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Creating a low-dimensional quantum gas using dark states in an inelastic
evanescent-wave mirror

R. J. C. Spreeuw,D. Voigt, B. T. Wolschrijn, and H. B. van Linden van den Heuvell
Van der WaalsZeeman Instituut, Universiteit van Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, the Netherlands
(Received 4 November 1999; published 6 April 2D00

We discuss an experimental scheme to create a low-dimensional gas of ultracold atoms, based on inelastic
bouncing on an evanescent-wave mirror. Close to the turning point of the mirror, the atoms are transferred into
an optical dipole trap. This scheme can compress the phase-space density and can ultimately yield an optically
driven atom laser. An important issue is the suppression of photon scattering due to “cross talk” between the
mirror potential and the trapping potential. We propose that for alkali-metal atoms the photon scattering rate
can be suppressed by several orders of magnitude if the atoms are decoupled from the evanescent-wave light.
We discuss how such dark states can be achieved by making use of circularly polarized evanescent waves.

PACS numbds): 03.75~b, 32.80.Pj, 42.50.Vk

I. INTRODUCTION low-dimensional quantum degeneracy also. The extension to
the alkali metals is nontrivial because the splitting between
The only route to quantum degeneracy in a dilute atomighe hyperfine ground states is not large enough to address
gas that has been experimentally successful so far is evaphem separately with far-detuned lasers. The resulting “cross
rative cooling[1—3]. Other routes to quantum degeneracy, intalk” would lead to large photon scattering rates in the trap,
particular all-optical methods, have been elusive until now@s Will be explained below. We propose to use circularly
Nevertheless, it is interesting as well as important to keeolarized evanescent waves and to trap alkali-metal atoms in
exploring alternative methods that do not rely on atomic col- dark states.” This allows the detuning to be increased and
lisions. Such systems may be held away from thermal equit_he photon scattering rate to be reduced by several orders of
librium and may therefore constitute a closer matter-wavemag.n'tUde'
Finally, we note that a trap for ultracold atoms close to a

analogy to the optical laser, as compared to atom lasers ; . . . . :
based on Bose-Einstein condensat[di. In addition, the surface is very interesting from the viewpoint of cavity QED.

physics will be quite different because a different physical The proximity of a dielectric surface can change the radiative

‘properties of atoms. In particular, for circularly polarized

viz., optical, interaction would be used to populate the MaCeqyanescent waves it has been predicted that the radiation

roscopic quantum state: the amplification of a coherent matf)ressure is not parallel to the Poynting vedtbd]. However,

ter wave, while emitting photons. _ this is beyond the scope of the present paper.
Several proposals for an optically driven atom laser have

previously been published. They have in common that a Il. GENERIC SCHEME

macroscopic quantum state is populated using an optical Ra- . N

man transitior{5,6). One problem that has been anticipated A OPtical trap loaded by a spontaneous Raman transition

from the beginning is heating and trap loss caused by reab- We start by briefly reviewing the generic idea of loading

sorption of the emitted photons. Therefore later proposalgn optical atom trap by an opticRaman transition. The

and current experimen{&,8] have aimed at a reduced di- original proposal described in Rdb] is based on a\-type

mensionality, based on optical pumping close to a surfaceonfiguration of three atomic levels, which we will indicate

[9-17). At the same time, there is also increasing interest irhere by|t),|b), and|e), as shown in Fig. 1. The levels)

the low-dimensional equivalents of Bose-Einstein condensaand |b) (for “trapping” and “bouncing” state are elec-

tion in ultracold gases[13]. Here we argue that an tronic ground(or metastablestates,e) is an electronically

evanescent-wave mirror is particularly promising for loadingexcited state. An optical trap is created for atoms in Igtel

a low-dimensional trap close to a surface. using the optical dipol€‘light shift” ) potential induced by a

We extend previous worfs,6] so that it can be applied to far off-resonance laser. Levéb) serves as a reservoir of

the alkali-metal atoms. Since these are favorite atoms foultracold atoms, prepared by laser cooling. The ultracold at-

laser cooling, the application to the alkali-metal atoms willoms are transferred from the reservoir to the trap by a spon-

make these kinds of experiments more easily accessible. imneous Raman transitidh) —|e)—|t).

comparison to previous experiments with metastable rare gas Our goal is to load a large number of atoms into a single

atoms[8], the alkali metals have the advantage that they ddound statdt,v) of the trapping potential, where is the

not suffer from Penning ionization. Furthermore, severalibrational quantum number. If the atoms are bosons, the

alkali-metal species have been cooled to the Bose-Einsteimansition probability into statét,v) should be enhanced by

condensation, which makes them good candidates to creagefactor 1+N, , whereN, is the occupation of the final state
|t,v). If the rate at which atoms are pumped fri) to |t)
exceeds a threshold value, the buildup of atomdtin)

*Electronic address: spreeuw@phys.uva.nl should rapidly increase.

1050-2947/2000/65)/0536047)/$15.00 61 053604-1 ©2000 The American Physical Society



R.J.C. SPREEUWt al. PHYSICAL REVIEW A 61 053604

(b) ==2== pumping
(a “Rb
[)
U(z)/h )
; trapper \ :r;:lfzp)mg
z
H I bouncing
{ . 2 (F=1)
b —oio- 1t bouncer ~10 MHZI . °
(F=1) (F=2) beam o Z
FIG. 1. Three-level scheme, with atomic internal states|e), .
FIG. 2. (a) Geometry of laser beams, incident on a vacuum-

and|t) (see text Atoms are accumulated by means of a spontane- e ) .
ous Raman transition from the unbound stiip into the bound ~dielectric interface.(b) Corresponding potenﬂ;l curves for the
levels of a far off-resonant trapping potenti&ORT), operating on  Pouncing” and “trapping” states £=1,2 for Rb). Ultracold
atoms in the statdt). Bosonic enhancement should eventually atoms_fall towafF’ the surface, where they e}‘re slovyed”dc_)wn by the
channel all atoms into the same bound lewel repulsw_e potgntlal due to the evanescent “bouncing” field. Ne_a_r
the turning point the atoms undergo a spontaneous Raman transition
o ] and become trapped in the optical potential of a standing “trap-
The Raman filling process can thus be stimulated by thging” wave. The ripple on the evanescent wave represents cross
matter wave in the trapped final state, leading to matter-waveyk from the standing wavésee text The tickmark at one-half
amplification. The associated threshold is reached when, fajptical wavelength\/2 indicates the typical length scale.
some bound statg,v), the unenhanced filling rate exceeds
the unavoidable loss rate. The threshold can be lowered ei: . . . . .
ther by decreasing the loss rate or by increasing the overlagens'ty by loading t_he Iow-_d|mens_|onal optl_cal trap by an
of wave functions(“Franck-Condon factor’. vanescent-wave mirror, using optical pumping.

Ideally, the energy separation between stétpsnd |b)
should be so large that they can be addressed separately by Il LOADING A LOW-DIMENSIONAL TRAP
different lasers. Examples are alkaline earth atoms or meta- A. Inelastic evanescent-wave mirror

stable rare gas atoms. The loading scheme has been applied . h ii in which th .
successfully to load metastable argon atoms into a far off- V& now discuss the specific way in which the generic
resonance latticEL5] and into a quasi-two-dimensional pla- scheme dls_cussed abO\_/e is being implemented in our experi-
nar matter waveguidg]. The two metastable states of Arr MeNt. Our implementation is based on an evanescent-wave
are separated by 42 THz. In this paper we concentrate offiTor, using explicitly the level scheme 6fRb atoms. The
87Rb atoms, which we use in our experiments. Here the sepd®!€ Of the stategt) and|b) is played by the two hyperfine
ration between the two hyperfine ground stafes1,2 is  Sublevels of the ground states 55, ,(F = 1,2), which are
only 6.8 GHz. This requires a modification as will be dis- SEParated by 6.8 GHz. We take the lower leivet1 as the
“bouncing state”|b) and the upper levéf =2 as the “trap-

cussed in Sec. lll. -
ping state”|t).

B. The problem of photon reabsorption We consider a configuration of laser beams as sketched in

' Fig. 2(a). An evanescent wave is generated by total internal

It was recognized early on that the photon emitted duringeflection of a “bouncer” beam inside a prism. This bouncer
the Raman process can be reabsorbed and thus remove ablue detuned with respect to a transition starting from the
other atom from the trap. This will obviously counteract theF=1 ground state, with detuning,. A second laser beam,
gain process and may even render the threshold unreachabiee “trapper” beam, is incident on the prism surface from
[6]. This conclusion may be mitigated in certain situations,the vacuum side and is partially reflected from the surface.
such as in highly anisotropic traps6], in small traps with a  The reflected wave interferes with the incident wave to pro-
size of the order of the optical wavelendth7], and in the  duce a set of planar fringes, parallel to the prism surface.
so-calledfestina lenteregime[18]. Note that even with 4% reflectivity of an uncoated glass

Our approach is to aim for a low-dimensional geometry,surface the fringe visibility will be 0.38.
with at least one strongly confining directianso that the The trapper beam can be either red or blue detuned, the
Lamb-Dicke parametekz,=+\wr/w<1 in that direction former having the advantage that it automatically provides
[19,20. Herek is the optical wave vectozy= Vi/2mw is  transverse confinement. In Fig. 2 we sketched the situation
the rms width of the ground state of the trap with frequencyfor blue detuning, confining the atoms vertically in the inten-
o for an atomic mass, and wg=7%k?/2m is the recoil fre-  sity minima, but allowing them to move freely in the trans-
quency. A low-dimensional geometry should reduce the reverse direction. We assume that the loss rate due to moving
absorption problem because the emitted photon has a largmit of the beam is slow compared to other loss rates, such as
solid angle available to escape without encountering trappethat due to photon scattering. Alternatively, one can obtain
atoms. Furthermore, we expect to compress the phase-spdtansverse confinement by using multiple trapper beams from
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different directions, which interfere to yield a lattice poten- (a)
tial. Similarly, one can create an optical lattice using multiple
bouncer beamésee, e.g., Fig. #

Ultracold atoms, in the bouncing steffe= 1, are dropped (z,v) -.“{Q\\
onto the prism and are slowed down by the repulsive light- 10°* Q\\\\\&\
shift potential induced by the bouncer begsee Fig. 2b)]. k%'" 0 3
If the potential is strong enough, the atoms turn around be- ,;g;zfzz:z:;}:zfi’:i'.’ ZHRR
fore they hit the prism and bounce back up. This is called an -20 ""93,'5{.:,',-," 0%
“evanescent-wave mirror’ and has been demonstrated by L
several research group21-23. 7

We are interested here in interrupting the bouncing atoms 20
halfway during the bounce, near the classical turning point.
The interruption can occur when the atom scatters an
evanescent-wave photon and makes a Raman transition to
the other hyperfine ground staté=2. This Raman transi-
tion yields a sudden change of the optical potential, because
for an atom inF=2 the detuning is larger by approximately
the ground state hyperfine splitting. This mechanism has
been used for evanescent-wave cooliiiy In our case, we
tailor the potentials so that the bouncer potential dominates
for F=1 and the trapper foF =2. The atom is thus slowed
down by the bouncer and then transferred into the trapping
potential.

As long as the probability for undergoing a Raman tran-
sition during the bounce is not too large=1—e?, the

transition will take place predominantly near the turning 'C:3- The phase-space compression due to inelastic bouncing
on an evanescent-wave mirror, based on a classical trajectory simu-

pomt,_for two reasons. First, _the atoms spend a rel"’!tl\/(:"wation. (a) Initial one-dimensional phase-space distribution of a
long “”.‘e near the turning point. Secon_dly’.the Int_enSIty Ofsingle atom.(b) Distribution of phase-space coordinates where the
the _optlca! pump(the eva_n.escent wayes highest in t.he bounce is interrupted due to a spontaneous Raman transition. Note
turning point. The probability that the atoms end up in theﬂ1at the spatial scale changes from cmum and that the peak

lowest bound state of the trapping potential has been eSchase-space density along the line 0 increases by a factor 10°.
mated to be on the order of 10—20 %, albeit for somewha;

different geometrie$9,10]. The resulting compression of a

three-dimensional cloud into two dimensions is in fdissi- ~ Wave, withk, the free-space laser wave vectéythe angle
pative i.e., it can increase the phase-space density. of incidence, andh the index of refraction. Similarly, the
photon scattering rate is given by'(z)=T (exp(-2«2),
B. Phase-space compression with T'(/Uy=T/#% 6, whereT is the natural linewidth and

As an illustration we give the result of a classical trajec-'s the laser detuning. Finally, the Raman transition rate is

tory simulation. We start from the dimensionless phaseg'ven by R_(z)=Roe>_<p(—2;<z), with _R_Ozbré’ whereb is _
space distributionb(z,v) for the vertical motion of a single the branching ratio, i.e., _the probability that photqn scattering
atom cooled in optical molasses, shown in Figa)3Note leads tq.a Ramaq tr_ansmon. The R_aman r{atg gives the local
thatv denotes here the vertical velocity component and thaProbability per unit time that the trajectory is interrupted.
we drop the subscripz in v, throughout this paper. The Due to the stochastic nature of the spontaneous Raman
phase-space density has been made dimensionless by divifiansition, we obtain a probability distribution over pumping
ing it by the phase-space density of quantum states. Theoordinates where the trajectory through phase space is in-
latter is given bym/h [states per unit area in thez,() terrupted due to the transitiop(z,,v,). Not surprisingly,
spacé, where h is Planck’s constant. The distribution we see in Fig. @) that this distribution has the shape of a
®(z,v) can be interpreted as the probability that the atom is‘mountain ridge” following the phase-space trajectory.
in an arbitrary quantum state localized arouagh. Our goal is to load the pumped atoms into a bound state
The atom, described by the classical distributib(z,v), of a trap near the surface. Therefore the number of interest is
is assumed to enter the evanescent wave at a velogity the peak value of(z,,0), which occurs for a value afnear
=p;/m, determined by its velocity in the molassesind the  the turning point. In Fig. @) we see that the peak value of
heightz from which it falls. Inside the evanescent wave the p(z,,0) is about 1000 times higher than the initial peak value
atom moves as a point particle along a phase-space trajectosy d(z,0) in optical molassefFig. 3@)]. The peak value of
(z(t),v(t)), governed by the evanescent-wave potential. ~ 0.11 can be interpreted as the trapping probability in the
Assuming that the saturation parameter is small, the poground state of the trap that collects the atoms. This value is
tential is given by U(z)=Ugexp(—2«z), where « quite comparable to previous calculations by different meth-
=k, /n%sirP6—1 is the decay constant of the evanescenbds[9,10].
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The position of the turning point should be adjusted todipole-allowed transition. We can approach the ideal situa-
coincide with the center of the trap, for example, by adjusttion by a proper choice of the bouncer detuning. For the
ing U, or «. The trapping probability can be maximized by simplified three-level scheme of Fig. 1, a limitation is im-
changing the value ok and/or the ratioJ,/R,, in such a posed by the ground state hyperfine splittidgue=2
way thatU,/Ry=mu;/2«k. This corresponds to a situation X6.8 GHz. A good distinction between tife=1 and F
where the probability for reaching the turning point without =2 states is only obtained if the bouncer detuning is small,
being optically pumped ig 1. If the pumping rate is very 81<dgue. However, a very small detuning is undesirable
high, too many atoms are pumped before they reach the turipecause it leads to an increased photon scattering rate and
ing point. If the pumping rate is very low, too many atoms thus heating during the bounce.
bounce without being pumped at all. If the optical pumping The number of photons scattered during the bounce is
is done by the same laser that induces the bouncing potentiglpproximately given byﬁscz(rlél)pi Ik, where p;
we haveU,/Ry=%4/I'b, so that we obtain an optimum =g0%k, is the momentum of a Rb atom falling from a
value for the detuning:s/I'=bp/2fik. Experimentally it  height of about 6 mm ané=0.15, (for an angle of inci-

may be advantageous to use separate lasers for the mirr&éncea: 0.+0.01). If we operate in the regimen,~2
I Cc . . SC

Fuogﬁrglzgzgdnfoct)ra%uprlr;pmg so that this restriction on the de_(i.e., until the turning point we haveng~1) and setb

Obviously, we should be somewhat careful in assigning,_ 0.5, this requires a detun|n@1210¢22wxo.6 .GHZ'
guantitative meaning to the result of our classical simulationf‘]cter the Etom has been transferred into the t_rappln_g poten-
In particular, we should verify that the distributipz,0) is 12 for F=2, the detuning of the bouncer will b&= 5,
broad on the characteristic length scale of the atomic wavi OGHF=2mX 7.4 GHZZ_ 1200". The trapped atoms will
function near the turning point. The latter is determined byt en scatter bourlcler light at an unacceptably high rate of
the slope of the bouncing potential near the turning point andyPically 5x 10° s+

is given by ~ k(% «/p;)?°. For the same parameters as

used in Fig. &) this characteristic width is-22 nm, indeed B. Dark states
smaller than the width 0f(z,,0), which is~50 nm. The limitation imposed by the hyperfine splitting,
< JdgHe, Can be overcome by making use of dark states. This
IV. PHOTON SCATTERING requires a more detailed look at the Zeeman sublevels of the

hyperfine ground states. We consider the sthte mg=2)
and tune the bouncer laser to thé resonance lin€795 nm,

The level scheme used in the proposal of R&l. was 5s2S,,-5p2P,,,). If this light is o™ polarized, the selec-
inspired by metastable rare gas or alkaline earth atoms. Ifion rules require an excited statg’=mg, =3), which is
those cases twanetgstable states can usually be found with not available in the p 2P, manifold and sgF=mg=2) is
a large energy separation. This makes it relatively straighta dark state with respect to the entidd. line.
forward to separate the bouncing and trapping processes. We The state selectivity of the interaction with bouncer light
extend those ideas here, applying them to the typical levehow no longer depends on the detuning, but rather on a se-
scheme of the alkali metals. In this case the separation beection rule. Therefore the bouncer detuning can now be cho-
tween two stable states is limited to the ground state hypefsen large compared . The new limitation on the de-
fine splitting. tuning is the fine structure splitting of tH2 lines, 7.2 THz

We therefore turn to the issue of photon scattering byfor Rb. This reduces the photon scattering rate by three or-
atoms after they have been transferred into the trap. Morgers of magnitude. Note that the heavier alkali metals are
specifically, our main concern is scatteringbmfuncerlight.  more favorable in this respect because of the larger fine
The rate of scattering light from the trapping laser can instructure splitting. The price to be paid is the restriction to
principle be made negligibly small by choosing a largetwo specific Zeeman sublevelE = = m-=2) and the need
enough detuning. This can be done because the trapping pfyr a circularly polarized evanescent wave.
tential can be much shallower than the bouncing potential
and therefore need not Ibestate specific. For example, ifthe |, ~|RCULARLY POLARIZED EVANESCENT WAVES
atoms are dropped from 6 mm above the prism, their kinetic
energy will be 0.6 mK, corresponding to a minimum bounc- In this section we briefly describe two methods for the
ing potential of 12 MHz. For the trapping potential, on the generation of evanescent waves with circular polarization,
other hand, a depth of less than 1 MHz should be sufficientysing either a single bouncer beam or a combination of two.
since most of the external energy of the atom has been usétle also calculate the resulting photon scattering rates. There
for climbing the bouncing potential. For the bouncing stateare several other ways to generate circularly polarized eva-
F=1, the trapping potential then appears as a small ripplé@escent waves using multiple beams. The two methods de-
superimposed on the bouncing potential. scribed here serve as examples.

The scattering of bouncer light is more difficult to avoid.
Ideally, the interaction of the atoms with the bouncer should
vanish completely as soon as they are transferred into the
F=2 state. In reality, however, the bouncer connects both A circularly polarized evanescent wave can be obtained
ground statess =1 andF =2, to the excited state through a using a single incident laser beam if it has the proper ellip-

A. Metastable rare gases versus alkali metals

A. Single beam
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tical polarization, i.e., the proper superposition &nd p Hot
polarization. Thes, or TE, mode yields an evanescent elec- o
tric field parallel to the surface and perpendicular to the plane
of incidence. The evanescent field of fheor TM, mode is
elliptically polarized in the plane of incidence, with the long
axis of the ellipse along the surface normal.

It is straightforward to calculate the input polarization that
yields circular polarization in the evanescent wave. One finds
that the required ellipticity of the input polarization is the
inverse of the refractive indexy~t. Here the ellipticity is
defined as the ratio of the minor and major axes of the ellipse ) ) .
traced out by the electric field vector. The required orienta- FIG- 4. Generating circularly polarized evanescent waves by

tion ¢ of the ellipse depends on the angle of incidence,crossmg two TE-polarized waves at a right an@teking down at

tanp=— Jm/cosai . Close to the critical anglep the prism surface The polarizations and in-plane wave vector com-

N . ! - . . onents yield a fringe pattern of alternating lines of opposite circu-
~0, and.th(.a ellipse has its major axis perpendicular to th(?ar polarization. The total intensity is constant across the pattern,
plane of incidence.

. . L . since the two TE polarizations are orthogonal.
Following this prescription, the resulting evanescent wave

will be circularly polarized, with the plane of polarization
perpendicular to the surface. However, the plane of polarizaatoms on their way down to the surface. Then, after the at-
tion is not perpendicular to the in-plane component ofkhe oms have been optically pumped, the bouncer light will
vector. Here the evanescent wave differs from a propagatinjansversely confine the atoms. We thus expect a one-
wave, which has its plane of polarization always perpendicudimenSiona| lattice of atomic quantum wires with alternating
lar to thek vector(and Poynting vectgr For the evanescent Spin states, very much like a surface version of previously
wave the plane of circular polarization is also perpendiculaglemonstrated optical lattic¢24—24. The transverse lattice
to the Poynting vector. However, the Poynting vector is notstructure may also allow the use of transverse Sisyphus cool-
parallel to the in-planék vector, but tilted sideways by an ing or Raman sideband coolig9,27.
angle  x given by tany = JnZsi6 —1=r\y/27, With Ao Itis not strictly necessary to cross the evanescent waves at
the vacuum wavelength of the light. Close to the critical@ right angle. It does have the advantage that the total inten-
ang|e’Xm0 and the p|ane of po|arizati0n becomes perpen_Slty IS constant alcrOSS the pO|arlzat|0n pattern..The same
dicular to the in-plane wave vector, as for propagatingcould also be achieved by using counterpropagating evanes-
waves. cent waves with orthogonal polarizations. For any other
We can estimate the photon scattering rate of an atom iangle, the intensity varies spatially so that the atoms bounce
the dark statdF =mg=2), residing in the circularly polar- ©n @ corrugated optical potential. However, even with a uni-
ized evanescent wave of the bouncer beam. Ideally, this scaf@'™m intensity, most atoms will experience a corrugated po-
tering rate is due only to off-resonant excitation to thetential. The potential depends on the local polarization and
5p 2P, manifold (D2 line; 780 nm) Choosing the bouncer ©N the atom’s magnetic sublevel through the Clebsch-Gordan
detuning at 100 GHzwith respect to thd1 line) yields a  coefficients. Only for the stati==1,mg=0) is the dipole
scattering ratd’},=3.5 s L. In practice there will also be potential mdependent.of the polarization. One. could of
scattering due to polarization impurity. For example, assumSourse prepare the falling atoms|ifi=1,mg=0) using op-

ing this impurity to be 103, we obtain a scattering rate of tical pumping. Thg local circular polarizatiaen™ will tend to
. =106 st pump the atom into the_local da_1r_k statE:imF=_2>. _
Dlo However the optical pumping transition has a branching ratio
of only 1/6 (using a dedicated resonant pumping bgaRy
contrast, for an atom starting jiF = mg= 1), the branching
Alternatively, evanescent waves of circular polarizationratio is 1/2. Therefore starting if- =1,mz=0) is conceptu-
can also be produced using twor more bouncer beams. If ally simple, but probably not optimal.
we cross two TE-polarized evanescent waves at 90°, we will A disadvantage of creating circularly polarized evanes-
produce a polarization gradient as sketched in Fig. 4. Linesent waves on a lattice is that an additional source of photon
of circular polarization are now produced with the plane ofscattering appears. We approximate the transverse potential
polarizationparallel to the surface. Lines of opposite circular near the minimum as a harmonic oscillator. Choosing again
polarizations alternate, with a distance of approximatelythe bouncer detuning at 100 GHz, the harmonic oscillator
\o/2y/2 between neighboring® ando~ lines. frequency will be aboui =27mXx480 kHz. An atom in state
This configuration offers interesting opportunities. The|2,2), in the ground state of the harmonic oscillator associ-
light field can be decomposed into two interleaved standingated with thes™ node has a Gaussian wavefunction with
wave patterns, one far* and one foro~ polarization. An  wings extending into the region withh~ light. The resulting
atom in the statéF =mg=2) is dark with respect to the*  scattering rate can be estimated [§s,~ ; wI'/(5;+ Snp)
standing wave only. However, it does interact with the ~52 5! where the bouncer detuning was again chosen at
standing wave and therefore can be trapped in its nodes. TH®0 GHz. The scattering rate can be further suppressed to
bouncer light will thus play a double role. First it slows the I';,n~18 s ! by raising the bouncer detuning to 300 GHz.

B. Two crossings waves
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For an even larger detuning the off-resonant scattering by the VI. CONCLUSION
D2 line, I',,, starts to dominate.
In conclusion, we have shown that inelastic bouncing on
C. Feasibility an evanescent-wave mirror is a promising method for achiev-
We should point out that our two examples to produceing high phase-space density in low-dimensional optical

circularly polarized evanescent waves are not meant to paps. The phase space compression 1 ac'h|ev.ed by means of
spontaneous Raman transition, which is highly spatially

exhaustive. Several other methods can be devised, some i ) . .
ing more experimentally challenging than others. selectwg for atoms_near the turning point of the evanescent-
For the single-beam method the incident beam must b¥ave mirror potential. _
prepared with the correct ellipticity as well as the correct We have extended previous work based on the level
orientation. It will probably be difficult to measure the po- sSchemes of metastable rare gas atoms for application to
larization of the evanescent wave directly. One should therealkali-metal atoms. This requires suppression of the high
fore prepare the incident polarization using well-calibratedphoton scattering rate, resulting from the relatively small
optical retarders and using calculated initial settings. The finground hyperfine splitting in the alkali-metal atoms. We have
tuning could then be done, e.g., by optimizing the lifetime ofshown how the photon scattering rate can be reduced by
the trapped atoms in the dark state. several orders of magnitude, by trapping the atoms in dark
For the two-beam method of Fig. 4 we have assumed fostates. This requires the use of circularly polarized evanes-
simplicity that the two interfering evanescent waves have thegent waves, which can be generated by several methods as
same decay lengtfi.e., the same angle of incidenand the  discussed. If built up from multiple beams, the evanescent
same amplitude. Equal decay lengths for the two waves cafield may play a double role, generating a bouncing as well

be enforced by making use of a dielectric wavegUid8|.  as a trapping potential. This could lead to an array of quan-
Alternatively, one may deliberately give the two beams ay,m wires for atoms.

slightly unequal decay length, and at the same time give the
wave with the shorter decay length a larger amplitude. In this
case there will always be one particular height above the
surface where the two beams have equal amplitude, as re-

quired for interfering to circular polarization. Therefore this , , i
procedure would make the circular polarization somewhat 1S work is part of the research program of the Stichting

self-adjusting. The height where circular polarization occurs/00r Fundamenteel Onderzoek van de Mat¢Fieundation
is tunable by changing the relative intensity of the twofor the Fundamental Research on Mattmd was made pos-
beams. sible by financial support from the Nederlandse Organisatie

Obviously, the final word on the feasibility can only be voor Wetenschappelijk Onderzoghletherlands Organiza-
given experimentally. In our experiment we are presenthtion for the Advancement of Reseajcfihe research of R.S.

pursuing a variation on Fig. 4, including the just mentionedhas been made possible by financial support from the Royal
self-adjusting properties. Netherlands Academy of Arts and Sciences.
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