomic
o ) ) samples in which more than 80% of the atoms are in the
Thus, the thermalization tim&em is of the order of vibrational ground state of motion in 1D and with a trans-
verse temperature of Gib/kg=2.8 uK. This realizes a
L: i §~ _nZDﬁ expl — i wos kg T) guasi-2D cold gas. Limitations of this cooling method have
Ttherm AE; dt m os¢i B been identified. First, light-induced atom losses have been

(8.19 observed. Second, cooling of the weakly confined degrees of
freedom by collisions loses its efficiency arourngT

. o =hw.s.- We explained this effect by an exponential slowing
formula of Ref.[21] using a quantum treatment of collisions down of the energy transfer between the weakly and strongly

in 2D. Itis interesting to note that bothE,/dt andAE, are  hfined degrees of freedom. A dynamic method involving

exponentially small but it is the difference in the eXpO”emSchanges of the high oscillation frequency via polarization
that explains the exponential factor Bfeqm-

. Y ) rotation of one of the trapping beams has been proposed and
The most efficient way to detect this exponential depensyyniemented. We have shown that the zero energy scattering
dence OfTerm Would be to compare the thermalization time regonance of cesium was essentially unaffected in the tem-
between the two horizontal degrees of freedomMyerarre range 4—2aK. Within our experimental accuracy,
(=finzp/m) to the thermalization time between them andihis js in agreement with theoretical calculations. Further
the vertical motion. However when the initial horizontal tem- gy, gies could concentrate on collisions affecting only the mo-
perature iskgT<fiwos., even if the initial vertical tempera- ion in the weak confinement directions where dramatic
ture is= 0, the relaxation towards equilibrium corresponds y,qdifications of collisions occur e T=<0.1% Wy [4,2]]

; : =U. osc L4

to an exponentially small change of the horizontal temperap o mising systems for these studies are Bose-Einstein con-
ture and an exponentially small population in the excitedyensates loaded in a far-detuned trap associated with the pos-

vibrational states. The observation of these small changegpility of manipulating the scattering length via Feshbach
would require a very sensitive measurement of the temperaasonances.

ture or of the population of the vertical vibrational states.
Therefore, the easiest choice of parameters to detect this 2D ACKNOWLEDGMENTS
behavior is to operate neBET =% w .
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