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Surface Trap for Cs atoms based on Evanescent-Wave Cooling
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(Received 20 June 1997)

We demonstrate a gravito-optical surface trap for Cs atoms which exploits cooling in an evane
light wave. About 105 atoms were cooled down to 3mK and formed a sample with a mean height o
,20 mm above the surface of a dielectric prism. The trap does not use a magnetic field and lea
very small atomic level perturbations. The excited-state population of the stored atoms is,1.5 3 1026

and collisional losses are strongly suppressed. [S0031-9007(97)04024-6]

PACS numbers: 32.80.Pj, 42.50.Vk
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The specular reflection of atoms from an evanesce
light wave (EW), originally suggested by Cook and Hill in
1982 [1] and first observed in 1987 [2], has attracted gre
interest to realize mirrors, resonators, and waveguides
atoms [3].

Efforts to confine the motion of atoms with the help o
EW mirrors have so far focused on the conservative, i.
nondissipativeor coherent case, motivated by the possibi
ity to construct matter-wave resonators [4,5]. Importa
experimental steps have been made with the observat
of cold atoms bouncing in the field of gravity on a flat EW
mirror [6] and with the demonstration of the confinemen
of atoms in a gravito-optical cavity based on a curve
EW [7].

Recent work has shown that the reflection of atom
from an EW can also act in adissipativeway [8–12]:
Inelastic reflection processes can efficiently extract ener
from the atomic motion which opens a way to cool atom
in novel gravito-optical traps with the prospect to obtai
very dense samples [9,10]. Experimentally, single coolin
EW reflection processes were studied with a thermal N
atomic beam at grazing incidence [11] and with a co
ensemble of Cs atoms dropped onto the EW at norm
incidence [12].

In this Letter, we present a novel gravito-optical surfac
trap (GOST) in which we use EW cooling to store a
ensemble of Cs atoms closely above a flat dielectr
surface. In our trap, schematically shown in Fig. 1
horizontal confinement is provided by the conservativ
optical dipole potential of a hollow, cylindrical laser
beam, far blue detuned from the atomic resonance.

The EW cooling mechanism in the GOST is based o
the splitting of the2S1y2 ground state of Cs into two
hyperfine sublevels withF  3, 4. Because of the much
smaller hyperfine splitting of the excited2P3y2 state, we
can model the atom as a three-level scheme [10] with tw
ground states separated bydhfsy2p  9.2 GHz and one
excited state. The EW is linearly polarized and tune
to the blue side of both transitions with correspondin
frequency detuningsdF  dew (for F  3) and dF 
dew 1 dhfs (for F  4). The interaction with the EW
leads to light shifts of the atomic levels and thus results
0031-9007y97y79(12)y2225(4)$10.00
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repulsive ground-state potentials for the atomic motion

UF szd 
G

dF

l3

8p2c
I0 exps22zyLd , (1)

which depend on the distancez from the surface and the
hyperfine stateF, but not on the particular magnetic sub
state [10]. HereG  2p 3 5.3 MHz and l  852 nm
denote the natural linewidth and the wavelength of t
optical transition, andI0 and L represent the maximum
intensity and the decay length of the EW.

As inelastic reflection takes place when the atom ent
the EW in theF  3 state and, by scattering an EW
photon during the reflection process, is pumped in
the less repulsiveF  4 state. In such a spontaneou
transition the potential energy is reduced according
the ratio of the detunings bydewysdew 1 dhfsd and the
atom loses energy in an elementary “Sisyphus” proc
[9–12]. The mean energy lossDE' from the motion
perpendicular to the surface per inelastic reflection
found to be DE'yE'  2

2
3 dhfsysdew 1 dhfsd, where

E'  my
2
'y2 is the kinetic energy of the incoming

atom. The probability for spontaneously scattering
EW photon during the reflection is given bypsp 
mLGy'y"dew as far aspsp ø 1; here m denotes the
atomic mass. With the branching ratioq  0.25 of the
excited state to theF  4 ground state, the probability fo

FIG. 1. Illustration of the gravito-optical surface trap.
© 1997 The American Physical Society 2225
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a cooling reflection ispcool  qpsp. The cooling cycle
can be closed by repumping the atom into theF  3 state
shortly after the reflection. An atom repeatedly bouncin
in the field of gravity on a horizontal surface with a tim
tr  2y'yg between two successive reflections then los
its vertical kinetic energy with an average rate

b  pcool
DE'

E'

t21
r 

q
3

dhfs

dew

mgL

h̄sdew 1 dhfsd
G . (2)

An additional cooling is caused by the average mome
tum transfer of1.5h̄k in the repumping process, if the
repumping beam is directed downward [10]. The fin
temperature attainable with EW cooling is recoil limite
to a value of the order of10h̄2k2ymkB ø 2 mK [10], simi-
lar to an optical molasses [13].

The EW that forms the bottom of the GOST (see Fig.
is produced on the flat horizontal surface of a fused-sili
prism by total internal reflection of the 60-mW beam d
livered by a laser diode (SDL-5712-H1). The diameter
the nearly round, Gaussian-shaped EW spot on the s
face is 950mm (1ye intensity drop); the EW polariza-
tion is linear and perpendicular to the plane of incidenc
For the angle of incidence ofu  49.2± and the refractive
index of n  1.45, we calculate an EW decay length o
L  ly2pfn2 sin2sud 2 1g21y2  0.30 mm and a peak
intensity ofI0  2.9 3 104 mWycm2. We set the detun-
ing todewy2p  s1.0 6 0.1d GHz , which leads to optical
potentials in the center of the EW spot withU3s0dykB .
2.9 mK and U4s0dykB . 280 mK. The influence of the
van-der-Waals attraction [12,14] reduces the potential b
riers to about 1.8 mK and 110mK, respectively, but has
only a minor effect on the cooling dynamics.

The upward directed hollow beam (HB) used fo
horizontal confinement in the GOST is produced b
imaging the 300-mW output of a Ti:Sapph laser with
spherical lens (achromatic-doublett, focal length 100 m
in combination with anaxicon lens [15] (conical glass
substrate, base angle 10 mrad). By this means
obtain a ring-shaped focus with an inner and outer1ye
diameter of 700 and 750mm, respectively. In order
to clean the inner region of the HB from scattere
and diffracted light, we place a 650mm “dark spot”
right into the center of the ring-shaped focus, which w
then image with a 150-mm achromatic doublett one
one onto the prism surface. The HB contains a to
power of 120 mW and is far detuned by about 0.3 nm
corresponding todhby2p ø 100 GHz. In the whole
central region imaging the dark spot, the HB contains f
less than 1 mW. The potential barrier provided by the H
amounts toUhbykB ø 100 mK.

The GOST is loaded from a standard magneto-opti
trap (MOT), which is placed right into the center of th
HB about 800mm above the prism surface. The MOT
is operated with two diode lasers generating the tw
frequencies needed for cooling and trappingsF  4 !

F0  5d and repumpingsF  3 ! F0  4d. The MOT
beams have a diameter of,1 cm and a central intensity
2226
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of ,7 mWycm2. One pair of the MOT beams is aligned
parallel to the surface, the two other mutually orthogon
pairs pass through the surface under an angle of645±.
The MOT is loaded from the low-velocity tail of an
effusive Cs atomic beam. In accordance with [16] w
observe that, under stationary conditions, the proximity
the surface leads to an about four times reduced numb
of trapped atoms.

After capturing,3 3 105 atoms within 1.5 s, we switch
the MOT detuning from22G to 210G to cool the atoms
down to ,12 mK. After further 20 ms we mechani-
cally shutter the MOT beams and switch off the magnet
field and thus release the atoms into the GOST, f
which all the necessary three laser beams are switched
by means of acousto-optical modulators. The downwa
directed GOST repumping beam (diameter 2 mm, pow
50 mW) is derived from the main MOT laser field through
a 2240 MHz acousto-optical frequency shift and is thu
tuned about7 G below theF  4 ! F0  4 transition.

In a first, qualitative experiment we detected the atom
in the GOST by fluorescence imaging with a slow-sca
CCD camera. As the fluorescence induced by this tra
itself is extremely weak, we turned on the MOT beam
(without magnetic field) for a short 5-ms interval after th
GOST was active for 1 s. Figure 2 shows a combine
picture of atoms in the GOST (central spot) together wit
a MOT image (upper spot) taken before the transfer in
the GOST. The mirror image of the MOT from the
dielectric surface (lower spot) allows us to determine th
relevant location of the surface (dashed line). One clear
sees that the atoms cooled in the GOST are collected
close vicinity of the surface.

FIG. 2. Combined fluorescence images of atoms in the GOS
and in the MOT taken by a CCD camera with its optical axi
at a small angle of,5

±

with respect to the surface. Upper
spot, MOT; middle spot, GOST; lower spot, mirror image o
the MOT. The dashed line indicates the surface.
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We measured the lifetime of atoms in the GOST by
capturing them into the MOT after a variable time. A
the atomic beam is blocked and loading from the
background gas in our vacuum chamber is negligible,
atoms other than the ones from the GOST are recaptu
Therefore the integrated MOT fluorescence after recap
normalized to the one before release into the GOST
precise measure for the numberN of atoms in the GOST
relative to the initial numberN0 ø 3 3 105 released into
it. Figure 3 shows the results that we obtained in this w
for two different values of the rest gas pressure in our
paratuss p  4.2 3 10210 mbar and7.6 3 10210 mbard.
After ,1s the decay is found to be exponential with1ye
lifetimes of s6.0 6 0.1d s ands3.2 6 0.1d s respectively.
These results suggest that, besides small transfer loss
,30% observed in the first second, losses from the GO
are essentially due to rest gas collisions.

For measuring the vertical and horizontal temperatu
Ty andTh in the GOST, we use a time-of-flight method
We switch off either the EW or the HB for a short tim
interval Dtew or Dthb , respectively, a few 100 ms befor
the recapture into the MOT takes place. This leads to
additional loss of atoms from the GOST either by hittin
the prism surfacesDtew fi 0d or by escaping horizontally
out of the trapsDthb fi 0d. With the assumption of a
Boltzmann distribution in phase space and a free ballis
flight, it is straightforward to calculate the number
remaining atoms as a function ofDtew or Dthb . A fit to the
experimental data then yields the vertical and horizon
temperature. Figures 4(a) and 4(b) show an example
such a pair of measurements ofTy andTh, which was made
after 4 s of storage and cooling in the GOST. We find th
the assumption of a Boltzmann distribution fits always ve
well to the experimental data points.

The vertical measurement displayed in Fig. 4(
yields Ty  s3.0 6 0.1d mK. At this low tempera-
ture the mean time between two bounces is 2.2 m
corresponding to 450 bounces per second. The m
probability for an incoherent bound ispsp  3.5% and
thus for a cooling bouncepcool  0.9%. According
to the Boltzmann distribution, the vertical dependen

FIG. 3. Number of atoms in the GOST as function of stora
time at a rest gas pressure of4.2 3 10210 mbar s≤d and
7.6 3 10210 mbar s±d. The solid lines are exponential fits.
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of the atomic density obeys the barometric equati
nszd  n0 exps2mgzykBTyd outside of the EW poten-
tial sz * ld. In our case the1ye height is as low as
kBTyymg  19 mm.

The horizontal measurement shown in Fig. 4(b) yiel
a temperatureTh  s3.1 6 0.3d mK, which is equal to
the vertical one within the experimental uncertainty. A
the anisotropic EW cooling mechanism is expected to
only upon the vertical motion, this surprising observatio
of equal temperatures in the GOST indicates the prese
of a substantial coupling mechanism between the verti
and horizontal motion.

In order to study the cooling dynamics, we hav
performed a series of measurements on the temperat
Ty and Th as a function of the storage time in th
GOST; the results are shown in Fig. 5. The initia
conditions,Ths0d  12 mK and Tys0d ø 90 mK, are set
by the temperature and height of the MOT. We obser
that the vertical temperature drops rapidly and reaches,
5 mK within only 1 s. Then it approaches the steady sta
of ,3 mK within a few more seconds. The horizonta
temperature first shows a slight increase fort , 500 ms
when Ty still exceedsTh. Then, within about 2 s, the
horizontal motion cools down toward its steady state clo
to the vertical temperature. These measurements cle
show the influence of a horizontal-vertical coupling.

As a possible cause for this coupling, we could rule o
a significant effect of elastic Cs-Cs collisions in addition
experiments with about ten times less atoms, whi
showed essentially the same behavior as in Fig. 5. W
believe that the diffusive EW reflection recently observe
in [17] is responsible for the coupling. We studied th
mechanism in Monte Carlo simulations of the EW coole
atomic motion, in which we assumed each bounce
deviate by a random rms anglefdiff from specularity.
We obtained satisfying agreement with the experimen
observations for a diffusive angle offdiff  80 mrad (see
solid line in Fig. 5) which, for the standardly10 polishing
of our prism, is consistent with the observations report
in [17].

In our theoretical fit to the experimental data of Fig.
we kept the EW cooling rateb and a horizontal and
vertical heating rate as free parameters. In agreement w

FIG. 4. Time-of-flight measurements of the vertical (a) an
horizontal (b) temperature in the GOST after a 4-s storage.
2227
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FIG. 5. Temporal evolution of the verticals±d and horizontal
spd temperature in the GOST. The solid line is a fit accordin
to the theoretical model described in text.

Eq. (2) predicting1yb  s400 6 40d ms, the fit result is
1yb  s380 6 20d ms. For the total heating the fit gives
,6 mK s21, which is about a factor of two higher than
predicted by EW cooling theory [10]. We found tha
the scattering of photons from the HB contributes to th
additional heating, but there may be also other caus
like intensity fluctuations of the laser fields or residua
magnetic fields. For the heating rates we can estim
an upper bound for the total photon scattering rate in t
GOST, which is&50 photons per atom and second.

An important quantity for applications of optical trap
in high-resolution spectroscopy, as discussed in [18],
the mean light shift experienced by the atoms. In th
case of atoms bouncing in a gravito-optical trap, one c
derive the simple expressiondns  mgLy4p h̄ for the
time-averaged shift, which for our conditions in the GOS
givesdns ø 500 Hz.

Under our present loading conditions, we obtain num
ber densitiesn0 of up to about2 3 1010 cm23 at a tem-
perature of 3mK corresponding to a mean sample heigh
of 19 mm. This gives a maximum phase-space dens
of n0 s2p h̄2ymkBT d3y2 ø 1.3 3 1025, which is similar
to the values obtained in an optimized Cs MOT [19
the elastic collision rate is estimated to be of the ord
of 1 s21. Much higher number and phase-space den
ties in the GOST can be obtained in a straightforwa
way by increasing the number of atoms provided by th
MOT. Here a factor of 100 or even much more is attai
able with a high-flux, laser-decelerated atomic beam [2
With such an improved loading, the GOST offers an eno
mous potential for future experiments at much higher de
sities because losses by hyperfine-changing and exc
state collisions are dramatically suppressed as compa
to a MOT [10]. From our results we estimate the fractio
of atoms in the upper hyperfine state to be in the range
1024 1025, and the fraction in the optically excited stat
to be as low as,1.5 3 1026.

In future experiments, we plan to explore the possibili
of evaporative cooling [21] in a far-detuned version o
the GOST by lowering the optical trap potentials. W
furthermore intend to use the GOST as a starting po
2228
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for loading two-dimensional optical traps [22–24] and to
study the collision dynamics in such a system of reduce
dimensionality. Moreover, we plan to investigate possibl
applications of the GOST for high-resolution spectroscop
of optical and radio-frequency transitions.
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