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Surface Trap for Cs atoms based on Evanescent-Wave Cooling
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We demonstrate a gravito-optical surface trap for Cs atoms which exploits cooling in an evanescent
light wave. About 16 atoms were cooled down to 3K and formed a sample with a mean height of
~20 wm above the surface of a dielectric prism. The trap does not use a magnetic field and leads to
very small atomic level perturbations. The excited-state population of the stored aterh$ix 1076
and collisional losses are strongly suppressed. [S0031-9007(97)04024-6]

PACS numbers: 32.80.Pj, 42.50.Vk

The specular reflection of atoms from an evanescentepulsive ground-state potentials for the atomic motion

light wave (EW), originally suggested by Cook and Hill in I 3

1982 [1] and first observed in 1987 [2], has attracted great Ur(z) = 5. 820 b0 exp(—2z/A), (1)
interest to realize mirrors, resonators, and waveguides for, . Fe

atoms [3] which depend on the distanedrom the surface and the

. . . hyperfine statd~-, but not on the particular magnetic sub-
Efforts to confine the motion of atoms with the help of state [10]. Herel' = 27 X 53 MHz and A = 852 nm

EW mirrors have so far focused on the conservative, i.e. . ;
nondissipativeor coherent case, motivated by the possibil-der?o'[e the U‘?‘t“fa' linewidth and the wavelength of the
ity to construct matter-wave resonators [4,5]. Importan ptlca! transition, ando and A. represent the maximum
experimental steps have been made with the observatidRteNSIty anq the dec'ay length of the EW.

of cold atoms bouncing in the field of gravity on a flat EW As inelastic reflection takes place when the atom enters

mirror [6] and with the demonstration of the confinementthe EW in theF =3 state and, by scattering an EW

of atoms in a gravito-optical cavity based on a curveo‘OhOtOn during .the reflection process, is pumped into
EW [7]. the less repulsivek = 4 state. In such a spontaneous

ransition the potential energy is reduced according to
he ratio of the detunings b$e./(Sew + Ones) and the
tom loses energy in an elementary “Sisyphus” process

Recent work has shown that the reflection of atom
from an EW can also act in dissipativeway [8—12]:
Inelastic reflection processes can efficiently extract energ X
from the atomic motion which opens a way to cool atom 9-12]. _The mean energy lOS&EL. from .the motion
in novel gravito-optical traps with the prospect to Obtainperpendlcular to the surfage per inelastic reflection is
very dense samples [9,10]. Experimentally, single coolind®Und t0 2be AE,JE| = —38nis/(8ew + Onis), Where
EW reflection processes were studied with a thermal N&+ = mv1/2 is the kinetic energy of the incoming
atomic beam at grazing incidence [11] and with a cold@om. The probability for spontaneously scattering an
ensemble of Cs atoms dropped onto the EW at normdfW photon during the reflection is given by, =
incidence [12]. mAF_vL/ﬁaeW as_far aspsyp < 1; hergm denotes the

In this Letter, we present a novel gravito-optical surfaceatomic mass. With the branching ratjo= 0.25 of the
trap (GOST) in which we use EW cooling to store an€xcited state to th& = 4 ground state, the probability for
ensemble of Cs atoms closely above a flat dielectric
surface. In our trap, schematically shown in Fig. 1, repumping e
horizontal confinement is provided by the conservative beam *
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 on atoms in MOT 4
the splitting of the2S;,, ground state of Cs into two atomsinGOST—. N A 3 )
hyperfine sublevels witli’ = 3,4. Because of the much o O ew
smaller hyperfine splitting of the excitéd;,, state, we ) 5
can model the atom as a three-level scheme [10] with two posm >< hb

ground states separated By;/27 = 9.2 GHz and one
excited state. The EW is linearly polarized and tuned
to the blue side of both transitions with corresponding
frequency detuning®r = 6. (for F = 3) and 6y = beam
Sew + Ongs (for F = 4). The interaction with the EW hollow beam

leads to light shifts of the atomic levels and thus results in  FIG. 1. lllustration of the gravito-optical surface trap.

EW laser L~
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a cooling reflection ispcoo1 = gpsp- The cooling cycle of ~7 mW/cm?. One pair of the MOT beams is aligned
can be closed by repumping the atom into fhe= 3 state  parallel to the surface, the two other mutually orthogonal
shortly after the reflection. An atom repeatedly bouncingpairs pass through the surface under an angle-45°.

in the field of gravity on a horizontal surface with a time The MOT is loaded from the low-velocity tail of an
t. = 2v, /g between two successive reflections then losegffusive Cs atomic beam. In accordance with [16] we

its vertical kinetic energy with an average rate observe that, under stationary conditions, the proximity of
AE, g Sui mgA the surface leads to an about four times reduced number
B = Peool ——1; ' : I'. (2) oftrapped atoms.

E, 3 Bew fi(Bew + Bnrs) After capturing~3 X 10° atoms within 1.5 s, we switch
An additional cooling is caused by the average momenthe MOT detuning from-2I" to —101I" to cool the atoms
tum transfer of1.54k in the repumping process, if the down to ~12 uK. After further 20 ms we mechani-
repumping beam is directed downward [10]. The finalcally shutter the MOT beams and switch off the magnetic
temperature attainable with EW cooling is recoil limited field and thus release the atoms into the GOST, for
to a value of the order of0?k?/mkg ~2 uK [10], simi-  which all the necessary three laser beams are switched on
lar to an optical molasses [13]. by means of acousto-optical modulators. The downward

The EW that forms the bottom of the GOST (see Fig. 1)directed GOST repumping beam (diameter 2 mm, power
is produced on the flat horizontal surface of a fused-silicd0 uW) is derived from the main MOT laser field through
prism by total internal reflection of the 60-mW beam de-a —240 MHz acousto-optical frequency shift and is thus
livered by a laser diode (SDL-5712-H1). The diameter oftuned abou? I" below theF = 4 — F’ = 4 transition.
the nearly round, Gaussian-shaped EW spot on the sur- In a first, qualitative experiment we detected the atoms
face is 950um (1/e intensity drop); the EW polariza- in the GOST by fluorescence imaging with a slow-scan
tion is linear and perpendicular to the plane of incidenceCCD camera. As the fluorescence induced by this trap
For the angle of incidence & = 49.2° and the refractive itself is extremely weak, we turned on the MOT beams
index of n = 1.45, we calculate an EW decay length of (without magnetic field) for a short 5-ms interval after the
A = A/27[n?sirt(@) — 1]7Y/2 = 0.30 um and a peak GOST was active for 1's. Figure 2 shows a combined
intensity ofl, = 2.9 X 10* mW/cn?. We set the detun- picture of atoms in the GOST (central spot) together with
ingto .y /27w = (1.0 = 0.1) GHz , which leads to optical a MOT image (upper spot) taken before the transfer into
potentials in the center of the EW spot with(0)/kz =  the GOST. The mirror image of the MOT from the
2.9 mK and U4(0)/kp = 280 uK. The influence of the dielectric surface (lower spot) allows us to determine the
van-der-Waals attraction [12,14] reduces the potential barelevant location of the surface (dashed line). One clearly
riers to about 1.8 mK and 110K, respectively, but has sees that the atoms cooled in the GOST are collected in
only a minor effect on the cooling dynamics. close vicinity of the surface.

The upward directed hollow beam (HB) used for
horizontal confinement in the GOST is produced by
imaging the 300-mW output of a Ti:Sapph laser with a
spherical lens (achromatic-doublett, focal length 100 mm)
in combination with anaxicon lens [15] (conical glass
substrate, base angle 10 mrad). By this means we
obtain a ring-shaped focus with an inner and ouité¢
diameter of 700 and 75@m, respectively. In order
to clean the inner region of the HB from scattered
and diffracted light, we place a 650m “dark spot”
right into the center of the ring-shaped focus, which we
then image with a 150-mm achromatic doublett one to
one onto the prism surface. The HB contains a total
power of 120 mW and is far detuned by about 0.3 nm,
corresponding tody,/27 = 100 GHz. In the whole
central region imaging the dark spot, the HB contains far
less than 1 mW. The potential barrier provided by the HB
amounts ta/y, /kp = 100 wK.

The GOST is loaded from a standard magneto-optical
trap (MOT), which is placed right into the center of the
HB about 800um above the prism surface. The MOT ] , ,
is operated with two diode lasers generating the twd!G. 2. Combined fluorescence images of atoms in the GOST

f . ded f i dt o= 4 and in the MOT taken by a CCD camera with its optical axis
requencies needed for cooling and trappig= 4 — at a small angle of~5 with respect to the surface. Upper

F' =5) and repumpingF = 3 — F' = 4). The MOT  gpot, MOT; middle spot, GOST; lower spot, mirror image of
beams have a diameter ofl cm and a central intensity the MOT. The dashed line indicates the surface.
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We measured the lifetime of atoms in the GOST by re-of the atomic density obeys the barometric equation
capturing them into the MOT after a variable time. Asn(z) = no exp(—mgz/kgT,) outside of the EW poten-
the atomic beam is blocked and loading from the Cdial (z = A). In our case thel/e height is as low as
background gas in our vacuum chamber is negligible, n@sT,/mg = 19 um.
atoms other than the ones from the GOST are recaptured. The horizontal measurement shown in Fig. 4(b) yields
Therefore the integrated MOT fluorescence after recaptura temperaturel’, = (3.1 = 0.3) uK, which is equal to
normalized to the one before release into the GOST is the vertical one within the experimental uncertainty. As
precise measure for the numbérof atoms in the GOST the anisotropic EW cooling mechanism is expected to act
relative to the initial numbeN, = 3 X 10’ released into only upon the vertical motion, this surprising observation
it. Figure 3 shows the results that we obtained in this wayf equal temperatures in the GOST indicates the presence
for two different values of the rest gas pressure in our apef a substantial coupling mechanism between the vertical
paratus(p = 4.2 X 107 mbar and7.6 X 107! mbaj.  and horizontal motion.

After ~1s the decay is found to be exponential witfe In order to study the cooling dynamics, we have
lifetimes of (6.0 = 0.1) s and(3.2 = 0.1) s respectively. performed a series of measurements on the temperatures
These results suggest that, besides small transfer lossesTqf and T, as a function of the storage time in the
~30% observed in the first second, losses from the GOSTGOST; the results are shown in Fig. 5. The initial
are essentially due to rest gas collisions. conditions,T(0) = 12 uK and T, (0) = 90 uK, are set

For measuring the vertical and horizontal temperatureby the temperature and height of the MOT. We observe
T, andT, in the GOST, we use a time-of-flight method. that the vertical temperature drops rapidly and reaches
We switch off either the EW or the HB for a short time 5 wK within only 1 s. Then it approaches the steady state
interval Az.,, or Arn,p,, respectively, a few 100 ms before of ~3 uK within a few more seconds. The horizontal
the recapture into the MOT takes place. This leads to atemperature first shows a slight increase fox 500 ms
additional loss of atoms from the GOST either by hittingwhen T, still exceedsT,. Then, within about 2 s, the
the prism surfacéAz.,, # 0) or by escaping horizontally horizontal motion cools down toward its steady state close
out of the trap(Amyp, # 0). With the assumption of a to the vertical temperature. These measurements clearly
Boltzmann distribution in phase space and a free ballistishow the influence of a horizontal-vertical coupling.
flight, it is straightforward to calculate the number of As a possible cause for this coupling, we could rule out
remaining atoms as a function Af., or Ar,,. Afittothe  a significant effect of elastic Cs-Cs collisions in additional
experimental data then yields the vertical and horizontaéxperiments with about ten times less atoms, which
temperature. Figures 4(a) and 4(b) show an example f@howed essentially the same behavior as in Fig. 5. We
such a pair of measurementsigfandT;,, which was made believe that the diffusive EW reflection recently observed
after 4 s of storage and cooling in the GOST. We find thain [17] is responsible for the coupling. We studied this
the assumption of a Boltzmann distribution fits always verymechanism in Monte Carlo simulations of the EW cooled
well to the experimental data points. atomic motion, in which we assumed each bounce to

The vertical measurement displayed in Fig. 4(a)deviate by a random rms anglg,¢r from specularity.
yields 7, = (3.0 = 0.1) uK. At this low tempera- We obtained satisfying agreement with the experimental
ture the mean time between two bounces is 2.2 mspbservations for a diffusive angle &f;¢;; = 80 mrad (see
corresponding to 450 bounces per second. The measolid line in Fig. 5) which, for the standang/ 10 polishing
probability for an incoherent bound is,, = 3.5% and  of our prism, is consistent with the observations reported
thus for a cooling bouncepcer = 0.9%. According in [17].
to the Boltzmann distribution, the vertical dependence In our theoretical fit to the experimental data of Fig. 5

we kept the EW cooling ratg8 and a horizontal and
vertical heating rate as free parameters. In agreement with
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FIG. 3. Number of atoms in the GOST as function of storage

time at a rest gas pressure df2 X 107" mbar(e) and FIG. 4. Time-of-flight measurements of the vertical (a) and

7.6 X 107! mbar (o). The solid lines are exponential fits. horizontal (b) temperature in the GOST after a 4-s storage.
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for loading two-dimensional optical traps [22—24] and to

X 2 study the collision dynamics in such a system of reduced
320 dimensionality. Moreover, we plan to investigate possible
et 15 applications of the GOST for high-resolution spectroscopy
3 of optical and radio-frequency transitions.
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FIG. 5. Temporal evolution of the verticéb) and horizontal frame of the Gerhard-Hess-Programm.
(*) temperature in the GOST. The solid line is a fit according
to the theoretical model described in text.
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