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AA low-dimensional quantum gas 
byy means of dark states in an 

inelasticc evanescent-wave mirror 

AnAn experimental scheme to create a low-dimensional gas of cold 
atomsatoms is discussed, based on inelastic bouncing of cold atoms on 
anan evanescent-wave mirror. Close to the turning point on the mir-
ror,ror, atoms are transferred into an optical dipole trap. This scheme 
cancan compress the phase-space density and may ultimately yield an 
optically-drivenoptically-driven "atom laser". An important issue is the suppres-
sionsion of photon scattering due to "cross-talk" between the mirror 
potentialpotential and the trapping potential. It is proposed that for alkali-
metalmetal atoms the photon scattering rate can be suppressed by several 
ordersorders of magnitude if the atoms are decoupled from the evanes-
centcent wave. It is discussed how such dark states can be achieved by 
makingmaking use of circularly-polarised evanescent waves. 

Thiss chapter is based on the publication 

R.J.C.R.J.C. Spreeuw, D. Voigt, B.T. Wolschrijn, and H.B. van Linden van den Heuvell, 
Phys.Phys. Rev. A 61, 053604 (2000). 
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2.11 Introduction 
Thee only route to quantum degeneracy in a dilute atomic gas which has been ex-
perimentallyy successful so far [39-44] is evaporative cooling [53-55]. Other routes 
too quantum degeneracy, in particular all-optical methods, have been elusive until 
now.. Nevertheless it is interesting as well as important to keep exploring alterna-
tivee methods which do not rely on atomic collisions. Such systems may be held 
awayy from thermal equilibrium and may therefore constitute a closer matter-wave 
analogyy to the optical laser, as compared to "atom lasers" based on Bose-Einstein 
condensationn [49-52]. In addition, the physics wil l be quite different because a dif-
ferentt physical, viz. optical, interaction would be used to populate the macroscopic 
quantumm state: the amplification of a coherent matter wave while emitting photons 
(cf.. Ref. [61]). 

Severall  proposals for an optically-driven atom laser have previously been pub-
lished.. They have in common that a macroscopic quantum state is populated using 
ann optical Raman transition [58-60], Note that also atom laser schemes were pro-
posedd [97-99] which make use of binary atomic collisions, i.e. evaporative cooling. 
Forr an overview of the various proposed schemes, see e.g. Ref. [48]. 

Onee problem that has been anticipated from the beginning, is heating and trap 
losss caused by reabsorption of the emitted photons [64-66,68]. Therefore later 
proposalss [82-85] and current experiments [17,86] have aimed at a reduced dimen-
sionality,, based on optical pumping close to a surface. At the same time, there is 
alsoo increasing interest in the low-dimensional equivalents of Bose-Einstein conden-
sationn in cold gases [43]. A trap close to a surface is also very interesting from the 
viewpointt of cavity QED [25]. The proximity of a dielectric surface can change the 
radiativee properties of an atom [100], and for circularly-polarised evanescent waves 
i tt has been predicted that the radiation pressure (see Chap. 6) is not parallel to the 
Poyntingg vector [101]. 

Inn this chapter, it is argued that an evanescent-wave mirror is particularly promis-
ingg for loading a low-dimensional trap close to a surface. Previous work [59,60] is 
extendedd so that it can be applied to the alkali-metal atoms. Since these are favourite 
atomss for laser cooling, the application to alkali-metal atoms wil l make these kinds 
off  experiments more easily accessible. In comparison to previous experiments with 
metastablee noble gas atoms [86], the alkali metals have the advantage that they do 
nott suffer from Penning ionisation [95,96]. Furthermore, several alkali-metal species 
havee been cooled to the Bose-Einstein condensation, which makes them good can-
didatess to create low-dimensional quantum degeneracy also. The extension to the 
alkalii  metals is nontrivial because the splitting between the hyperfine ground states 
iss not large enough to address them separately with far detuned lasers. The re-
sultingg "cross-talk" would lead to large photon scattering rates in the trap, as is 
explainedd below. It is proposed to use circularly-polarised evanescent waves and to 
t rapp alkali-metal atoms in "dark states". This allows the detuning to be increased 
andd the photon scattering rate to be reduced by several orders of magnitude. 
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2.22 Evanescent-wave mirrors 

Ass an introductory excursion, this section describes the phenomenon of evanescent 
wavess and, in particular, the amplitude and polarisation properties of such optical 
waves.. Cook and Hil l [3] proposed to use an evanescent wave as a mirror for slow 
neutrall  atoms, based on the "dipole force". Evanescent-wave mirrors have since 
becomee an important tool in atom optics [1]. They have been demonstrated for 
atomicc beams at grazing incidence [4] and for cold atoms at normal incidence [5]. 

2.2.11 Evanescent waves 

Ann evanescent wave appears whenever an electromagnetic wave undergoes total 
internall  reflection (TIR) at a dielectric interface [6,7]. If we consider such an interface 
betweenn two dielectrics, a light wave incident on the interface is usually partly 
reflected.. In "internal" reflection the light is reflecting off the medium with lower 
refractivee index, see Fig. 2.1(a). In our experiments this is a glass surface in vacuum. 
Whenn the angle of incidence, 0j, relative to the surface normal exceeds the critical 
angle,, 0C = arcsin(n_1), the reflection coefficient is unity, i.e. all light is reflected. 
Forr example, the BK 7 glass prism used in our experiments has a refractive index 
nn = 1.511 for the rubidium lines at 780 nm and 795 nm wavelength. The critical 
anglee is thus 41.44°, or 0.7232 rad. Although no light propagates into the vacuum, 
TI RR gives rise to an electric field in the vacuum close to the glass surface. This 
"evanescentt wave" decays exponentially with the distance from the surface on a 
lengthh scale of the order of the reduced optical wavelength A0/27r = l/k$, where 
kk00 = UJ/C is the vacuum wave number. 

Thee evanescent wave can be understood from Maxwell's equations with momen-
tumm conservation along the surface. We consider a monochromatic wave, 

E(r, i )) = - e £ e x p [ « ( k - r - wL t ) ] + c . c, (2.1) 

withh wave vector k and frequency LJ^. The complex polarisation vector is denoted 
ass ê and the field amplitude is S. The ^-direction is taken as surface normal and 
kkxx is assumed to be the wave-vector component parallel to the surface (ky = 0). 
Maxwell'ss equations, expressed as wave equation for the electric field, require on the 
vacuumm side of the surface: 

V 2EE = ^ = *  £ + * = %. (2.2) 

Translationall  invariance of the surface implies momentum conservation in the 
z-direction,, that is conservation of kx: 

kkxx = kon sin#j. (2.3) 

Inn TIR, due to fcx > k0, the normal wave-vector component kz is complex imaginary: 

kkzz = IK , K — k0vn2sin26[ — 1. (2-4) 
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Thee electric field thus decays exponentially away from the surface, E oc exp(—KZ). 
Fig.. 2.1(b) shows the decay length £(#j) = \/K{9{) as a function of the angle #,. 

Inn Fig. 2.1(a), the two fundamental linear polarisation vectors of the incident 
wavee are assigned as s\ and pi. In the s, or TE mode, the electric field vector is 
directedd in the y-direction, perpendicular to the xz-plane of incidence. In the p, 
orr TM mode, the electric field vector is in the plane of incidence. The polarisation 
vectorss of the evanescent wave are assigned as st and p t . From the amplitudes of the 
incidentt field, £Sii and £Pij , the corresponding amplitudes of the evanescent wave, £Sit 

andd £p t , are calculated using the same expressions for the Fresnel coefficients as for a 
propagatingg wave that would be transmitted trough a dielectric interface. However, 
thee "transmission" angle 6>t is complex in TIR. The Fresnel transmission coefficients 
tjtj  for the two polarisation modes, j — {s,p} = {TE,TM} , and the polarisation 
vectorss are listed in the Appendix A.2. 

Thee intensity of the incident (and reflected) beam, which propagates inside 
thee glass substrate, is expressed as Ih\ — (l/2)n£0c \£-hi\ . An effective "inten-
sity""  can also be defined at the glass surface (2 = 0) for the evanescent wave, 
/jj  t = (l/2)£oc|£j,t|  The transmittance, i.e. the intensity ratios 7] — I^t/I^\, are 
Tpp = (lfn)t*tv (p*  pt ) and Ts = (l/n)f*f s, for p and s polarisation, respectively. 
Notee that p£  pt > 1 for the p polarisation vector, whereas the corresponding ex-
pressionn for the s polarisation, s£  st = 1, drops out. 

Inn our experiments, we use an uncoated right-angle prism. Since the evanescent-
wavee angle of incidence is close to the critical angle, the laser beam with intensity 7L 
iss almost normally incident on the hypotenuse of the prism. The transmittance into 
thee prism, 2~L = IJS/IL, is here independent of the polarisation and approximated 
forr normal incidence by 7L ~ 4n/(n + l ) 2 = 0.96. The evanescent-wave intensity is 
thuss enhanced above the laser intensity 7L by a factor 2] = -fj,t/̂ L — T^Tf 

4nn cos2 6>i (2n2 sin2 #; - 1) 
ÏTMM - ÏL Ya~* 2 / 2 - 2 / ) TT 1 ( 2 - 5 ) 

coŝ ^ V\ + nz(nz sin V\ — 1) 

mm m in cos2 6i 
TTTETE = Th . 2.6 

nn11 — 1 

2.2.22 The evanescent-wave as a mirror for atoms 

Thee evanescent-wave dipole, or "light-shift" potential for a two-level atom at a 
distancee z above the surface can be written as (see Appendix A.3 and Ref. [2]): 

U^{z)U^{z) = U0exV(-2Kz), (2.7) 

U,U, = \s0h&. (2.8) 

Thee maximum potential at the prism surface, UQ, is written here in the limi t of large 
laserr detuning, \5\ ^> T, and low saturation, s0 <C 1. The saturation parameter is 
approximatedd as 
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Figur ee 2.1: (a) An evanescent wave (EW) occurs in totai internal reflection at a dielectric 
interface:interface: refractive index n, angle of incidence 8\ > 9C. Incident polarisation vectors Sj 
andd p;. The s polarisation is unchanged in the evanescent wave (st = SjJ, whereas the 
pp polarisation is elliptical in the xz-plane. (b) Evanescent-wave decay length £(#;), as 
calculatedcalculated with a waveiengtA A0 = 780 nm. 

Forr the D2 line of rubidium, I0 = 1-67 mW/cm2 is the saturation intensity and 
rr  = 2ir x 6 MHz is the natural transition linewidth. From the Eqs. (2.5) and (2.6) 
itt follows that the dipole potential induced by a TM-polarised beam always exceeds 
thatt of a TE-polarised beam of equal intensity. Close to the critical angle, é>; ~ 6C, 
thee ratio in optical potential is T T M / 7 TE ~ n2 « 2.28. In our experiments the angle 
variess between 0 — 25 mrad from the critical angle, such that TTM ranges between 
5.44 — 6.0 and TTE ranges between 2.5 — 2.65. 

Thee detuning of the laser frequency UJ-L with respect to the atomic transition 
frequencyy w0, is defined as 5 = LUL - LO0. Thus, a detuning above the resonance 
(6(6 > 0, "blue" detuning) yields an exponential potential barrier for incoming atoms. 
AA classical turning point of the motion exists if the barrier height exceeds the kinetic 
energyy of the atom with incident momentum p; and mass M. This defines the 
requiredd threshold potential, Uth = pf/2M, for atoms being reflected by the mirror. 
AA plot of such a potential is shown with realistic experimental parameters in Fig 5.2. 

Forr a purely optical potential, the barrier height is U0. In reality, the potential 
iss also influenced by gravity and the Van der Waals interaction [102,103]: 

U U 

Wvdw(z) ) 

^dipp + Wgrav + U 

UQUQ exp(—2KZ) 

Mgz Mgz 

VdW W 

3(n2 2 
1 1 

16(n22 + l ) \k0z 
tiT tiT 

100 exp(-2«;z) nr 

4.55 10"5 k0z hT, 

1 1 

(2.10) ) 

(2.11) ) 

(2.12) ) 

-0.073 3 
knZ knZ 

hT.hT. (2.13) 
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Thee gravitational potential can be neglected on the length scale of the evanescent-
wavee decay length. In contrast, the Van der Waals interaction significantly lowers 
thee potential maximum close to the prism surface. Thus, in combination with the 
Gaussiann transverse intensity profile of the evanescent wave, the Van der Waals 
interactionn decreases the effective mirror surface on which atoms can bounce. This 
effectt was experimentally investigated previously by Landragin et al. [103] and is 
discussedd also in Chap. 5. 

2.33 Generic trap loading scheme 

2.3.11 An optical t rap loaded by a spontaneous Raman 
transit ion n 

Inn the following, the generic idea of loading an optical atom trap by an optical 
(Raman)) transition is briefly reviewed. The original proposal described in Ref. [59] 
iss based on a A-type configuration of three atomic levels, which are indicated here 
byy \t), \b) and |e), as shown in Fig. 2.2. The levels \t) and \b) for "trapping" and 
"bouncing""  state, respectively, are electronic ground (or metastable) states, |e) is an 
electronicallyy excited state. An optical trap is created for atoms in level \t) using the 
opticall  dipole potential induced by a far off-resonance laser (see e.g. Refs. [10,104]). 
Levell  |&) serves as a reservoir of cold atoms, prepared by laser cooling. The cold 
atomss are transferred from the reservoir into the trap by a spontaneous Raman 
transitionn \b) —> |e) —> \t). 

Thee goal is to load a large number of atoms into a single bound state |i, v) of the 
trappingg potential, where v is the vibrational quantum number. If the atoms are 
bosons,, the transition probability into state \t,u) should be enhanced by a factor 1 + 
NNuu,, where A^ is the occupation of the final state |i, u). If the rate at which atoms are 
pumpedd from \b) to \t) exceeds a threshold value, the buildup of atoms in \t, v) should 
rapidlyy increase. The Raman fillin g process can thus be stimulated by the matter 
wavee in the trapped final state, leading to matter-wave amplification [61]. The 
associatedd threshold is reached when, for some bound state \t,v), the unenhanced 
fillin gg rate exceeds the unavoidable loss rate. The threshold can be lowered either 
byy decreasing the loss rate or by increasing the overlap of wave functions ("Franck-
Condonn factor"). 

Ideally,, the energy separation between states \t) and |6) should be so large that 
theyy can be addressed separately by different lasers. Examples are alkali-metal atoms 
orr metastable noble gas atoms. The loading scheme has been applied successfully 
too load metastable argon atoms into a far off-resonance lattice [105] and into a 
quasi-two-dimensionall  planar matter waveguide [86]. The two metastable states of 
Ar**  are separated by 42 THz. This chapter focuses on 87Rb atoms, which are used 
inn our experiments. Here the separation between the two hyperfine ground states 
Fgg = {1,2}  is only ÖGHF = 6.8 GHz (see Figs. 2.2(b) and 3.7). This requires a 
modificationn of the scheme as is discussed below. 
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Figur ee 2.2: Three-level optical trap loading scheme, (a) Internal atomic states |6), |e), 
andd \t). Atoms are accumulated by means of a spontaneous Raman transition from the 
unboundunbound state \b) into the bound levels of a far off-resonance trapping potential (FORT), 
operatingoperating on atoms in the state \t). Bosonic enhancement eventually channels all atoms 
intointo the same level v. (b) S7Rb hyperRne states, evanescent-wave laser (EW), see text. 

2.3.22 The problem of photon reabsorption 

I tt has early been recognised that the photon emitted during the Raman process can 
bee reabsorbed and thus remove another atom from the trap. This wil l obviously 
counteractt the gain process and may even render the threshold unreachable [60]. 
Thiss conclusion may be mitigated in certain situations, such as in highly anisotropic 
trapss [64], in small traps with a size of the order of the optical wavelength [65], and 
inn the so-called "festina lente" regime [66]. 

Thee approach discussed here, is to aim for a low-dimensional geometry, with 
att least one strongly confining direction z, so that the Lamb-Dicke parameter is 
kk00ZuZu = \JUJ-HILO <C 1 in that direction [76,77]. Here k0 is the optical wave vector, 
zzuu = \fh/2Mw is the rms width of the ground state of the trap with frequency u> for 
ann atomic mass M, and O>R = hk2/2M is the recoil frequency. A low-dimensional 
geometryy should reduce the reabsorption problem because the emitted photon has a 
largee solid angle available to escape without encountering trapped atoms. Further-
more,, we expect to compress the phase-space density by loading the low-dimensional 
opticall  trap by an evanescent-wave mirror, using optical pumping. 

file:///Juj-hIlo
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2.44 Loading a low dimensional t rap 

2.4.11 Inelastic evanescent-wave mirror 

Inn the following the specific way is discussed in which the generic scheme from above 
mayy be realised in an experiment. Our implementation is based on an evanescent-
wavee mirror, using explicitly the level scheme of  8 'Rb atoms. The role of the states 
\t)\t) and \b) is played by the two hyperfine sublevels of the ground state 5s2S'i/2 
(Fgg = 1,2), which are separated by SQHF — 6.8 GHz. We take the lower level, 
FFgg — 1 as the "bouncing state" \b) and the upper level, Fg — 2, as the "trapping 
state""  \t), as illustrated in Fig. 2.2(b). 

Thee considered configuration of laser beams is sketched in Fig. 2.3(a). An evanes-
centt wave is generated by total internal reflection of a "bouncer" beam inside a 
prism.. This bouncer is blue with respect to a transition starting from the Fg — 1 
groundd state, with a detuning 8\. A second laser beam, the "trapper" beam, is 
incidentt on the prism surface from the vacuum side and is partially reflected from 
thee surface. The reflected wave interferes with the incident wave to produce a set 
off  planar fringes, parallel to the prism surface. Note that even with 4% reflectiv-
ityy of an uncoated glass surface (refractive index n — 1.5), the fringe visibilit y wil l 
bee V = {Imax - /min)/(/max + /min) = 0.38, where /m ax and /m i n are the intensity 
maximaa and minima, respectively. Therefore a specific reflection coating may not 
bee necessary. Note that a possible coating must not inhibit the application of the 
bouncerr beam. 

Thee trapper beam can be either red or blue detuned, the former having the 
advantagee that it automatically provides also transverse confinement. In Fig. 2.3(b) 
thee situation for blue detuning is sketched, confining the atoms vertically in the 
intensityy minima, but allowing them to move freely in the transverse direction. We 
assumee that the loss rate due to moving out of the beam is slow compared to other 
losss rates, such as that due to photon scattering. Alternatively, one can obtain 
transversee confinement by using multiple trapper beams from different directions, 
whichh interfere to yield a lattice potential. Similarly, one can create an optical lattice 
usingg multiple bouncer beams (see e.g. Fig. 2.6). Also an additional hollow beam 
mayy provide transverse confinement, as reported in Ref. [17]. 

Coldd atoms, in the bouncing state Fg = 1, are dropped onto the prism and are 
slowedd down by the repulsive light-shift potential induced by the bouncer beam [see 
Fig.. 2.3(b)]. If the potential is strong enough, the atoms turn around before they 
hitt the prism and bounce back up. Thus, an evanescent-wave mirror, or "atomic 
trampoline""  is formed. 

Wee are here interested in interrupting the bouncing atoms halfway during the 
bounce,, near the classical turning point. The interruption can occur when the atom 
scatterss an evanescent-wave photon and makes a Raman transition to the other 
hyperfinee ground state, Fg — 2. This Raman transition yields a sudden change 
off  the optical potential, because for an atom in Fg — 2 the detuning is larger by 
approximatelyy the ground state hyperfine splitting ÓQHF- This mechanism has been 
usedd for evanescent-wave reflection cooling [16,17,106]. 
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Figuree 2.3: Trap loading using an inelastic evanescent-wave mirror, (a) Geometry of 
laserlaser beams, incident on a vacuum-dielectric interface, (b) Corresponding potential curves 
forfor "bouncing" and "trapping" state for S7Rb (Fg = 1,2). Coid atoms faii towards the 
surface,surface, where they are slowed down by the repulsive potential due to the evanescent 
"bouncing""bouncing" Geld. Near the turning point atoms undergo a spontaneous Raman transition 
andand become trapped in the optical potential of a standing "trapping" wave. The ripple 
onon the evanescent wave represents cross-talk from the standing wave (see text). The tick 
markmark at one-half the optical wavelength, Ao/2, indicates the typical length scale. The axis 
breakbreak indicates the hyperüne splitting, SQHF = 6.8 GHz. 

Inn our case, we tailor the potentials so that the bouncer potential dominates for 
Fgg = 1 and the trapper for Fg = 2. The atom is thus slowed down by the bouncer 
andd then transferred into the trapping potential. 

Ass long as the probability for undergoing a Raman transition during the bounce 
iss not too large (P < 1 — e~2, see below), the transition wil l take place predominantly 
nearr the turning point, for two reasons. First, the atoms spend a relatively long time 
nearr the turning point. Secondly, the intensity of the optical pump (the evanescent 
wave)) is highest in the turning point. The probability that the atoms end up in 
thee lowest bound state of the trapping potential has been estimated to be on the 
orderr of 10 - 20%, albeit for somewhat different geometries [82,83]. The resulting 
compressionn of a three-dimensional cloud into two dimensions is in fact dissipative 
andd can therefore increase the phase-space density. 
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2.4.22 Phase-space compression 

Inn the following, the result of a classical trajectory simulation is discussed, starting 
fromm the dimensionless phase-space distribution $0(z,v) for the vertical motion of 
aa single atom cooled in optical molasses, shown in Fig. 2.4(a). The vertical velocity 
componentt is denoted as v here, and the subscript z in vz is dropped throughout 
thiss chapter. The phase-space density has been made dimensionless by dividing it 
byy the phase-space density of quantum states. The latter is given by M/h [quantum 
statess per unit area in the (z,v) space], where h is Planck's constant. The distribu-
tionn $0(2, v) can be interpreted as the probability that the atom is in an arbitrary 
quantumm state localised around (z,v). 

Thee atom, described by the classical distribution $0(z,v), is assumed to enter 
thee evanescent wave at a velocity v-y = Pi/M, determined by its velocity in the 
molassess v0 and the height z0 from which it falls. Inside the evanescent wave the 
atomm moves as a point particle along a phase-space trajectory (z(t),v(t)), governed 
byy the evanescent-wave potential UdiP(z) from Eq. (2.7). 

Similarr to the optical potential, the photon scattering rate T' of a two-level atom 
inn steady-state and at low saturation is proportional to the saturation parameter ,s0, 
andd can be expressed using UdiP(z): 

T'(z)T'(z) = T'0exV(-2Kz) = ^Wd ip (^ ), (2.14) 

Too = \s0T. (2.15) 

Finally,, the Raman transition rate is given by 

K{z)K{z) = 7 e0 e x p ( - 2 ^ ), (2.16) 

n,n, = rt, (2.17) 

wheree q is the branching ratio, i.e. 1 - q is the probability that photon scattering 
leadss to a Raman transition. The Raman rate gives the local probability per unit 
t imee that the trajectory is interrupted. 

Thee moving atom in the evanescent-wave perceives a time-dependent saturation 
parameter,, s(t) = s0exp(—2K,z(t)). Assuming that the excited state population 
followss adiabatically, we can integrate the scattering rate along the trajectory to 
obtainn the number of scattered photons, 

AU,, = jnm = ^£"(^)* . (2.18) 

Iff  neglecting the Van der Waals contribution and gravity in Eq. (2.10), that is for a 
purelyy optical potential U oc exp(-2K2), this leads to an analytical solution: 

*~~ = 1 1 <2-19> 
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Figur ee 2.4: Phase-space compression due to inelastic bouncing on an evanescent-wave 
mirror,mirror, based on a classical trajectory simulation, (a) Initial one-dimensional phase-space 
distributiondistribution of a single atom, (b) Distribution of phase-space coordinates where the 
bouncebounce was interrupted due to a spontaneous Raman transition. Note that the spatial 
scalescale changes from cm to u.m and that the peak phase-space density along the line vv = 0 
increasesincreases by a factor ~ 103. 

Becausee of the stochastic nature of the spontaneous Raman transition, we obtain 
aa probability distribution, 3>P(zP, vp), over pumping coordinates where the trajectory 
throughh the phase space is interrupted due to the transition. Not surprisingly, we 
seee in Fig. 2.4(b) that this distribution has the shape of a (decreasing) "mountain 
ridge""  following the phase-space trajectory. 

Ourr goal is to load the pumped atoms into a bound state of a trap near the 
surface.. Therefore the number of interest is the peak value of $p(zp,0), which 
occurss for a value of z near the turning point. Fig. 2.4(b) shows that the peak value 
off  $p(zp,0) is about 1000 times higher than the initial peak value of $0(z,0) in 
opticall  molasses [73,74], see Fig. 2.4(a). The peak value of 0.11 can be interpreted 
ass the trapping probability in the ground state of the trap that collects the atoms. 
Thiss value is quite comparable to previous calculations by different methods using 
quantumm Monte Carlo simulations [82,83]. 

Thee position of the turning point should be adjusted to coincide with the centre 
off  the trap, for example by adjusting U0 or K. Using the Raman transition rate, 
wee can define a survival probability Q(v) for a bouncing atom, with velocities v — 
—V[...—V[... + Vi along the trajectory, dQ/dt = —TZQ. Using V(v) = —dQ/dv, this leads 
too a distribution V(v) in pumping velocities: 

Q(v) Q(v) 

V(v) V(v) 

exp p 

TZTZ00M M 

UU002K 2K 

KK00M(yM(y + v.) 
UU002K 2K 

Q(v) Q(v) 

(2.20) ) 

(2.21) ) 

Thee trapping probability, i.e. V(0) can be maximised by changing the value of K 
andd the ratio U0/TZQ, in such a way that UQ/K0 = Mvi/2n. This corresponds to a 
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situationn where the probability for reaching the turning point without being optically 
pumpedd is Q(0) = 1/e, or Q{v/) - 1/e2 for completing the bounce. If the pumping 
ratee is very high, too many atoms are pumped before they reach the turning point. 
Iff  the pumping rate is very low, too many atoms bounce without being pumped 
att all. If the optical pumping is done by the same laser that induces the bouncing 
potential,, we have UQ/TZQ = faó/Tq, so that we obtain an optimum value for the 
detuning: : 

''  = «£r- <2-22' 
Experimentallyy it may be advantageous to use separate lasers for the mirror potential 
andd for pumping so that this restriction on the detuning does not apply. 

Obviously,, one should be somewhat careful in assigning quantitative meaning to 
thee result of this classical simulation. In particular it has to be verified that the 
distributionn $p(zp, 0) is broad on the characteristic length scale of the (quantum 
mechanical)) atomic wavefunction near the turning point. The latter is determined 
byy the slope of the bouncing potential near the turning point. With the approxi-
mationn of a constant slope near the turning point, the corresponding Schrödinger 
equationn is solved by an Air y function with a characteristic width of the first lobe of 
~~ K~1(hK/p-l)

2/3. For the same parameters as used in Fig. 2.4(b) this characteristic 
widthh is ~ 22 nm, indeed smaller than the width of $p{zp, 0), which is ~ 50 nm. 

2.55 Photon scattering 

2.5.11 Metastable atoms versus alkali-metal atoms 

Thee level scheme used in the proposal of Ref. [59] was inspired by metastable noble 
gass or alkaline earth atoms. In those cases two (meta)stable states can usually be 
foundd with a large energy separation. This makes it relatively straightforward to 
separatee the bouncing and trapping processes, as demonstrated experimentally for 
Ar**  in Ref. [86]. Note however, that Penning ionisation of the metastable species 
constitutess a severe loss mechanism and has to be taken into account in the regime 
off  large atomic density [95,96]. In our scheme those ideas are extended, applying 
themm to the typical level scheme of the alkali metals. In this case the separation 
betweenn two stable states is limited to the ground state hyperfine splitting. 

Therefore,, the issue of photon scattering by atoms that have been transferred 
intoo the trap, is addressed in the following. More specifically, our main concern is 
scatteringg of bouncer light. Since, by Eq. (2.14), the rate of scattering light from the 
trappingg laser is related to the optical potential, T' /U&p oc 1/6, it can in principle 
bee made negligibly small by choosing a large enough detuning. This can be done 
becausee the trapping potential can be much shallower than the bouncing potential 
andd therefore need not be F-state specific. (In fact, it wil l be F-state specific for 
thee dark states discussed below.) For example, if the atoms are dropped from 6 mm 
abovee the prism, their incident kinetic energy is Ejk?, = 0.6 mK, corresponding 
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too a required bouncing potential oiUth/h = 12 MHz. For the trapping potential, 
onn the other hand, a depth of less than 50 /iK (1 MHz) should be sufficient, since 
mostt of the external energy of the atom has been used for climbing the bouncing 
potential.. For the bouncing state Fg — 1, the trapping potential then appears as a 
smalll  ripple superimposed on the bouncing potential. 

Thee scattering of bouncer light is more difficult to avoid. Ideally, the interaction 
off  the atoms with the bouncer should vanish completely as soon as they are trans-
ferredd into the Fg = 2 state. In reality, the bouncer connects both ground states, 
Fgg = 1 and Fg = 2 to the excited state through a dipole-allowed transition. We can 
approachh the ideal situation by a proper choice of the bouncer detuning. For the 
simplifiedd three-level scheme of Fig. 2.2(b), a limitation is imposed by the ground 
statee hyperfine splitting ^GHF- A good distinction between the Fg — 1 and Fg — 2 
statess is only obtained if the bouncer detuning is small, <5i <̂C SQHF- However, a very 
smalll  detuning is undesirable because it leads to an increased photon scattering rate 
andd thus heating during the bounce and also in the trapped final state. 

Typicall  experimental settings are p\ ~ 60 hk0 for the momentum of a rubidium 
atomm falling from a height of about 6 mm, and re ~ 0.15 kQ for an angle of incidence 
#ii  = Qc -\- 10 mrad. If we operate in the regime qN^t ~ 2 (i.e. until the turning 
pointt we have qNscat ~ 1) and set q = 0.5, this requires a detuning 6i ~ 100 T ~ 
27TT x 0.6 GHz. After the atom has been transferred into the trapping potential for 
Fgg = 2, the detuning of the bouncer will be S2 = St + SGHF ~ 2ir x 7.4 GHz ~ 12001\ 
Thee trapped atoms will then scatter bouncer light at an unacceptably high rate of 
typicallyy 5 x 103 s_1. 

2.5.22 Dark states 

Thee limitation imposed by the hyperfine splitting, <5i <C <5QHF,
 c an be overcome by 

makingg use of dark states, see e.g. Refs. [107,108]. This requires a more detailed 
lookk at the Zeeman sublevels of the hyperfine ground states. We consider the state 
|Fgg = mg = 2) and tune the bouncer laser to the Dl resonance line (795 nm, 
5s2S'i/22 — 5p2Si/2), see Fig. 2.5(a). If this light is cr+-polarised, the selection rules 
requiree an excited state |Fe = me = 3), which is not available in the 5p2Si/2 manifold 
andd so |Fg = mg = 2) is a dark state with respect to the entire Dl line. 

Thee state selectivity of the interaction with bouncer light no longer depends on 
thee detuning, but rather on a selection rule. Therefore the bouncer detuning can 
bee chosen large compared to <JGHF- The new limitation on the detuning is the fine 
structuree splitting of the D-lines, 7.2 THz (or 15 nm) for rubidium. This reduces 
thee photon scattering rate by 3 orders of magnitude. Note that heavier alkali-
metall  atoms are more favourable in this respect because of the larger fine structure 
splitting.. The price to be paid is the restriction to two specific Zeeman sublevels 
|Fgg = g = 2) and the need for a circularly-polarised evanescent wave. 
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2.66 Circularly-polarised evanescent waves 

Inn this section, two methods for the generation of evanescent waves with circular 
polarisationn are described, using either a single bouncer beam or a combination of 
two.. The resulting photon scattering rates are also calculated. 

2.6.11 Single beam 

AA circularly-polarised evanescent wave can be obtained using a single incident laser 
beamm if it has the proper elliptical polarisation, i.e. the proper superposition of TE 
andd TM polarisation. The TE-mode yields an evanescent electric field parallel to 
thee surface and perpendicular to the plane of incidence. The evanescent field of the 
TM-modee is elliptically polarised in the plane of incidence, with the long axis of the 
ellipsee along the surface normal. This was shown in Fig. 2.1(a). 

I tt is straightforward to calculate the input polarisation that yields circular po-
larisationn in the evanescent, wave. We find that the required ellipticity of the input 
polarisationn is the inverse of the refractive index, 1/n. Here the ellipticity is defined 
ass the ratio of the minor and major axes of the ellipse traced out by the electric field 
vector.. The orientation <p of the ellipse is defined as the angle of its major axis with 
respectt to the normal of the £2-plane of incidence, see Fig. 2.5(b). The required 
orientationn depends on the angle of incidence: 

yriyri 22 sin2 0-, — 1 „ 
t a n00 = - - - ! . 2.23 

COS ĵ j 

Closee to the critical angle this is 0 % 0, and the ellipse has its major axis perpen-
dicularr to the plane of incidence. 

Followingg this prescription, the resulting evanescent wave wil l be circularly po-
larised,, with the plane of polarisation perpendicular to the surface. However, the 
planee of polarisation is not perpendicular to the in-plane component, kx, of the 
k-vector.. Here the evanescent wave differs from a propagating wave, which has its 
planee of polarisation always perpendicular to the k-vector (and Poynting vector). 
Forr the evanescent wave the plane of circular polarisation is also perpendicular to 
thee Poynting vector. However, the Poynting vector is not parallel to the in-plane 
k-vector,, but tilted sideways by an angle \ for cr  polarisation. It is given by 

tann x = V7"2 sin2 6-, - 1 = K - ^ . (2.24) 

Closee to the critical angle, \ ss 0, and the plane of polarisation becomes perpendic-
ularr to the in-plane wave vector, as it is for propagating waves. 

Wee can estimate the photon scattering rate of an atom in the dark state 
l^gg ~ mg = 2), residing in the circularly polarised evanescent wave of the bouncer 
beam.. Ideally, this scattering rate is only due to off-resonance excitation to the 
bpbp22Pz/2Pz/2 manifold (D2 line, 780 nm). Choosing the bouncer detuning at 100 GHz 
(withh respect to the Dl line) yields a scattering rate of r'D2 = 3.5 s_ 1. In practice 
theree wil l also be scattering due to polarisation impurity. For example, assuming 
thiss impurity to be 10- 3, we obtain a scattering rate of r'D1 ff_ = 10.6 s"1. 
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Figur ee 2.5: Dark state in a single-beam of a a+-circularly-polarised evanescent wave. 
(a)) Dark state \Fg = mg = +2) in a+-polarised light, tuned above the Dl line of S7Rb. 
(b)) Glass surface in the xy-plane, evanescent-wave (EW) angle of incidence Ö;. Elliptical 
incidentincident polarisation, rotated by the angle <f>  with respect to the normal to the xz-plane 
ofof incidence. The thin dashed line indicating 90° — <j>  is normal to the EW beam and in 
thethe plane of incidence. The Poynting vector S is in the xy-plane, rotated by the angle +\ 
outout of the x-direction. 

2.6.22 Two crossing TE waves 

Alternatively,, evanescent waves of circular polarisation can be produced using two 
(orr more) bouncer beams. Two TE polarised evanescent waves, crossed at 90°, 
wil ll  produce a polarisation gradient as sketched in Fig. 2.6(a). Lines of circular 
polarisationn are now produced with the plane of polarisation parallel to the surface. 
Liness of opposite circular polarisations alternate, with a distance of approximately 
A 0/2v/22 between neighbouring a+ and o~ lines. 

Thiss configuration offers interesting opportunities. The light field can be de-
composedd into two interleaved standing wave patterns, for a+ and o~ polarisation, 
respectively.. An atom in the state \Fg — mg = 2) is dark with respect to the a+ 

standingg wave only. However it does interact with the o~ standing wave and there-
foree can be trapped in its nodes. The bouncer light wil l thus play a double role. 
Firstt it slows the atoms on their way down to the surface. Then, after the atoms 
havee been optically pumped, the bouncer light wil l transversely confine the atoms. 
Thee situation before and after pumping is shown in Fig. 2.6(b,c). We thus expect 
aa ID lattice of atomic quantum wires with alternating spin states, very much like 
aa surface version of previously demonstrated optical lattices [109,110]. The vertical 
confinementt in the z-direction can still be achieved by an additional trapping field, 
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Figur ee 2.6: (a) Generating circularly-polarised evanescent waves by crossing two TE-
polarisedpolarised waves at a right angle (looking down at the prism surface). The polarisations 
andand in-plane wave vector components yield a fringe pattern of alternating lines of opposite 
circularcircular polarisation. The total intensity is constant across the pattern, since the two TE 
polarisationspolarisations are orthogonal. The optical potential is shown in (b) for an atom incident 
inin state \Fg,mg) = |1,0), and in (c) for a pumped atom in the (locally) dark state |2,2). 
TheThe potentials are plotted vs. the height z and the transverse r-direction in the xy-plane 
(orthogonally(orthogonally crossing the fringe pattern). 

seee also Fig. 2.3. The transverse lattice structure may allow postcooling of atoms in 
thee trap by Sisyphus cooling [111,112] or Raman sideband cooling [75-78]. 

I tt is not strictly necessary to cross the evanescent waves at a right angle, but it 
hass the advantage that the total intensity is constant across the polarisation pattern. 
Thee same could also be achieved by using counter-propagating evanescent waves with 
orthogonall  polarisations. For any other angle, the intensity varies spatially so that 
thee atoms bounce on a corrugated optical potential. However, even with a uniform 
intensity,, most atoms wil l experience a corrugated potential, as shown in Fig. 2.7. 
Thee potential depends on the local polarisation and on the atom's magnetic sublevel 
throughh the Clebsch-Gordan coefficients. Only for the state |Fg = l ,mg = 0) is 
thee dipole potential independent of the polarisation. One could of course prepare 
thee falling atoms in \Fg = l ,mg = 0) using optical pumping. The local circular 
polarisationn o  ̂ wil l tend to pump the atom into the local dark state |Fg = g = 2). 
Howeverr the optical pumping transition then has a branching ratio of only 1/6 
(usingg a dedicated resonant pumping beam). By contrast, for an atom starting in 
|Fgg = 1, mg = 1), the branching ratio is 1/2. Therefore starting in |Fg = 1, mg = 0) 
iss conceptually simple, but probably not optimal. 



2.66 Circularly-polarise d evanescent waves 29 9 

(a) ) 
15 5 

I-, , 
1 ** 10 

5 5 

| l ,m g ) ) 

/ ' \\ /""\  /"*%  '~* /"" 
VV V v'  w 
.\\  A A A 

.. / V ' \ J \ 1  ! \ 

0.55 1 1.5 2 
rA, r r 

(b) ) 

\\ / \ ' \ .' \ / 
-W-- - ^ < — \ ^ ^ 

0.5 5 
^^  4 , 

11 1.5 
r/Xr/X n n 

.|2^>> A A A A  (d)o,r^ T /\ ^ ^ 
>/>/ Vb' V1'  'W'  \if W fe / \ 

ioii y V ¥ V ? _ 
\\ A A A A A 

-0.2 2 

Figur ee 2.7: Potentials for crossed TE-polarised evanescent waves, (a) Bouncing poten-
tialtial  for the sublevels of an atom in | l ,mg = 0, . The mirror is smooth only for mg = 0. 
(b)) Transverse evanescent-wave trapping potential for an atom in |2,mg = —2... 2). 
DarkDark states (zero light shift) occur only for mg = , at alternating transverse loca-
tions.tions. (c,d) Vertical confinement by a standing wave potential, calculated for a transverse 
r-coordinater-coordinate of a dark state |2, 2) in a a~-node. (c) shows the modulation of the bouncing 
potentialpotential by the trapping laser, (d) zooms in to the trapping potential. The dark state 
isis decoupled from the bouncing laser on the Dl line, it does however perceive a weakly 
attractiveattractive potential due to coupling on the D2 line, for which the evanescent wave is very 
farfar red detuned. This effect is also visible in (b) by a slightly negative light shift. 

AA disadvantage of creating circularly-polarised evanescent waves on a lattice 
iss that an additional source of photon scattering appears. We approximate the 
transversee potential near the minimum as a harmonic oscillator. Choosing again 
thee bouncer detuning at 100 GHz, the harmonic oscillator frequency wil l be about 
LÜ/2-ÏÏLÜ/2-ÏÏ  = 480 kHz. An atom in state |2,2), i.e. the ground state of the harmonic 
oscillatorr associated with the a~ node, has a Gaussian wavefunction with wings ex-
tendingg into the region with a~ light. The resulting scattering rate can be estimated 
as: : 

W FF (2.25) r; ; HO O 522 s" 
4(<*ii  + <W) 

Heree the bouncer detuning was again chosen at 100 GHz. The scattering rate can 
bee further suppressed to F^o ~ 18 s_1 by raising the bouncer detuning to 300 GHz. 
Forr an even larger detuning the off-resonance scattering by the D2 line, Fp2, starts 
too dominate. 
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2.6.33 Feasibility 

Onee should point out that the examples to produce circularly polarised evanescent 
wavess are not meant to be exhaustive. Several other methods can be devised, some 
beingg more experimentally challenging than others. 

Forr the single-beam method the incident beam must be prepared with the correct 
ellipticityy as well as the correct orientation. It wil l probably be difficult to measure 
thee polarisation of the evanescent wave directly. One should therefore prepare the 
incidentt polarisation using well-calibrated optical retarders and using calculated 
initiall  settings. For example, as an experimental method, the use of reversibility 
theoremss for the polarisation of plane waves was discussed in Ref. [113]. The fine 
tuningg could then be done, e.g., by optimising the lifetime of the trapped atoms in 
thee dark state. 

Forr the two-beam method of Fig. 2.6(a) we have assumed for simplicity that 
thee two interfering evanescent waves have the same decay length and the same 
amplitude.. Equal decay lengths for the two waves can be enforced by making use 
off  a dielectric waveguide [114]. Alternatively, one may deliberately give the two 
beamss a slightly unequal decay length and, at the same time, give the wave with 
thee shorter decay length a larger amplitude. In this case there wil l always be one 
particularr height above the surface where the two beams have equal amplitude, as 
requiredd for superposing to circular polarisation. This procedure would make the 
circularr polarisation somewhat self-adjusting. The height where circular polarisation 
occurss is tunable by changing the relative intensity of the two beams. 

Obviously,, the final word on the feasibility can only be given experimentally. In 
ourr ongoing experiments, a variation on Fig. 2.6(a) is pursued, including the just 
mentionedd self-adjusting properties. 

2.77 Conclusion 

I tt was discussed that inelastic bouncing on an evanescent-wave mirror is a promising 
methodd for achieving high phase-space density in low-dimensional optical traps. The 
phasee space compression is achieved by means of a spontaneous Raman transition, 
whichh is highly spatially selective for atoms near the turning point of thee evanescent-
wavee mirror potential. 

Previouss work based on the level schemes of metastable noble gas atoms was 
extendedd for application to alkali-metal atoms. This requires suppression of the high 
photonn scattering rate, resulting from the relatively small ground state hyperfine 
splittingg of the alkali-metal atoms. It was shown how the photon scattering rate 
cann be reduced by several orders of magnitude, by trapping the atoms in dark 
states.. This requires the use of circularly-polarised evanescent waves, which can 
bee generated by several methods. If built up from multiple beams, the evanescent 
fieldfield may play a double role, generating a bouncing potential as well as a trapping 
potential.. This could lead to an array of quantum wires for atoms. 


