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1 1 
Generall  introduction 

1.11 Atom optics and laser cooling 

Thee motion of neutral atoms can be manipulated by laser light. Similar to optical 
elementss for light, "atom optical" mirrors, lenses, gratings or beamsplitters can be 
realisedd for atomic matter waves [1]. 

Lightt forces on atoms are commonly classified as "dipole forces" and "sponta-
neouss forces" [2]. The dipole force results from the interaction of the electromagnetic 
fieldd with the induced electric dipole of an atom and can be described by an optical 
potential,, also called "light-shift" potential. This corresponds to the refractive index 
off  a dielectric medium in optics. The spontaneous force is based on the absorption 
off  photons from a preferential direction, such that the related photon recoils repre-
sentt the force. Because of the involved spontaneous emission processes this force is 
dissipative. dissipative. 

Off  particular interest are evanescent waves, which can form a mirror for atoms 
byy the induced repelling optical potential. Such a mirror was proposed by Cook and 
Hil ll  [3] and was first demonstrated with an atomic beam at grazing incidence by 
Balykinn et al. [4], and with cold atoms at normal incidence by Kasevich et al. [5]. 

Ann evanescent wave occurs when light undergoes total internal reflection, e.g. at a 
glasss surface in vacuum [6,7]. On the dark side, the electric field decays exponentially 
awayy from the surface. The property that makes such a wave particularly useful 
forr atom optics, as compared to freely propagating beams, is the characteristic 
decayy length which can be less than the optical wavelength. Atoms are quickly 
(~~ fis) reflected by a steep potential. Of course, compared to the typical refractive 
indexx step for, say, a (partially) light transmitting window, an evanescent-wave 
potentiall  is relatively smooth: the atomic DeBroglie wavelength ranges usually 
betweenn 10 — 100 nm. 

Thiss thesis investigates the light scattering by cold (10 ^K) rubidium atoms 
(87Rb)) in the optical potential of an evanescent-wave mirror. The atoms bounce at 
normall  incidence either elastically or inelastically from such a mirror. In case of an 
elasticc mirror, we observed radiation pressure that is exerted on the atoms by the 
evanescentt wave. Since the evanescent wave propagates only along the glass surface, 
alsoo the radiation pressure is expected to be directed parallel to the surface (see 
chapterr 6). The inelastic mirror is the consequence of optical hyperfine pumping 

9 9 
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off  bouncing atoms (see chapter 7). Such a dissipative atom-optical element has 
noo analogy in optics. 

AA striking consequence of dissipation is that it allows to cool atoms with laser 
light.. This was proposed in 1975 by Hansch and Schawlow [8], and by Wineland 
andd Dehmelt [9]. When cooling atoms to a few fiK, they are also sufficiently slow 
(aa few cm/s) to be bound in optical traps [10]. In the past years vast progress in 
laserr cooling and trapping has taken place, see the reviews [11,12] or the 1997 Nobel 
prizee lectures of Chu, Cohen-Tannoudji and Phillips [13-15]. 

Duee to dissipation, the inelastic evanescent-wave mirrors investigated in this 
thesiss are closely related to reflection cooling of atoms by evanescent waves, which 
wass demonstrated by Laryushin et al. [16] and used by Ovchinnikov et al. [17] to 
cooll  atoms in a gravito-optical surface trap. 

Variouss fields in fundamental and applied physics take benefit of the achieve-
mentss in atom optics and laser cooling. Examples are atom-interferometric mea-
surementss of the gravitational and fmestructure constant, spectroscopy of atoms 
andd molecules, cavity quantum electrodynamics (CQED), and ultracold atomic col-
lisionss [18-26]. Cold atoms are also used to model more complex systems, such as 
Blochh states in solids [27,28]. Prospected technical applications are atomic clocks, 
e.g.. for navigational systems, atom lithography on the nm-scale, or quantum com-
putationall  devices [29-32], 

1.22 Quantum gases 

Thee mentioned applications of cold atoms commonly employ incoherent, thermal 
sourcess of atoms. This might be an atomic beam evading from an oven and col-
l imatedd by diaphragms, or a cloud of cold atoms from a magneto-optical trap 
(MOT)) [33]. Lasers [34] have triggered and improved many optical techniques since 
thee first demonstration by Maiman [35] in 1960. Similarly, an "atom laser" as a 
brightt source of coherent matter waves may have a considerable impact on develop-
mentss in atom optics. 

Ann atom laser requires the creation of "quantum gas" or, a "quantum degen-
erate""  gas. Quantum degeneracy requires that an ensemble of atoms is sufficiently 
densee and cold, such that the atomic wavefunctions overlap, i.e. the atomic separa-
tionn is less than the DeBroglie wavelength A oc y/l/T, where T is the temperature. 
Thee "phase-space" is the combined space of position and momentum coordinates. 
Thee phase-space density of a degenerate gas is thus $ = nA3 > 1, where n is the 
spatiall  density. Equivalently, $ describes the occupation number of a volume h3 

perr available quantum state in the phase-space of a system [36], where h is Planck's 
constant.. For bosonic atoms (with integer spin quantum number), degeneracy leads 
too the formation of a Bose-Einstein condensate (BEC), in which a single quantum 
statee is macroscopically occupied by indistinguishable atoms. 

BECC was predicted already in 1924 [36,37]. It is understood as a consequence of 
thee bosonic quantum statistics that is employed instead of the classical Boltzmann 
statisticss in the case of a degenerate gas. Efforts to achieve BEC in dilute, weakly 
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Atomm Laser 
B E CC outcoupl ing opt ical l y dr iven 

thermall  atoms 

LASER R 

gainn medium 

stimulatedstimulated emission of bosons into the same lasing mode 

coherentt  mat ter  wave 

stimulatedd collisions 

evaporation,evaporation, thermalisation 

criticall  temperature 

3DD trap 

2D2D for hydrogen 

thermall  equilibrium 

groundd state occupied 

demonstrateddemonstrated [49-52] 

coherentt  light field 

stimulatedd optical transition 

collisionscollisions not required 

pumpingg threshold 

2DD or ID trap 

duee to reabsorption 

opticall  cavity 

open,, driven non-equilibrium system 

excitedexcited state possible higher order cavity modes 

proposedproposed [58-60,84,86] commonlycommonly used [34,35] 

Tablee 1.1: Atom laser and optical laser. 

interactingg gases first focused on atomic hydrogen, see e.g. Walraven in Ref. [38]. 
Accompaniedd by the development of laser (pre)cooling techniques, BEC was however 
firstt observed with alkali atoms in 1995 by Anderson et al, Davis et al, and Bradley 
etet al. [39-41]. In 1998, Fried et al. [42] achieved BEC in hydrogen, and Safonov et 
al.al. [43] realised a two-dimensional degenerate hydrogen gas. Recently, DeMarco 
andd Jin [44] observed also a degenerate fermionic gas. For reviews on BEC, see 
Refs.. [45-48]. 

Byy outcoupling atoms from a BEC, atom lasers have been demonstrated by 
Mewess et al, Anderson et al, Bloch et al, and Hagley et al [49-52]. However, the 
onlyy method to achieve BEC so far, is evaporative cooling [53-55] of thermal atoms 
downn to the critical temperature of condensation into the ground state of a magnetic 
trap.. Compared to laser cooling, evaporation is a slow process lasting tens of seconds, 
sincee it relies on thermalising collisions. The mentioned atom lasers deplete the 
condensate.. Their output is therefore pulsed, or at most quasicontinuous. As a 
remedyy it was recently proposed to feed a condensate continuously with atoms [56], 
orr to cool an atomic beam by evaporation [57]. 

Itt remains a challenging goal to achieve quantum degeneracy by purely optical 
means,, possibly leading to cw atom lasers as open, driven systems out of thermal 
equilibrium.. Various schemes have been proposed by Wiseman and Collett, Spreeuw 
etet al, and Olshanii et al [58-60]. Commonly, they employ a close analogy to the 
opticall  laser, see Table 1.1. The coherent matter wave takes the role of the lasing 
field,, and the cavity is realised by an optical trap. The dissipative process involved 
iss a spontaneous Raman transition, that pumps thermal atoms in a single step from 
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aa reservoir into the trap. At the onset of degeneracy, i.e. the lasing threshold, the 
feedingg of the lasing mode becomes a stimulated process, due to the bosonic nature 
off  the atoms. A related type of matter-wave amplification was demonstrated by 
Inouyee et al. [61] using samples of condensed atoms from a BEC. 

Ann optical trap loading scheme is independent from collisional properties and 
mayy also work for species with an unsuitably small s-wave scattering length for 
evaporativee cooling, see e.g. Refs. [62,63]. 

Opticall  cooling schemes suffer from heating by reabsorbed photons [64-67] and 
fromm light-assisted collisional losses [68,69]. The phase-space density in a MOT 
withh optical molasses cooling [70,71] is therefore limited to $ < 1CT4 [69,72-74]. A 
breakthroughh was achieved with Raman sideband cooling [75-78] of atoms that were 
tightlyy confined at the sites of an optical lattice [79,80]. Han et al. [78] reported 
<£>> ~ 1/30 using this technique. An even larger density of $ ^ 0.1 was achieved by 
Idoo et al. [81] with Doppler-cooled strontium atoms using a spin-forbidden optical 
transition.. This extremely narrow transition reduces the photon reabsorption. 

Too overcome the limitations of cooling in a trap, the optical atom laser schemes 
[58-60]]  attempt to use a single dissipative trap loading process to bridge the gap in 
phasee space density between a precooled sample and a degenerate sample. Several 
specificc schemes were proposed [82-87], which employ a low-dimensional trapping 
geometry,, such that photons can escape into a large solid angle without reabsorption. 
Inn particular, it was proposed [82-84,87] to employ optical pumping of atoms at their 
turningg point on an evanescent-wave mirror to load a low-dimensional trap in the 
vicinityy of a surface. 

Low-dimensionall  quantum gases are also of conceptual interest for the under-
standingg of phase transition phenomena [43,45,88,89] such as, e.g., the predicted 
Kosterlitz-Thoulesss transition in two dimensions [90]. Furthermore a source of cold 
atomss in the vicinity of a surface may be a valuable tool in the emerging field of 
guidingg atoms along surfaces ("integrated atom optics") [91-94], 

Gauckk et al. [86] demonstrated a first realisation of evanescent-wave trap loading 
usingg met ast able argon atoms. This species suffers, however, from Penning ionisa-
tionn losses [95,96]. Chapter 2 of this thesis describes our own proposal, extending the 
trappingg scheme to be applicable also with alkali atoms and, more specifically, with 
8 7Rb.. "Dark states" in circularly-polarised evanescent-waves are proposed to reduce 
thee scattering rate of trapped atoms by several orders in magnitude. The highly spa-
tiallyy selective pumping by an evanescent wave can be matched to a tightly confining 
trapp [83]. Understanding and control of photon scattering by bouncing atoms, is 
thereforee necessary to optimise the efficiency and reduce losses of these trap loading 
schemes. . 

Inn chapter 5, basic properties of our evanescent-wave mirror are characterised, 
suchh as the effective mirror surface. Also the influence of the Van der Waals attrac-
tionn between atoms and glass surface is discussed. The chapters 6 and 7 describe 
differentt aspects of photon scattering by evanescent waves. 



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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144 A low-dimensional quantum gas by means of dark states 

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 



2.22 Evanescent-wave mirror s 17 7 

degrees s 
1.11 1.7 

100 20 30 40 50 
anglee 0;-9c (mrad) 

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 
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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. 



2.33 Generic t ra p loading scheme 19 9 

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 will 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. 



22 2 AA low-dimensional quantum gas by means of dark states 

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. 
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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. 



Experimentall  setup 

AA table-top ultra-high vacuum rubidium vapour cell has been built. 
OpticalOptical access to the vacuum system is achieved by use of a rectan-
gulargular glass cell. Two techniques of vacuum sealing of such glass cells 
usingusing either a knife-edged metal gasket or epoxy glue are discussed. 
InIn the vapour cell a magneto-optical trap is operated. With addi-
tionaltional optical molasses, cooling provides samples of& 107 atoms at 
temperaturestemperatures of ss 10 fxK. Frequency-stabilised diode lasers serve 
asas trapping and cooling light sources. Their output is amplified by 
injection-lockedinjection-locked single-mode diode lasers or, for high-power appli-
cations,cations, tapered semiconductor gain elements. Real-time control of 
thethe experiment is achieved by a personal computer with an addi-
tionaltional digital signal processor. Cold atoms are detected by imaging 
withwith a triggered digital frame-transfer CCD camera system. 

31 1 
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3.11 Overview 
Ann optical trapping scheme for atoms has to be realised in ultra-high vacuum (UHV) 
too avoid atom loss due to collisions with room temperature gas. Since the first 
demonstration,, the magneto-optical t rap (MOT) [33] has become a standard tool in 
atomicc physics. Usually, a MOT provides a cloud of cold atoms after a single loading 
cycle.. Alternatively, a slow continuous atomic beam is extracted [115,116]. In our 
experiments,, a MOT with subsequent polarisation gradient cooling (PGC) [70] was 
usedd to prepare a cloud of atoms a few mm above an evanescent-wave atom mirror. 
Wee have chosen frequency-stabilised diode lasers to provide the various light frequen-
ciess required for the MOT, PGC, optical pumping, dipole trapping, and probing of 
atoms.. Such devices are a low-cost and less maintenance demanding alternative to 
Ti:Sapphiree laser systems. Their compactness permits to assemble a larger number 
off  laser sources together with an UHV setup on a single table. The lasers con-
sistt of external grating diode lasers [117,118], the output of which is amplified by 
injection-lockedd diode lasers. The laser stabilisation schemes are based on frequency-
modulationn spectroscopy [119] and "Zeeman polarisation spectroscopy" [120-122]. 
Thee complexity of the experiments demands real-time computer control of exper-
imentall  parameters. A digital signal processor is in charge of this task. Images 
off  atoms bouncing on evanescent-wave mirrors were acquired with a digital CCD 
cameraa system. 

Inn this chapter, the relevant properties of rubidium are discussed and the design 
off  the table-top UHV rubidium vapour cell is described, in which our experiments 
weree performed. A separate section is dedicated to the delicate issue of connect-
ingg and sealing glass cuvettes and window substrates to standard CF 40 and CF 16 
Confiat™™ steel knife-edge flanges. Also an overview of the used laser systems and 
thee controlling computer hardware is given. In the last section, the MOT is de-
scribed.. The temperature of atom clouds, achieved by PGC, was determined by a 
time-of-flightt method using falling atom clouds. The characterisation of one partic-
ularr device, a tapered semiconductor amplifier, is given in Chap. 4. 

3.22 Atomic species — rubidium 

Thee experimental choice of an atomic species depends on physical properties in-
cluding,, (i) appropriate optical transition frequencies and the availability of laser 
sourcess operating on these frequencies, (ii ) the atomic collisional properties and, 
(iii )) the ease of handling in an UHV system. 

(i )) Optical t rans i t ions.— Optical cooling techniques require well separated 
opticall  transitions of sufficiently narrow natural linewidth, among which cycling 
("closed")) transitions. Methods like PGC or velocity-selective coherent population 
trappingg (VSCPT) [107] in "dark states" rely on optical pumping between magnetic 
sublevelss or hyperfine states. The hyperfme-split Dl and D2 fine structure lines of 
alkali-metall  atoms and the optical transitions of metastable noble gas atoms allow 
thee use of dye lasers and Ti:Sapphire lasers with, wavelengths from the visible to 
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thee near-infrared spectrum. With LNA lasers at 1083 nm also metastable helium 
becamee usable [123]. For an overview on common elements for laser cooling, see 
e.g.. Ref. [12]. 

Welll  established in atomic physics are meanwhile stabilised diode laser systems, 
iff  providing sufficient optical output power together with spectral and spatial beam 
quality.. The availability of the laser diodes is generally determined by commercial 
applications,, e.g. for CD disk drives (785 nm wavelength), Nd:YAG laser pumping 
sourcess (808 nm), DVD drives (650 - 670 nm), or magnetometers for navigational 
systemss using helium (1083 nm). Particularly, low-cost high-power laser diodes in 
thee near infrared make rubidium an attractive choice, due to optical resonances at 
7800 nm and 795 nm wavelength. 

(ii )) Collisional properties.— In high density applications of cold atoms the 
s-wavee scattering length is an important parameter, e.g. for evaporative cooling 
andd for the properties of a Bose-Einstein condensate. For an overview of scattering 
lengthss for various atomic species, see Ref. [63]. More specifically 87Rb, due to 
itss suitable positive scattering length (a % 109 a0), may be the most promising 
candidatee to reach quantum degeneracy in a purely optical scheme, as envisaged in 
Chap.. 2. Therefore we use this isotope in our experiments. 

(iii )) Handling in UHV. — A reliable and compact technical solution to handle 
rubidiumm atoms is a table-top UHV vapour cell setup, in which a MOT can be quickly 
andd directly loaded from the room temperature vapour [124-126]. Rubidium can 
bee used at convenient temperatures. For example, the (saturated) rubidium vapour 
pressuree at room temperature is between 10_ 7-10"6 mbar and the melting point is 
38.5°° C [127]. The natural abundance of the 87Rb isotope is 27.9 %, next to 72.1 % 
off  85Rb. Some useful numbers for experiments with rubidium are listed in the 
Appendixx A.1. The hyperfine level structure of the Dl (795 nm) and D2 (780 nm) 
linee is shown in Fig. 3.7. 

3.33 Ultra-high vacuum system 

3.3.11 Requirements on a rubidium vapour cell 

Thee used vapour cell is an UHV system which maintains a partial rubidium pres-
suree of typically 10~8 mbar and a background gas pressure of < 10-9 mbar. In 
ann optical trap, light scattering will dominate the loss of trapped atoms, rather 
thann background gas collisions. An experiment involving bouncing atoms from an 
evanescent-wavee mirror typically lasts less than 100 ms, whereas the mean collision 
timee of cold atoms with room temperature atoms from the vapour is ~ 350 ms 
(meann free path ~ 100 m). Experiments of longer duration, such as evaporative 
coolingg of atoms towards BEC, require significantly better vacuum (< 10~n mbar). 
InIn these cases differentially pumped "double-MOT" systems [128] or bright beams 
off  slow rubidium atoms [115,116] are employed to load a MOT in good vacuum with 
aa sufficient number of atoms. 
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AA vapour cell can be economically realised as a small stand-alone system using 
mostlyy commercial components. The very low rubidium consumption reduces main-
tenancee tasks. For example, using 10 mg of rubidium in a reservoir, the operating 
timee is limited by constructional changes on the system rather than by rubidium 
depletion.. Due to vibrations, the use of turbo-molecular pumps located on a ta-
blee together with stabilised lasers is undesirable. Therefore we employ ion pumps, 
thoughh these pumps require care for shielding or compensating their stray magnetic 
fields.fields. Usually it is sufficient to place an ion pump far enough away (> 0.5 m) from 
thee experimental region. However, this is at the cost of pumping speed and vacuum 
pressure. . 

Inn addition to vacuum specifications, also the optical properties of a vapour cell 
havee to be considered. Experiments on evanescent-wave atom mirrors as discussed 
inn this thesis, require a prism as the only optical component mounted inside the 
vacuumm system. Nevertheless, optical access from various directions is needed to 
applyy the numerous laser beams. The windows should be of laser optical quality and, 
iff  possible, antireflection coated. In the present system, an uncoated rectangular 
glasss cell is used. Beside good optical access, a particular feature of such a cell is 
thatt magnetic field coils can closely approach the region of interest and hence can 
bee small sized and of low power consumption. Since a glass cell is nonmagnetic, 
experimentss are not perturbed by eddy currents caused by switching field coils. 

3.3.22 Vapour cell setup 

Thee vacuum system, shown in Fig. 3.1, consists of, (i) a lower UHV chamber, pumped 
byy a 15 1/s ion pump and, (ii ) an upper differentially pumped vapour cell connected 
too a glass cuvette and to a rubidium reservoir. The vapour cell is (optionally) 
pumpedd by a 8 1/s ion pump. The typical background pressure achieved in this 
systemm is « 10"9 mbar, after gentle bakeout up to 114° C. The epoxy-glued glass 
celll  used so far, did not allow warmer baking. 

(i )) U H V sec t ion .— The components of the UHV system are grouped in the 
horizontall  plane at a 5-way CF40 cross. The system is clamped to the optical 
tablee by aluminium mounts that can be water cooled, in order to protect the laser 
tablee during bakeout. An all-metal sealed valve (Granville-Phillips, gold-seal type 
204)) leads via bellows to a roughing turbo-molecular pump. When the valve is 
closed,, the system is self-sustaining with an ion pump of 15 1/s (N2) pumping speed 
(Varian,, Vaclon Plus 20 StarCell with ferrite magnets). The achieved pressure can 
bee monitored by an ionisation gauge in a range between 10- 12 — 10- 3 mbar (Varian, 
typee UHV-24p). A pressure below 10 9 mbar might be possible by extending the 
systemm with a titanium sublimation pump or non-evaporative getter materials. 

Thee UHV section is separated from the upper vapour cell section by a blank 
CF400 copper gasket with a hole of 1.5 mm diameter. Differential pumping reduces 
thee pumping speed in order to maintain the rubidium pressure in the vapour cell 
duringg experiments. 
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Figur ee 3.1: Vacuum system. Lower UHV section: ion pump (IP1), ion gauge (IG) 
andand valve (&)1) to roughing pump. Upper vapour cell section: rubidium reservoir (Rb, 
unmountedunmounted when photograph was taken) with valve (&2J, and smaJJ ion pump (IP2, 
outout of sight). A bypass valve (&)3) connects the vapour cell and the UHV section. 
AA diaphragm between the sections enables differential pumping. The closeup shows the 
100 x 10 x 4 mm3 right-angle BK7 glass prism used for the evanescent-wave mirror (Melles 
Griot,, high precision prism, no. 01 PRE 009. cut to a width of 4 mm). 
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Forr pumping down from atmospheric pressure and during bakeout, an all-metal 
CF166 valve (Vacuum Generators, type ZCR20R) is opened in a bypass from the 
5-wayy cross to the vapour cell. The strong magnets of the ion pump are approxi-
matelyy 35 cm away from the prism. The ion pump manual specifies a stray magnetic 
fieldfield of < 1.5 G at a distance > 15 cm from the pump. 

(ii )) Vapour  cell sec t ion .— A hexagonal section with six CF 16 ports is mounted 
onn top of the UHV section. It interconnects the cuvette, the rubidium reservoir and 
thee pumping bypass. In addition, an in-line pair of custom-made optical viewports 
iss mounted, that, provides optical access for, e.g., time-of-flight diagnostics of falling 
atomss (if no prism is mounted). The horizontal tube of the bypass leads 40 cm away 
too a small 8 1/s ion pump (Varian, Vaclon with AINiCo magnet). If necessary for 
strayy field minimization and if the pump is not in use, the magnet can be removed. 
Togetherr with the bypass, this pump assists in stabilising the rubidium vapour 
pressuree or to reduce background gas pressure, respectively. 

Thee rubidium reservoir is connected to the vapour cell by a short spacer tube 
andd an all-metal valve. It consists of a flexible tube with a short intermediate bel-
lowss section. Before evacuating the system, a small cylindrical quartz ampule was 
inserted,, containing a few milligram rubidium. When the final roughing pressure 
^^ 10~(> rnbar was established after bakeout, the ampule was broken by bending the 
bellows.. When the pressure settled again, the system was sealed off from the rough-
ingg line and further pumped down by the ion pump. Commercial standard rubidium 
ampuless can be used in the setup (Aldrtch Chemical. 2g, no. 38,599-9). However, 
aa few milligram suffices to keep the system operable for years. For constructional 
changes,, the reservoir can stay evacuated for a short time, avoiding a replacement 
off  the ampule. Hence it is more economical (and more safely) to distil only a small 
amountt of rubidium into custom reservoir ampules. 

Inn case the ampule breaks too neatly it might be necessary to keep the bellows 
bentt to increase the rubidium diffusion out of the ampule. The reservoir is wrapped 
withh a heating cord. When preparing experiments, the reservoir is gently baked with 
openn valve until the desired vapour pressure in the cuvette is reached. (The saturated 
rubidiumm vapour pressure is, e.g., % 10"5 mbar at 60°C.) It can be monitored 
byy observing the fluorescence from a laser beam tuned to an optical resonance of 
rubidium.. After cooling down the reservoir, the valve is kept open and adjusted to 
maintainn a constant vapour pressure. Due to the differential pumping, the vapour 
pressuree decays with a time constant of ~ 30 min if the reservoir is closed. Before 
insertingg the differential pumping hole this was less than 5 min. It is difficult to 
estimatee the rubidium diffusion and pumping speed for two reasons: First, the 
systemm has many bends and apertures. Second, rubidium is strongly sticking to 
surfaces.. Since the surface-to-volume ratio is large, there is a delay of several hours 
inn vapour pressure build-up when charging the system for the first time. One has 
too avoid saturating the entire system and, particularly, the cuvette by a rubidium 
droplett that slowly ''creeps" through the system. 
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I tt  is worth mentioning two alternative techniques of charging a vapour cell with 
rubidium,, taking less constructional and machining efforts: (i) commercial single-
usee quench-seal copper tubes as containment for the rubidium ampule and, (ii ) a 
saturatedd dispenser compound that releases rubidium when heated by an electrical 
currentt (SAES Getters, type Rb/NF/3.4/12FT10+10, 2.6 mg yield). The latter has 
thee advantage that it offers cw and pulsed operation with short time constants —min, 
andd may charge the vacuum system only locally with rubidium. A disadvantage are 
thee electrical UHV feedthroughs and the limited rubidium load. 

3.44 Optical access to the UHV system 

Inn cooling and trapping experiments, laser-beam wavefronts must not be distorted 
byy the UHV viewports. Also (stress-induced) birefringence of the viewports is unde-
sirable,, since it might perturb polarisation sensitive applications such as polarisation 
gradientt cooling or "dark state" trapping. Furthermore, the vacuum sealing has to 
withstandd common bakeout temperatures above 200° C. Commercial viewports are 
usuallyy costly and have clear apertures that are significantly smaller than the Conflat 
flangeflange counterpart. In order to achieve optical quality access from many directions, 
wee have chosen a rectangular cuvette. 

Thee first choice material was fused silica ("quartz glass"). It is available as laser-
opticall  plate elements, that are welded in a baking process using glass weld powder 
att the connecting faces. The surface flatness is preserved locally in this process. 
AA disadvantage is that no inside antireflection (AR) coating can be applied. A 
pre-appliedd coating would be destroyed during welding, and the elongated geometry 
makess the application of an UHV compatible coating after welding impossible. 

Suchh cuvettes are usually supplied with a "graded-seal" transition, with which 
thee mismatch in the thermal expansion of the fused silica cuvette and an Invar steel 
flangee is compensated. The graded seal consists of a succession of tubular segments 
thatt change gradually in composition from fused silica to Pyrex glass. Unfortunately, 
thee minimal length of the graded seal is > 10 cm, which may degrade the UHV in 
thee cuvette. For our vacuum system, we have therefore extended an earlier reported 
windoww sealing technique [129] to seal a cuvette directly to a CF 40 flange. 

Inn the following, our application of this technique to CF 16 viewports is discussed, 
andd the CF40 scheme is refined using spring-loaded knife-edge seals, that reduce 
stresss on the glass substrate. Finally, a less complex preliminary solution based 
onn an epoxy-glued "Optical Glass" cuvette is presented. Note that this cuvette, 
despitee of modest bakeout temperatures, allowed for sufficient UHV to perform all 
experimentss reported in this thesis (see also the photographs in Fig3.1). 



388 Exper imental setup 

Figuree 3.2: All-metal sealed optical CF 16 viewport. 

3.4.11 All-metal sealed optical quality UHV viewports 

Thee viewport concept in Ref. [129] makes use of a standard 50 mm diameter laser 
windoww that is sealed to a CF 40 knife-edge flange. The substrate is pressed on a 
knifee edge milled onto the outer surface of a common OFHC (copper) gasket ring. 
Underr compression, the deforming copper knife edge seals the window with a leak 
tightnesss of < 10~12 mbar 1/s helium leakage, comparable with usual CF connec-
tions.. We implemented this technique, to realise viewports also for CF 16 flanges. 
Thee maximisation of the clear aperture required custom-sized windows of 22 mm 
diameterr and 6 mm thickness (Melles Griot, BK7, AR/AR HEBBAR coating). 

Fig.. 3.2 shows a cross section and a frontal view of the viewport construction. 
AA blank CF 16 flange was milled as a compression ring to clamp the window onto 
thee copper seal. The ring has a circular overlap of 2 mm width with the window. 
Betweenn them we use as a cushion a stack of 10 — 15 punched rings of aluminium 
foil .. The clear aperture of the viewport is limited by the flange bore diameter and 
byy the inner diameter of the gasket, both « 16 mm. The knife edge in the copper 
gaskett is also shown in the figure. Tightening of the six (lubricated) bolts was done 
withh a torque wrench uniformly and in small steps. A torque of 4.9 Nm provided 
goodd sealing without damage, whereas for 5.5 Nm we observed cracks in the AR 
coatingss of the window. Also the copper gasket was significantly deformed due to a 
slightt mismatch in the knife edge diameters. Compared to the CF 16 steel knife of 
18.55 mm diameter, we used initiall y a slightly smaller diameter of 18.0 mm for the 
copperr knife, in order to keep more space to the edge of the small glass substrate. 
Laterr we also used copper knifes of 18.5 mm. The final sealing torque on the bolts 
wass 3.9 Nm, similar to that in Ref. [129]. The copper knife was then compressed to 
aa flat ring of 0.5 mm width, by a total loading force of « 150 kN from the 6 bolts, 
orr w 26 kN/cm along the knife. 

Soo far, three of our four windows withstood several bakeout cycles up to 200° C 
(max.. 250° C). One window broke while being unmounted. Another window showed 
aa slight edge damage by the compression ring but did not leak. 
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3.4.22 All-metal sealed fused silica cell 

Thee knife-edged Conflat seal.— In a first attempt, we adapted the knife-
edgedd CF 40 gasket of the viewports also to a cuvette. Fused silica cuvettes were 
manufacturedd by Optiglass (England) and supplied by Starna Analytical Accessoires 
(Austria).. They were made from 4 mm thick plates with a square outside width 
off  30 mm and lengths of 100 mm and 150 mm. The material is Spectrosil B from 
ThermalThermal Syndicate. The cuvettes were molded each on a 15 mm thick ring disk 
substratee of 50 mm outer and 22 mm inner diameter. Particularly the lower (sealing) 
diskk surface was polished. 

Thus,, the disk resembled a 50 mm dia. (CF 40) fused silica window. Here, the 
knifee edge milled onto the copper gasket had a diameter of 42 mm, like a CF40 
steell  knife. For a window, we achieved a good seal with a torque of 5 Nm on each of 
thee 6 flange bolts, corresponding with 173 kN total load (13 kN/cm). Nevertheless, 
thee disk-mounted cuvette did not withstand the compression clamp. Before vacuum 
sealingg was achieved, the disk cracked at the corners of the cuvette, when the torque 
att the bolts was increased to about 3.4 Nm. 

Thereforee it seemed necessary to realise a seal using considerably less loading 
forcee on the disk than with an OFHC gasket. A possibility might be a softer gasket, 
e.g.. made from nickel. However, nickel is ferromagnetic and therefore undesirable 
closee to the experimental region. 

Thee Helicoflex A spring-loaded seal.-— With the single-side knife-edged gas-
ket,, most of the compression was needed to deform the bulk gasket material by 
thee CF steel knife. Therefore, a double knife-edged gasket between two flat sur-
facess promised a stress reduction. A commercial solution is the Helicoflex A gas-
kett (Le Carbone-Lorraine, type HNV200 A (DN25), spring Nimonic90, lining alu-
minium/Inconell  600) [130]. The gasket consists of a toroidal lining made from 
thee sealing material. It has tiny knife edges milled on the top and bottom cir-
cumference.. Inside, as an elastic core, the torus contains a helical spring. This 
springg provides a homogenous compression all around the sealing circumference and 
avoidss (torsion) stress on the sealed UHV components. A cross section of the Heli-
coflexx A gasket is shown in Fig. 3.3 (not to scale). The helium leakage is specified 
ass < 10-10 mbar 1/s [130]. 

Inn the present setup, we have chosen an aluminium lining. Apart from the low 
costs,, it offers advantageous properties in sealing our particular glass substrates. 
Aluminiumm is a ductile material: the knife edge is consumed under compression and 
requiress less loading force compared to a nonductile material. Among other ductile 
materialss like silver or copper, aluminium gaskets require less loading force, whereas 
thee specified final compression is even larger. Note the distinction made here between 
"(linear)) loading force" and "compression". The former is derived from applied 
torquess when tightening flange bolts, the latter describes the visible geometrical 
deformationn of the toroidal gasket and the knife edges. A large compression of the 
gaskett promises accurate control during the sealing procedure. Aluminium gaskets 
requiree a Vickers hardness of the sealing surfaces of 65 only, in contrast to minimal 
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Figur ee 3.3: All-metal VHV sealed fused silica cell. 

1000 — 120 for silver and copper. A disadvantage may be the maximum bakeout 
temperaturee of 280° C, which is, however, still above the attempted rating for our 
cuvettes.. For detailed requirements on machining and finish of the sealed surfaces, 
seee Ref. [130]. As an alternative to the Helicofiex gasket, also a metal wire seal 
mightt offer a solution. However, common wires from gold need significantly more 
loadingg force and, the softer indium does not allow larger bakeout temperatures 
thann the epoxy-glued connection, discussed below. 

Fig.. 3.3(a) shows a cross section and a top view of the sealed cuvette. This 
correspondss to the most recent construction. In order to provide a flat sealing 
surface,, our workshop machined a CF 40 adapter to be connected to the hexagonal 
vapourr cell section. This adapter accepts the Helicofiex gasket. The base of the 
cuvettee assembly consists of a 50 mm diameter quartz disk of 20 mm thickness. In 
addition,, between this disk and the rectangular cell, there is an intermediate quartz 
ringring of 10 mm thickness, the outer diameter of which matches the 30 mm cross 
sectionn of the cell. This assembly was clamped onto the Helicofiex by a combination 
off  a stationary compression ring and a single compression nut, with a fine thread of 
722 mm diameter and a pitch of 1.2 mm/turn. A thin ring of annealed aluminium 
formss a cushion between the compression ring and the quartz disk. A similar cushion, 
lubricatedd with MoS paste, serves as a sliding ring between compression ring and nut. 

Thee 10 mm spacer ring was inserted to avoid focused stress at the cell corners. 
Standardd DN25 Helicofiex A gaskets were used. The inner and outer diameters 
aree 30.4 mm and 40.2 mm, respectively. The torus cross section is 4.8 mm, with 
aa nominal linear sealing load of 245 N/cm and a nominal compression of 0.9 mm. 
Thee load required to achieve sealing should thus be 100 times smaller than with the 
CF-sealedd windows which were described in the previous section. The diameter of 
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thee knife edges is 35.2 mm. The larger inner diameter of thee compression ring causes 
torsionn stress in the quartz disk. Note that the choice of the standard DN 25 gasket 
wass motivated earlier by modifying an existing CF 40 flange rather than machining 
aa custom adapter to the vapour cell section. 

Thee final construction was tested while mounted directly on top of the inlet of 
thee turbo-molecular pump. Sealing was achieved with a compression of 0.49 mm 
(55%% of the nominal one). The pressure reading from a Penning detector indicated 
4.00 x 10- 8 mbar before bakeout. After a bakeout cycle up to 230° C, the pressure 
settledd at 1.8 x 10- 8 mbar, the same as when operating the terminated pump alone. 
Ourr "consumption" of numerous gaskets reflects their quality. Under visual inspec-
tionn both used and freshly unpacked gaskets occasionally showed tiny scratches or 
materiall  faults in the aluminium knife-edges. In these cases sealing of the cuvette 
wass not achieved within the nominal compression. It is strongly recommended to 
consumee as many gaskets as necessary until sealing is achieved within the nominal 
compression.. In fact, a glance at the catalogues [130] indicates that these gaskets 
aree originally designed to seal reactor vessels rather than atomic vapour cells. 

Thee actual two-disk cuvette was motivated by an unsuccessful attempt to use the 
single-diskk construction with a Helicoflex A gasket. The 15 mm thick single disk was 
clampedd on the gasket by 6 bolts of a modified CF 40 flange, similar to the viewport 
construction.. After sealing was achieved, the system was gently baked at 70° C. 
Havingg cooled down slowly and after some hours of settling at room temperature, a 
crackk at one of the cuvette's corners occurred, similar to the crack with the previously 
usedd CF gasket. The reason was probably that the compression clamp finally made 
aa considerable wedge with the flange counterpart. The bolts had been tightened 
evenlyy by observing the applied torque. This suggests that either the spring load 
off  the gasket was not constant along the circumference, or the torque readings 
off  the wrench were not reliable due to variable bolt friction. This is the reason 
whyy we finally used a single screw terminal to control the compression rather than 
controllingg the linear load by individual bolts. Nevertheless, the latter concept has 
beenn successfully realised by Dieckmann et al. [131], including bakeout above 250° C. 
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Figur ee 3.4: UHV sealing of an epoxy-glued glass cell. 

3.4.33 Epoxy-glued glass cell 
Wee started experiments with an improvised glass cell, which we glued to a stain-
lesss steel rectangular platform, see Fig. 3.4. The low-vapour pressure epoxy resin 
wass TorrSeal (Varian) which allows pressures down to 10~9 mbar and bakeout 
temperaturess up to 120° C. The glass cuvette is a standard "Large Cell" from 
HELLMAHELLMA (Germany) and made from "Optical Glass" (B 270-Superwite crone glass, 
fromm DES AG). The outside dimensions are 130 x 42 x 42 mm3 with a wall thickness 
off  4 mm. 

Thee figure shows the rectangular stainless steel platform, that was welded to 
aa tubular CF40 flange. The epoxy resin forms a seam of triangular cross section 
alongg the bottom face of the cuvette. Thus, direct and polluting contact of the resin 
withh the vacuum is kept small. The triangular steel edge is supported by a thin 
rimm of steel. This proved to be necessary in order to allow the seal to relax from 
stresss after bakeout. The resin seemed to soften at bakeout temperatures and to 
relaxx stress that has been induced by the thermal expansion mismatch of steel and 
glass.. When cooling down after bakeout the resin hardens too quickly. In a first 
constructionn without any significant elasticity, this resin property caused the glass 
too break at several locations at the epoxy seam, some hours after cooling down two 
roomm temperature. 

Thee ultimate pressure of 10~9 mbar was reached after bakeout of the system, 
duringg which we kept the resin temperature below 115° C. In fact, this pressure 
wass permissible for the experiments reported in this thesis. Thus, the glued cell 
proofedd to be a low-cost, reliable concept, maybe even simpler and more robust 
thann a cuvette that is assembled from loose glass plates as reported in Ref. [132]. 
Off  course, it was not possible to apply an optical AR coating to the inner surfaces, 
neitherr did we apply any coating at the outside. 
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3.55 Semiconductor lasers for cooling and trapping 

3.5.11 Requirements 

Theree are three essential specifications of a laser system for atom-optical exper-
iments,, (i) frequency stability, (ii) optical output power and, (iii ) beam quality, 
whichh are briefly discussed here, followed by a detailed description of our frequency 
stabilisedd diode lasers and injection-locked diode lasers. 

(i)) Frequency stability.— The laser linewidth must be smaller than the atomic 
transitionn linewidth. The frequency should also be stable on this scale. Using ru-
bidiumm (r/27r = 6.0 MHz), this requirement is usually fulfilled with common laser 
sources.. Frequency drift stability within 1 MHz is achieved by "locking" the laser 
too an atomic resonance using feedback from a reference spectroscopy signal [133]. 
Magneto-opticall  trapping and polarisation gradient cooling typically demand a laser 
detuningg from the atomic resonance of a few times the transition linewidth I\ Con-
tinuouss and fast detuning control is achieved by frequency shifting acousto-optical 
modulatorss (AOM). Passive drift stability of the laser source is desirable when large 
detuningg (S » T) is necessary and suitable references for locking are not available, 
e.g.,, when working with far off-resonance dipole potentials. In some applications also 
thee spectral background has to be considered. In Chap. 4, the amplified spontaneous 
emissionn background (ASE) of a tapered amplifier system (TA) is discussed. 

(ii )) Output power.— In applications with near-resonance light, laser intensities 
off  a few times the saturation intensity are usually sufficient, e.g. 70 = 1-67 mW/cm2 

forr the rubidium D2 line. A laser output of 15 mW allows operating a rubidium MOT 
withh beam waists < 5 mm. Much more power is usually needed to realise optical 
dipolee potentials. The trapping scheme envisaged in Chap. 2 requires intensities 
~~ 106/0. In this case, laser power constitutes the limiting factor to the spatial 
extensionn of the trapping potential. 

(iii )) Beam quality.— Most applications demand good beam quality and a well 
definedd polarisation. For this reason single-mode optical fibres are used as spatial 
filters.. In case of the TA system, such a fibre also provides spectral filtering of ASE 
backgroundd in the amplifier output. 

3.5.22 Compact external grating diode lasers 

AA single-transverse-mode laser diode emits a diffraction-limited, elliptical beam. 
Thee emission linewidth of such a laser is typically several tens of MHz. The emitted 
centree frequency is determined by both the internal cavity formed by the reflective 
waveguidee facets and the spectral gain profile. Between "mode hops", it can be 
continuouslyy tuned by means of operating temperature and injection current. 

Thee most common technique to narrow the linewidth of a diode laser to below 
1000 kHz is optical feedback by the first diffraction order from a grating, see Fig. 3.5 
("externall  grating diode laser", EGDL). The grating establishes an external cavity, 
whilee the specular reflection is coupled out. Simultaneous control of the grating angle 
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Figur ee 3.5: External grating diode laser in Littrow configuration. A rotation Aa of the 
gratinggrating (G) around an axis (A) causes a simultaneous displacement Al: laser diode (LD). 
outputoutput collimator (OC), half-wave plate (HW), anamorphic prism pair (AP), and optical 
isolatorisolator (OI). 

andd distance, and of the diode current allows tuning and locking of the laser to a 
referencee frequency [117,118]. In atomic, physics this method provides a standard 
laserr tool, reaching from the mid-infrared [134] to the red [135,136] and, recently, 
too the blue [137] range of the spectrum. 

Spectroscopicc applications usually demand a wide tuning range, free of mode-
hopss and covering various atomic or molecular resonances. A common realisation of 
ann EGDL is the Littrow configuration (see e.g. Ref. [133]). The rotation axis of the 
gratingg is chosen such, that a change in feedback frequency Aw, due to a rotation 
Aa,, is matched with the grating displacement Al. or (duj / da) Aa = (du>/dl)Al. 
Simultaneouss modulation of the laser diode current provides continuous tuning over 
tenss of GHz. 

Efficientt coupling of the laser output to a single-mode optical fibre requires the 
ellipticall  beam profile to be circrrlarised. This is done immediately after the EGDL 
byy a pair of anamorphic prisms. Since the Brewster effect assists in reducing reflec-
tionn losses, the laser polarisation is first rotated to horizontal by means of a half-wave 
plate.. The resulting circular beam typically has a waist of 0.5 mm (1/e2 intensity 
radius).. An EGDL demands good optical isolation against backreflections. In most 
situationss an isolation of 30 dB is sufficient. However, if the EGDL is used as "mas-
ter""  oscillator to seed an amplifier or an injection-locked "slave" laser [138, 139], 
600 dB isolation may be required to prevent direct feedback to the master laser from 
thee mode-matched slave output, see below. 

Ann external cavity makes the system susceptible to vibrations and thermal drift. 
Variouss designs use compact realisations of the Littrow type to improve laser stabil-
ityy [135,140]. Other concepts put emphasis also on economical usage of commercial 
opto-mechanicall  components [141,142]. In the experiments reported in this thesis, 
ourr interest was in locking lasers to a single atomic resonance rather than a wide con-
tinuouss tuning range. Hence, a very compact EGDL design was chosen, based on a 
stimulatingg idea from Poul Jessen [142]: the grating angle is preset manually with a 
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Figur ee 3.6: Compact external grating diode laser. 

resolutionn ~ 100 MHz and kept fixed in experiments. Fine adjustment is performed 
byy tuning the grating distance from the laser facet with a piezo actuator (PZT). 

Thee construction of the laser head is shown in Fig. 3.6. A laser diode (TO-5 
windoww package, 9 mm dia.) is mounted in a collimation lens tube (ThorLabs, 
typee LT230B, ƒ = 4.5 mm, N.A.=0.55). The beam can thus conveniently be colli-
matedd before the lens tube is mounted in the laser head. A gold coated holographic 
gratingg with 1800 lines/mm provides feedback to the laser diode (Carl Zeiss Jena, 
no.. 263232-9451-325, 10 x 10 x 6 mm3). The feedback angle for 780 nm and 795 nm 
wavelengthh is a = 44.6° and 45.7°, respectively. In a similar construction also grat-
ingss with 1200 lines/mm were used (Zeiss, no. 263232-9052-825). The feedback angle 
wass there ~ 19°. However, these gratings provided significantly less output power. 
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Bothh collimation package and grating are integrated in a single, milled block 
fromm copper-bronze. The rotational degrees of freedom for the grating are provided 
byy a flexure construction. Adjustment of optical feedback (coarse vertical tilt ) is 
achievedd with a small screw using an Allan key. The feedback wavelength (hori-
zontall  til t a) is coarsely set with a screw also at the flexure mount, whereas fine 
adjustmentt is achieved using an additional double-stage flexure gear. Not shown in 
thee drawing is an AD 590 temperature sensor, attached to the base of the laser head, 
closee to a Peltier thermo-electric cooler (TEC). The small volume of the laser head 
allowss relatively fast temperature control and provides good thermal drift stability 
too the external cavity. In particular, the flexure grating mount has better thermal 
conductancee than a comparable spring-loaded construction using ball-bearings. The 
choicee of copper-bronze (7 % Sn) is a compromise between thermal and elastic prop-
ertiess [140]. The typical passive stability of this system is ~ 100 MHz per hour and 
limitedd by both thermal drift and drift of the PZT. 

Thee laser head is mounted via the TEC on a brass heatsink that can be wa-
terr cooled and also includes a compartment for laser current modulation circuitry. 
Vibrationss from the optical table are damped by a polymer sheet underneath the 
heatsinkk (Edmund Scientific, Sorbothane) The laser head is shielded from surround-
ingg airflow and from electro-magnetic noise by a metallised cap. This cap allows 
accesss to the fine adjustment gear. 

Th ee flexure gear .— In the drawing of the double-stage gear, the concentric 
pairss of large and small circles indicate the motion of parts from the gear, or the 
translationss d \—> d' and d' i—> d", respectively. The total translation is 7:1. A 
singlee turn of the screw (d = 0.5 mm) results in a travel of d" — 70 /mi. The length 
changee of the external cavity is A/ as 0.3 rf", or 20 /xm per turn of the screw. The 
frequencyy change of the cavity is « 20 GHz//xm. (With a cavity length of PS 20 mm, 
thee free spectral range is FSR~ 7.5 GHz.) This resolution is sufficient to allow 
smoothh manual presetting of the laser frequency. Essential is, that the user touches 
ann actuator fixed to the bulk of the laser head rather than to the vibrationally 
sensitivee grating holder. 

T h ee P ZT stack ac tuator .— The grating is directly glued to a polymer-molded 
low-voltagee PZT stack actuator (Piezomechanik, bare actuator type PSt 150/7/7, 
travell  7 /tin for 150 V). The length or frequency tuning of the cavity is given by 
sss 30 nm/V, or « 0.6 MHz/mV, respectively. The only moving mass is that of the 
grating.. This allows a faster response when tuning the cavity length as compared 
withh a rotational grating mount. A prestressed PZT device in a tubular steel case 
hass also been tested (PSt 150/5/7VS10), in first instance promising a more linear 
response.. Unfortunately, the weight of the horizontally mounted grating bent the 
PZT.. This resulted in friction with the steel case, causing an unreliable actuator 
responsee [Pickelmann, Piezomechanik, private communication]. 
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Figur ee 3.7: Hyperfine structure of rubidium [143,144]. 

(i)) Near  resonance cooling, probing and hyperfine pumping: 
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(ii )) Far  off-resonance dipole potentials: 

(5) ) 

(6) ) 

(7) ) 

Dl l 

D2 2 

D2 2 

11 ^ 2 

2 - ^3 3 

11 -»2 

m m 

m m 

m m 

1200 mW 

2000 mW 

2000 mW 

inelasticc EW mirror, 
darkk state trapping 
elasticc EW mirror, 
atomm guiding, trapping 
inelasticc EW mirror 

Tablee 3.1: Laser frequencies used in experiments with Rb. 
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3.5.33 The laser park for atom-optical experiments 

Ann experiment with rubidium requires various frequency-stabilised laser sources 
tunedd to specific optical resonances of the considered isotope, here 87Rb. Fig. 3.7 
showss the hyperfine energy levels of the rubidium Dl and D2 line. The optical 
transitions,, labelled (1) —(7), indicate the corresponding laser frequencies in our 
setupp of diode laser systems. The specific usage of the lasers is listed in Table 3.1. 
Ann overview of this setup is given in Fig. 3.8. It is specified essentially by two 
groupss of lasers, (i) EGDL's tuned close to a rubidium resonance, some of which are 
amplifiedd by an "injection-locked" laser diode, and (ii) high-power tapered amplifiers 
usedd far off-resonance (see Chap. 4). 

(i )) Cool ing, probin g and optical hyperfin e pump ing .— The laser frequen-
ciess of the beams (1) — (3) are derived from an EGDL that is stabilised by feedback 
fromm a frequency modulation (FM) spectroscopy on rubidium. The EGDL serves 
ass a master oscillator for an injection-locked slave diode laser (ILDL) , providing 
thee trapping and cooling light of beam (3). The laser diodes used for the EGDL's 
weree 6Ü mW single-spatial and -frequency mode laser diodes with a specified wave-
lengthh close to the Dl or D2 line (Hitachi, HL 7851 G98, selected 781 - 785 nm; 
Mitsubishi,Mitsubishi, ML64114R, selected 788 - 793 nm). Recently also an 80 mW device 
becamee available (Sanyo, DL-7140-001, specified 785 nm). 

Thee optical output power of our EGDL's ranges between 5 — 30 mW after the 
isolator,, depending on the used laser diode. A small fraction (~ 0.5 mW) is split 
offf  to be used for spectroscopy. The lasing frequency mode of both master and 
slavee can be permanently monitored by an optical spectrum analyser. The seeding 
beamm from the master laser was inserted into the slave's beam path by means of the 
accessiblee output polariser of a 30 dB optical isolator (Gsanger, single-stage type 
FR780).. Perturbing feedback from the slave to the master is thus prevented by this 
isolator,, in addition to the 60 dB isolator directly after the EGDL. Mode matching 
off  master and slave was achieved using identical beam collimation and circularising 
optics,, see Fig. 3.5. If optimally aligned, a seeding input of 100 fiW was sufficient to 
providee a stable locking range over > 10 T, as required to load a MOT and perform 
molassess cooling. 

Fastt and continuous frequency control of the beams (1) — (3) was achieved using 
acousto-opticc modulators (AOM) in double-pass, see below. For the beams (1) and 
(2),, the AOM also serves as a power modulator and a shutter. 

Figur ee 3.8: The system of stabilised lasers and amplifiers (previous page). Injection-
lockedlocked diode laser (ILDL), tapered amplifier (TA), half-wave plates (HW), optical spec-
trumtrum analysers (SA), grating spectrometer (GS) and wavelength meter (WM). The fre-
quencyquency modulation (FM) and Zeeman polarisation (ZS) spectroscopy schemes are indicates 
symbolicallysymbolically (Rb). Frequency shifting AOM's in double-pass are explained in detail below: 
lenslens (L), quarter-wave plate (QW), diaphragm (D), and mirror (M). The laser frequency 
ôLL  is shifted by twice the RF frequency of the acoustic wave, WRF-
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Thee EGDL of beam (4) provides hyperfine repumping light to transfer atoms 
fromm Fg = 1 to Fg = 2, mainly for operating the MOT and cooling but also for 
specificc probing techniques, see Chap. 7. 

Al ll  beams were coupled to single-mode optical fibres, as indicated for beam 
(4).. Coupling efficiencies were achieved, ranging between 70 — 85 % for circularised 
beamss of single-mode laser diodes, using compact fibre coupling ports, designed for 
beamm input diameters between 0.9-1.8 mm (OFR, type PAF-X-5-780). These ports 
weree used with standard fibre patchcords with angle-polished fibre connectors (type 
FC/APC).. This avoids etalon effects from reflections at the fibre facets. The fibres 
weree not polarisation conserving. However, twisting the fibres in loops and fixing 
themm to the optical table provided arbitrary polarisation control of the output beam. 

(ii )) Far  off-resonance dipole potent ia ls.— High power output up to 200 mW 
fromm a single-mode fibre is achieved in two systems using tapered semiconductor 
amplifierss (TA). Only one scheme is sketched in Fig. 3.8. One system provides beam 
(5),, the other provides the beams (6) and (7). The gain elements are each seeded by 
aa well isolated EGDL. A detailed characterisation of these systems is given in the 
nextt chapter. 

Forr near-resonance applications, the EGDL can be frequency stabilised by a Zee-
mann polarisation spectroscopy (ZS). A tunable frequency offset between 0 MHz 
fromm the referenced atomic resonance is achieved using an AOM. For larger detun-
ings,, the EGDL remains unlocked and the frequency can be monitored by means 
off  an optical spectrum analyser, a wavelength meter (Coherent, WaveMate), or a 
gratingg spectrometer (Ocean Optics, PC2000). 

Laserr  frequency tun in g by acousto-optical modula tors .— Laser frequencies 
aree shifted using acousto-optic modulators in double-pass, also shown in Fig. 3.8. 
AA lens (L) of focal length ƒ (between 10 — 20 cm) and a mirror (M) form a folded 
telescope.. After the first passage of the AOM, the Bragg-deflected beam is retro-
reflectedd and collimated again before passing the AOM a second time. Al l light 
butt the selected diffraction order is blocked by a diaphragm (D). The polarisation 
off  the retro-reflected beam has been turned by 90°, passing twice a quarter-wave 
plate.. The light is coupled out by a polarising beam splitter cube. Using Bragg 
deflectionn in the first diffraction order, the light undergoes a net frequency shift 
off  twice the RF modulation frequency UJRV, with no net deflection or frequency 
dependentt displacement. This property is particularly important when shifting the 
frequencyy of the master laser in an injection-locking scheme or when coupling light 
too an optical fibre. Both cases require excellent directional beam stability. 

AA typical double-pass efficiency is 50 % in first diffraction order. Higher orders are 
nott practical due to their low efficiency. Our modulators have PbMo04 crystals and 
acceptt random polarisation [A.A. Opto-Electronique, type AA.SP.200/B100/A0.5-
irr (u;RF = 200  50 MHz) and AA.MP.25-IR 0 MHz); hornet, type 1205C 

55 MHz)]. It is recommended to use linear polarisations only, since birefrin-
gencee of the crystal together with varying RF load may lead to severe thermal drift 
inn the diffracted beam power. 
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Inn the laser setup of Fig. 3.8(1), AOM's are used to derive the required frequencies 
fromm the master laser that is locked to the (bf) cross-over spectroscopy signal of the 
FFgg = 2 —> Fe = {1,3}  transitions, see Fig. 3.9. The cross-over is centred between 
thesee transitions. Hence, a blue shift of 212 MHz realises the resonant probe (1) on 
thee cycling transition Fg = 2 —• Fe = 3, using an AOM with 110 MHz specified 
centree frequency. By a red shift of 133 MHz, the depumping beam (2) on the open 
transitionn Fg = 2 —• Fe = 2 is realised. The injection-locked slave is supplied with 
aa shifted seed beam, thus saving power from the slave for the experiment. Using 
ann AOM with 80 MHz centre frequency, beam (4) is thus tuned 0 - 10 T to the red 
off the Fg = 2 —> Fe = 3 transition. The collimation of the (astigmatic) master 
laserr beam was optimised for mode-matching the slave laser. This resulted in poor 
beamm quality and thus poor AOM efficiencies in beam (1) and (2). In a later stage, a 
secondd injection-locked slave laser supplied these beams with more power and better 
beamm quality. 

Whenn using an AOM as a switch or power modulator, "leakage" into the selected 
diffractionn order reduces the extinction to typically 1 : 1000. Therefore we use also 
mechanicall shutters. Power modulation with an extinction of 1 : 200 is obtained for 
beamm (3) by an electro-optical modulator. [Gsanger, type LM0202 5WIR, aperture 
3 x 33 mm2. We use also a version of the LM0202 5WIR with 5 x 5 mm2 aperture.] 

3.5.44 Laser frequency stabilisation 

Thee lasers were locked to rubidium resonances using Doppler-free saturation spec
troscopytroscopy [133]. Rubidium is commonly used as a saturated vapour in spectroscopy 
cellss at room temperature. Most spectroscopy schemes provide absorptive signals 
("dips"),, resolving the natural transition linewidth I\ It is necessary to derive a 
dispersivedispersive signal with a zero-crossing as feedback to the laser. Three common tech
niquess are: 

•• Frequency modulation (FM) of the laser creates RF sidebands [119]. A dis
persivee signal is obtained by mixing the spectroscopy signal with the local RF 
oscillatorr and adjusting the phase. 

•• Zeeman spectroscopy employs nondegenerate magnetic sublevels. "Disper
sion"" signals are electronically generated from oppositely frequency-shifted 
absorptivee signals of orthogonal polarisations [120 122]. 

•• Polarisation spectroscopy [133,145] probes the dispersion of the atomic species 
ratherr than the absorption, and a feedback signal is directly obtained. This can 
alsoo be used in passive schemes, relying on purely optical feedback [146,147], 

FMM spectroscopy has an intrinsically large bandwidth providing fast feedback to 
thee laser, with good distinction between neighbouring optical transitions. However, 
thiss technique is relatively complex due to RF electronics. More important, the FM 
sidebandss imprinted onto the laser output may perturb the laser application. (This 
couldd be avoided by using an EOM to modulate only the light used for spectroscopy.) 
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Wee employ the FM technique therefore as a robust locking scheme for less sensitive 
tasks,, such as the MOT. optical pumping or probing atoms. Zeeman spectroscopy 
iss less demanding in electronics and optics equipment. We use it. with the far off-
resonancee lasers, were the moderate accuracy of the artificially dispersive locking 
signall  is not an issue. In the following, a brief description of both methods is given. 

Frequencyy modula t ion spectroscopy.— The FM scheme is shown in Fig. 3.9. 
Thee optical part is based on Doppler-free saturation spectroscopy: Light is split 
offf  from the output of an EGDL and sent in a first pass through a spectroscopy 
celll  with rubidium vapour. If resonant within the Doppler-broadened absorption 
profiles,, rubidium optical transitions are saturated. When the laser scans across 
aa resonance, the retro-reflected beam probes these transitions. The Doppler effect 
cancelss out on a resonance and an absorptive signal with a width ~ V is recorded. 
Optimall  retro-reflection, i.e. Doppler cancelling is achieved using a quarter-wave 
platee and a polarising beam splitter cube. 

AA  dispersive signal is achieved by modulation of the diode laser current. /, with 
aa local oscillator radio frequency, here U/'RF — 40 MHz. This results in frequency 
sidebands,, ^'L  UJ-^Y- next to the laser carrier, jj\ t. shown in the inset of the figure. 
Bothh sidebands beat with the carrier. If no spectral atomic feature is covered by 
anyy of these laser frequencies, the net. beating cancels out, due to the opposite phase 
off  the sidebands. The photodetector then receives no signal oc UJRV. However, if 
onee of the frequencies probes a resonance, the beating is out of balance and the 
photodetectorr detects an RF signal. (The detector is supplied with a RF bandpass 
filter.)) By amplification of this signal, adjusting the phase, and mixing with a local 
oscillator,, the dispersive (low frequency) signal for the laser lock is obtained and fed 
backk to both, laser current and grating actuator. The grating feedback tackles down 
sloww drifts of the laser using a longer integration time constant than the intrinsically 
fastt current feedback. 

Twoo exemplary FM spectra, are plotted in the figure. For the (f) transition also 
thee sidebands are resolved. Typical for this type of Doppler-free spectroscopy is 
thee occurrence1 of so-called "cross-over" resonances, given the Doppler broadened 
absorptionn profiles of several resonances overlap. This is the case with room tem-
peraturee rubidium vapour. The cross-over resonance1 of two transitions is located at 
thee average transition frequency. (The spectra in the figure show that the overlap 
off  the Doppler profiles is larger for the D2 line.) In our laser setup we locked the 
EGDLL for the beams (1) —(3) to the (bf) cross-over. 
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Figur ee 3.9: Laser stabilisation by FM spectroscopy. Scheme: Half-wave plate (HW), 
doubledouble pass through a rubidium cell (Rb), outcoupling using a quarter-wave piate (QW) 
andand a polarising cube, detection with a photodiode (PD). Inductive frequency modulation 
ofof the laser current I using a RF oscillator. The photodiode signal is phase shifted (<j>) 
andand mixed (§Q) with the local oscillator (LO). The resulting dispersive DC signal is fed 
backback to laser current and grating actuator (PZT). Inset: Laser carrier frequency O>L and 
FMFM sidebands U>L  IJJRF, spectral feature of natural linewidth T at atomic resonance uio-
Graphs::  FM signals ofS7Rb (see Ref [148]), labelling as in Ref. [143]. For comparison: 
absorptionabsorption signals from a DC photodiode (thin curves). 
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Figur ee 3.10: Laser stabilisation by Zeeman spectroscopy, (a) Doppler-free saturation 
spectroscopy:spectroscopy: rubidium cell (Rb) with axial magnetic field (B). quarter-wave plate (QW). 
polarisingpolarising beam splitter cube, and photodetectors for cr*  polarisation, (b) Exemplary 
ZeemanZeeman shift of magnetic sublevels: the resonance is blue (red) shifted for o+ (a') po-
larisedlarised light, (c) Zeeman-shifted resonances of both circular polarisations. The dispersive 
signalsignal obtained by subtraction. 

Zeemann spectroscopy.— The scheme for this method is shown in Fig. 3.10 (see 
alsoo Ref [148]). It uses the decomposition of linearly polarised light into circular 
polarisations,, a . In Doppler-free saturation spectroscopy, rubidium vapour is made 
birefringentt by using the Zeeman shift of magnetic sublevels in an axial, homoge-
neouss magnetic field. Therefore, the orthogonal circular polarisations encounter 
oppositelyy shifted resonances. Both polarisations are detected independently using 
aa combination of a quarter-wave plate and a polarising cube as an analyser for the 
circularr polarisation basis. A dispersive laser-lock signal is obtained electronically. 
Thiss method requires an optical transition scheme with different (^-factors, i.e. dif-
ferentt Zeeman shifts in the ground and excited state sublevels. For example, for the 
Dl-lin ee Fs — 1 —> Fe = 1 transition this are gg = 9/4 and ge = 3/2, respectively. 
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3.66 Real-time experimental control 
Ann atom-optical experiment constitutes a series of processes in quick succession, 
demandingg real-time application of analogue and digital control signals. Data ac-
quisitionn (DAQ) also requires precise triggering with /us-resolution. A typical exper-
imentall  sequence consists of loading a MOT, cooling atoms in optical molasses, re-
leasingg them for bouncing on an evanescent-wave mirror and, finally, imaging them 
withh a CCD camera. Laser beams must be switched on time scales of typically 
0.11 ms. We employ a common personal computer (PC), that operates LabVIEW 
underr Windows NT, to do both real-time control and data acquisition. This provides 
aa flexible system with various software-controlled input and output channels. It can 
bee configured for arbitrary time sequences. These tasks are performed by several 
hardwaree extension cards. In particular, a self-sustaining digital signal processor 
(DSP)) performs the real-time control of digital output (trigger) channels, thus cir-
cumventingg perturbing interrupts of the PC processor. Table 3.2 gives an overview 
onn the various hardware components. 

PCC platfor m and DAQ hardware.— The system is based on a PC with Pen-
tiumm II processor. An analogue output board (AT-AO-10) controls the modulation 
off  AOM and EOM drivers. A general purpose DAQ board (MIO-16E-4) provides 
analoguee inputs, which are used, e.g., to acquire photodetector signals for time-of-
flightflight  measurements. This board has additionally two waveform output channels 
andd two general purpose counters. Therefore, it is also used as a versatile function 
andd pulse generator. Two more slots of the PC are occupied by the DSP (DIO-128) 
andd by the interface (ST-138) of a digital camera system. 

Thee fluorescence of trapped atoms is permanently monitored by several analogue 
videoo cameras. These cheap surveillance cameras (Conrad Electronic) have no near-
infraredd blocking filters and are thus sensitive to the rubidium fluorescence. The 
videoo signals can be recorded by a framegrabber (FlashBus), e.g., for beam profiling 
taskss or assisting laser beam alignment in the UHV vapour cell. A grating spec-
trometerr (PC 2000) allows monitoring laser wavelengths. The framegrabber and the 
spectrometerr are operated by a second PC. 

Digitall  signal processor  and LabVIE W user  interface.— The main task of 
thee DSP is to provide precise timing during the experiments. In a screen interface, 
thee user fill s in a time schedule of the experimental events. This record contains 
thee possibly altered status of digital and analogue output ports for a given event, 
includingg the time of the event with 1 /is resolution for the DSP timer. Using a 
LabVIEWW driver, the DSP loads the time table and the digital output record into 
itss on-board memory. The analogue output record is buffered in the PC's memory 
andd handed over on request to the FIFO-buffered analogue output board by the 
DMAA ("direct memory access") controller. All input and output channels are ex-
perimentallyy accessible through a front-end connector panel. One digital output of 
thee DSP supplies a hardware event-update trigger to the analogue output board. 
Otherr digital outputs provide modulation signals for AOM/EOM drivers, magnetic 
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fieldfield coil current supplies and mechanical shutter drivers. CCD image capture and 
inputt of photodetector signals are triggered similarly. The DSP works independently 
fromm the PC. Thus, other LabVIEW routines can be used on the PC to acquire mea-
surementt data. The LabVIEW interface for the experiments discussed in this thesis 
wass programmed in a simple and effective way, mainly using exemplary routines 
fromm the DSP driver library. Meanwhile, we use a commercially available program 
thatt has been developed by H. Alberda (AMOLF Institute, Amsterdam) and is very 
convenientt in use, including also DAQ functions. 

C C DD digita l camera imaging sys tem.— An imaging system for (cold) atoms 
mustt have an accurate image capture trigger and a well defined exposure time. 
Mechanicall  shutters are usually too slow. Therefore we use a frame-transfer system 
(Prmceton(Prmceton Instruments). Half of the CCD array is covered by a mask. After an 
exposure,, the image is shifted within 1.6 ms under the mask to be shielded against 
furtherr illumination and is read out. After shifting, the CCD is ready for another 
imagee capture. If masking a larger area of the sensor (1024 x 512 pixels in total), 
ann even faster sequence of more than two image frames, although smaller in size, 
cann be captured (cf. Refs. [149,150]). An advantage of the frame transfer for our 
experimentss is, that the sensitive area can be kept "clean" (unexposed) by means of 
continuouss line shifting, until ~ 2 ms before an image capture. This is particularly 
important,, if an image is taken only a few ms after a strong (saturating) illumination 
source,, e.g. an evanescent-wave, has been switched off. 

Otherr important CCD specification are the spectral sensitivity, the pixel size, the 
pixell  fillin g ratio, the pixel well depth (electron capacity), and the noise properties 
(darkk current). These specifications are discussed in Ref. [151]. We may expect a 
strongg background illumination while imaging optically trapped atoms. Therefore, 
thee well depth of the pixels must be sufficiently deep (> 105 electron charges) to 
avoidd saturation, and the resolution of signal digitisation should be at least 10 bits. 
I tt is also this expected background illumination why we don't use an intensified 
imagingg system. 

Theree exist also "interline transfer" systems, which have read-out registers be-
tweenn adjacent pixel lines. This allows for even faster cleaning, shuttering and read 
out.. However, the pixel filling  ratio and the well depth of these CCD's are low. 

Wee use our CCD system with either a commercial 50 mm camera objective to 
capturee fluorescence images of bouncing atoms (see Chap. 6) or with a relay telescope 
too do absorption imaging (see Chap. 7). 
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Hostt  system: 

Personall  computer 

Programming g 

Pentiumm II , 300 MHz, 256 MB RAM; 
Windowss NT 4.0 

Labb VIEW 5.1, 
userr interface by H. Alberda, AMOLF Institute, Amsterdam 

Exper imentall  control : 

Real-timee control, 
digitall  output 

Analoguee output 

ViewpointViewpoint Software Solutions, DIO-128 (PCI-bus), 
Dynamicc Digital I/O System, 
644 inputs/64 outputs (128 inputs), 
timerr 32 bit, resolution 1 fis; 
Labb VIEW driver library 

NationalNational Instruments, AT-AO-10 (ISA-bus), 
100 channels, resolution 12 bit, max. sampling 300 kS/s 

DAQ ,, imaging: 

Analoguee input, 
counters, , 
waveforms s 

Digitall  imaging 

Videoo cameras 

Framegrabbing g 

NationalNational Instruments, MIO-16E-4 (PCI-bus), 
166 single-ended (8 differential) analogue input channels, 
resolutionn 12 bit, max. sampling 300 kS/s, 
22 general purpose counters (24 bit), 
22 waveform analogue output channels (12 bit) 

PrincetonPrinceton Instruments/Roper Scientific, 
TE/CCD-512EFTT frame transfer digital camera system, 
sensorr EEV37, grade 1, 512 x 512 pixel, 
pixell  size 15 x 15 /im, 100% pixel filling , 
shiftt time 1.6 ms/frame, 
darkk current 11 e~/pixels (@ - 40° C, fan cooled), 
NIRR AR-coated vacuum window, no window on CCD; 
controllerr ST-138 (PCI-bus), A/D converter 12 bit (@ 1 MHz); 
WinVieww 32 imaging software, Lab VIEW driver library 

ConradConrad Electronic, b&w miniature camera module, 
no.. 19-27-75, tele-lens no. 11-65-32; 
EHDEHD Physikalische Technik, KAM 08, b&w 1/3" CCD sensor 

IntegralIntegral Technologies, FlashBus BV Lite (PCI-bus) 

Laserr  diagnostics: 

Spectrometer r OceanOcean Optics, PC 2000, 
miniaturee PC-card fibre optic grating spectrometer (ISA-bus), 
gratingg no. 6, range 650 — 850 nm, entrance slit 10 /mi, 
resolutionn 0.4 nm, accuracy 0.1 nm 

Tablee 3.2: (Computer) hardware for experimental control and data acquisition. 
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3.77 The magneto-optical trap 

3.7.11 Trapping principle and molasses cooling 

Sincee the first demonstration [33], the magneto-optical trap and optical molasses 
coolingg have been topic of numerous experimental and theoretical investigations. 
Forr detailed information see, e.g., Refs. [11,12,70,71]. Particular work on vapour-
cellcell configurations has been reported in Refs. [124-126,132]. 

Thee MOT is based on the spontaneous light force [2,152,153], i.e. the transfer of 
photonn recoil momenta, hk0, to atoms, where k0 = 27r/A0 is the vacuum wave vector 
off  near-resonance laser light. The configuration of the light field is chosen such that 
thiss momentum transfer occurs with a preferential direction and in a succession of 
absorptionn and spontaneous emission cycles. A central trapping force is established 
inn combination with a (velocity dependent) friction force that cools the atoms to 
aa temperature close to the "Doppler limit" , TD — hT/2kB. For rubidium, with a 
transitionn linewidth T/27r = 6.1 MHz, this limi t is TD = 146 [xK. 

Sub-Dopplerr cooling schemes, such as polarisation gradient cooling in optical 
molasses,, provide temperatures close the "recoil limit" , TR — (hk^)2/'Mk%. With 
thee rubidium mass M = 87 amu, this is TR — 361 nK. The corresponding photon 
recoill  velocity is vrec = 5.88 mm/s. (Some additional, useful numbers for rubidium 
aree listed in the Appendix A. l ) . 

Fig.. 3.11(a) shows the principle of the MOT in a one-dimensional scheme. For 
convenience,, a Jg = 0 —> Je = 1 transition scheme is considered. In a magnetic 
fieldfield of constant gradient, B{z) — bz, the excited state sublevels, me = {0, , 
aree Zeeman-shifted in a position dependent way by CÜZ(Z, me) — mege(fiB/h)b z. For 
simplicity,, we assume a Lande factor ge — 1. The counter-propagating laser beams 
aree red detuned, 5 — UJ  ̂— UÜQ < 0. The circular polarisations are assigned with 
respectt to the 2-axis, which is the atomic quantisation axis. The cr+-beam that 
travelss to the right carries +h angular momentum, the i7--beam that travels to the 
leftt carries —h. However, when defining the polarisation state with respect to the 
propagationpropagation direction, and following the notation of Ref. [7], both beams are "left-
circularly""  polarised (£): An observer facing the source sees the electric field vector 
inn a counter-clockwise rotation. The Zeeman shift brings the red detuned light in 
resonancee with the appropriate transition to a sublevel me, such that the atom is 
pushedd towards z — 0. This establishes a central trapping force. 

Thee cooling effect in the MOT configuration is based on the Doppler shift of 
thee atomic resonance, UJ~D(V) = — kQv. Due to the red laser detuning, moving atoms 
aree shifted into resonance with the counter-propagating laser (WD > 0). Hence, a 
movingg atom preferentially absorbs decelerating photons. This mechanism is called 
"Dopplerr cooling". Note that it is effective also in the presence of the magnetic 
fieldfield gradient, thus enabling a combined spontaneous trapping and cooling force T. 
Thiss force can be written in terms of the scattering rate of an atom in the beams 
travellingg to the right (ƒ"+) and to the left (ƒ"_), as shown in Fig. 3.11(a): 

T{z,v)T{z,v) = F+{z,v) + T_{z,v), (3.1) 
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Figur ee 3.11: The magneto-optical trap, (a) Simplified ID two-level scheme with a red 
detuneddetuned laser, 5 = LO  ̂— UIQ < 0. Trapping: The sublevels are Zeeman-shifted in a 
magneticmagnetic held gradient. An atom at a position z, preferentially absorbs resonant light 
thatthat pushes the atom towards z = 0. Doppler  cooling: An atom preferentially absorbs 
counter-propagatingcounter-propagating light that is Doppler-shifted into resonance, (b) 3D configuration of 
threethree counter-propagating beam pairs, Bl, B2, and B3 in the vapour cell. The mutual 
angleangle ofB2 and B3 in the yz-plane is 70°. The opposing currents,  in the coils generate 
aa quadrupole Geld gradient. The polarisation notation of right (1Z) and left (C) circular 
lightlight visualises the symmetries of the configuration. 

r 2 2 ++ i + 

(3.2) ) 

Here,, I0 is the saturation intensity for the atomic species, and  v) 
detuningg including Zeeman and Doppler shift: 

iss the effective 

66 =F -^rbz  k0v . 
h h 

(3.3) ) 

Usually,, a detuning of |<5| ~ T is applied and the magnetic field gradient is 
bb ~ 10 G/cm. 

Inn order to achieve temperatures close to the recoil temperature, we apply PGC 
inn "cr+cr_" optical molasses. Comprehensive descriptions of the cooling process can 
bee found in [11,12,70]. This technique is particularly useful here: when the magnetic 
fieldfield is switched off, the MOT laser configuration just results in the required "CT+<7~" 
polarisationn scheme. Only laser intensities and detunings have to be adapted whilst 
switching.. Note that there is no trapping force in the PGC configuration. 
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3.7.22 Experimental configuration 

Thee 3-dimensional realisation of the MOT scheme is shown in Fig. 3.11(b). We 
usee one horizontal (Bl ) and two diagonal (B2, B3) pairs of counter-propagating, 
circularlyy polarised, collimatcd laser beams. The horizontal .x-direction is the axis 
off  cylindrical symmetry of the magnetic field. The mutual angle of B2 and B3 in 
thee y2-plane is 70°. This allows beam waists up to 5 mm (1/e2 intensity radius) 
withoutt significant clipping of the beams by the prism, given a MOT height larger 
thann ~ 5 mm. In the following, before turning to the experimental performance of 
thee MOT. (i) the optical setup and, (ii ) the magnetic held coils are described. 

(i )) Optical se tup .— The optical components for the MOT were arranged in a 
wayy to maintain access to the vapour cell for other optics. A schematic top view 
iss shown in Fig. 3.12. The beam pairs Bl , B2, and B3 are derived from a single 
Gaussiann beam from a single-mode optical fibre. The fibre output was collimated 
too a waist of 4 mm by two achromatic lens doublets, L l (ƒ — 50 mm, dia. 30 mm) 
andd L2 (ƒ — 300 mm, dia, 40 mm). The lens diameters were chosen large enough 
too avoid diffraction fringes in the collimated beam. Two polarising cubes split off 
subsequentlyy 1/3 and 1/2 of the power, thus preparing three beams of equal power. 
Thee linear polarisation for the splitting is adjusted by polarisation-controlling fibre 
loopss (PCL) and a half-wave plate (HW). Optionally, a polariser is used directly after 
thee fibre to keep the splitting ratio constant, despite thermal polarisation drifts of 
thee fibre output. The cubes steer the beams B2 and B3 upwards at an angle of 
35°° with the optical table. The beams are then horizontally directed towards the 
upperr mirrors (UM) of the trapping setup, shown in the photograph. These mirrors 
steerr the beams downwards through the vapour cell under the same angle. 35°. The 
purposee of this construction is to use the (dielectric) mirrors exclusively either with 
normall  or 45° incidence. Care was also taken to have only light in purely linear TE 
orr TM polarisation being reflected under 45° incidence. This secures the polarisation 
off  the reflected light to stay linear. Beam Bl passes the cell horizontally. Before 
passingg the cell, all beams become circularly polarised by quarter-wave plates (QW). 
Inn retro-reflection, the initial hclicity in each beam is restored by a second QW plate. 
Thee iris diaphragm (ID) before the beam splitters facilitates initial spatial alignment 
off  the MOT beams by means of observing the fluorescence of the narrowed beams 
inn the rubidium vapour cell. A rcpumping laser (RL) is coupled in by the second 
cubee and is superposed with the the trapping beams B2 and B3. 

Thee present retro-reflection concept suffers from an imbalance in the laser inten-
sities,, causing an imbalance in the light forces, for two reasons. First, the cloud of 
coldd atoms in the MOT is optically dense. Hence, each retro-reflected beam carries 
aa shadow in the centre. Particularly in molasses cooling this may increase the final 
temperature.. To avoid this effect, six independent beams of equal intensity could be 
used.. However, this requires more optical components and twice the laser power. A 
simplerr solution is to apply a slight directional misalignment of the retro-reflected 
beams,, in order to keep the cloud of atoms mostly out of the shadows. 
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Figur ee 3.12: Optical scheme MOT. Top view in the drawing (not to scale): retro-
reHectedreHected beam pairs (Bl, B2, B3), trapping laser (TL), repumping laser (RL), optical 
fibrefibre (OF), polarisation-controlling fibre loops (PCL), collimation lenses (LI, L2), iris 
diaphragmdiaphragm (ID), polarising beam splitting cubes (PB). half-wave plate (HW), upper and 
lowerlower mirrors (UM, LM), quarter-wave plates (QW), opposing quadrupole field currents 

 An "atom cloud" (black dot) and a glass prism are also indicated in the drawing. 

Thee second imbalance stems from the uncoated UHV cuvette. While passing 
44 glass surfaces, the beams suffer significant reflection losses. For example, in TM 
(TE)) polarisation, the retro-reflected diagonal beams have 18 % (25 %) less power, 
whenn meeting the cold atoms in the MOT again. Obviously, also a prepared circu-
larr polarisation of the beams wil l become elliptical to a certain degree due to the 
differentt losses in TM and TE polarisation. The imbalance in optical power may 
bee overcome by making the back-travelling beams slightly convergent, in order to 
increasee the intensity at the place of cold atoms. Note, that with a cell made from 
fusedd silica (n = 1.45) the reduction in optical power would be different, namely 
6.55 % (21 %) for TM (TE) polarisation. For details on the consequences of the beam 
imbalancee on the performance of the MOT, see e.g. Ref. [154]. 
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(ii )) Magnet ic field co i ls .— The magnetic quadrupole field gradient is provided 
byy a pair of coils, placed in-axis with the horizontal trapping beam, B3. The currents, 

 oppose each other. This results in a magnetic field that increases approximately 
linearlyy with the distance from the centre. Along the symmetry axis, r = (x,0,0), 
andd close to the centre, the field is given by: 

B( r )) = b x . (3.4) 

bb = fi0NI 3R2d „ x . (3.5) 
(B(B22 + d2)i 

wheree N = 25 is the number of turns per coil, made from 0.8 mm dia. copper wire. 
Thee wire is stacked in a square grid pattern such that the (average) coil radius is 
ƒ?? = 17 mm. The distance between the coils is 2d = 57 mm, being limited by the 
cuvettee of 42 mm width. The resulting field gradient along in the ^-direction is 
calculatedd to be |b ( / )| = I x 1.9 G/cmA. The coils with an estimated induction 
off  each - 25 //H can be switched off by a power MOSFET (IRF 530) within 20 fts. 
Afterr switching, the induction current is dissipated by a 4.7 Q bypass resistor. The 
MOSFETT switch was chosen with a breakdown voltage of 100 V to manage the 
inductionn voltage peak ~ 50 V without damage. Also visible in the photograph of 
Fig.. 3.12 are connections for coolant flow through the coil mounts. However, since 
ourr MOT was not operated continuously over a longer period and the current usually 
wass I < 10 A, no cooling has been required so far. 

Thee source-free character of the magnetic field. V • B = 0, results in a field 
gradientt twice as large along the symmetry x-axis as compared to the orthogonal 
//c-plane.. Also the non-orthogonal crossing angle of the trapping beams in this plane 
togetherr with intensity imbalances results in a reduced vertical trapping force. This 
mayy have caused the observed vertically elongated MOT shape of approximately 1:2 
aspectt ratio. 

Inn order to compensate the earth magnetic field, usually ~ 0.5 G, and other 
strayy fields at the location of the MOT, we mounted a cage-like frame of three coil 
pairss around the setup: 2 rectangular pairs (60 cm wide, 80 cm high) and 1 circular 
pairr for the vertical axis (dia, 85 cm). Each pair consists of 80 turns of 0.8 mm dia. 
copperr wires. The applied current ranged between 0 mA, thus compensating 
indeedd fields ~ 0.5 G. 

3.7.33 Loading the MOT 

Thee trapping light of the MOT is tuned 1.5 T to the red of the Fg = 2 —> Fe = 3 
cyclingg transition of the 87Rb D2-line (see Fig. 3.7). The atoms are trapped in the 
F gg — 2 ground state. Atoms that are off-resonantly excited to FP = {1,2} and 
thuss optically pumped into the Fg = 1 ground state, are transferred back by the 
repumpingg laser, which is in resonance with the Dl-line (Fg = 1 — • Fe — 2). 
Typically,, a power of 15 mW is distributed among the three trapping beam pairs. 
Thee intensity in the trap centre is ~ 30 IQ. 
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Figur ee 3.13: Fluorescence ofS7Rb in MOT, molasses and background vapour. 

Thee fluorescence of trapped atoms during MOT loading and molasses cooling 
wass observed by a photodiode facing down from above the UHV cuvette. In order 
too capture light from a large solid angle, we used a lens (ƒ = 50 mm, dia.= 50 mm) 
directlyy above the cuvette, and imaged the cloud on the photodiode. Fig. 3.13 shows 
aa fluorescence signal, recorded when continuously cycling between MOT loading and 
molassess cooling. Note that the signal started here with a molasses period. The 
arroww at 0.8 s indicates the start of a MOT loading period, when the current in the 
quadrupolee coils was switched on together with the trapping laser. The fluorescence 
signall  at that moment stems from fluorescence of rubidium background vapour in 
bothh trapping and repumping light. The latter was applied permanently. After 2 s 
thee number of trapped atoms saturates. By using slightly higher rubidium vapour 
pressure,, also loading times ~ 0.5 s were achieved, which allows to increase the 
repetitionn rate of experiments. After loading the MOT, at 2.8 s, the magnetic field 
wass switched off and the trapping light was changed into the molasses configuration 
byy increasing the red detuning to ö = - 10 T and by reducing the intensity to half 
thee MOT intensity. Hence, the fluorescence signal abruptly gets weaker. The cloud 
diffusivelyy expanded out of the detector's field of view. After 1 s, the signal settled 
att the fluorescence from the background vapour (in the molasses light), and the 
cyclee was repeated. Taking into account the solid angle covered by the detection 
scheme,, we evaluated an atom number of 5 x 107 atoms in the MOT. The horizontal 
rmss diameter of the MOT was approximately 0.5 mm. 
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3.7.44 Time-of-flight temperature measurement 

Inn early experiments on laser cooling, the temperature of cold atom clouds was 
investigatedd by a "release & recapture" technique [155], with which the cooling 
lightt is switched off for a short ballistic expansion period of the released cloud after 
thatt only atoms in reach of the cooling light are recaptured and detected. The 
temperaturee is derived from the recaptured atom fraction. This method has been 
succeededd by the more accurate time-of-flight technique (TOF) [156], which we 
usedd also in our experiments. Various other techniques have been reported so far, 
e.g.. using recoil-induced resonances [157] or imaging of ballistically expanding atom 
cloudss [39]. 

Thee TOF technique makes also use of the ballistical expansion. During molasses 
cooling,, the equilibrium temperature is established after a few ms. In order to 
releasee an atom cloud, we shutter the cooling laser mechanically after typically 4 ms 
off  cooling. A significantly longer cooling time might lead to unfortunate diffusive 
atomm loss. The falling atoms pass a thin sheet of resonant probe light below, and 
welll  separated from the cooling region. Either the fluorescence or the absorption is 
recordedd as a function of time, see e.g. Fig. 5.2(a). The temperature is obtained by 
fittin gg a thermal Maxwell-Boltzmann velocity distribution to the recorded signal. 

Iff  the initial cloud size is known only approximately, the TOF method requires 
aa fall height sufficiently large to make the cloud size negligible with respect to the 
thermall  expansion during the fall t ime. In our setup, we can drop the atoms over 
aa distance of 5 mm, which is sufficient to determine the temperature within 15 % 
accuracy.. The TOF method is also a simple way to investigate atoms bouncing on 
ann atom mirror, see Chap. 5. 

Fig.. 3.14(a) shows TOF signals for two distinct height settings of the flat probe 
beam,, 1.2 mm and 4.3 mm below the MOT. The origin of the time axis is the time 
whenn the mechanical shutter of the cooling light was closed. The signals were again 
recordedd in fluorescence by means of a photodiode from above the vacuum cuvette, 
similarr to the signal shown in Fig. 3.13. The probe had a waist of 0.4 mm vertical 
andd 1.4 mm horizontal (1/e2 radius). It was tuned close to resonance with the 
Fgg = 2 —*  Fe = 3 transition of the 87Rb D2-line. 

Forr the fluorescence technique to be efficient also with small quantities of atoms, 
thee probe must saturate the optical transition. In a travelling-wave probe beam, the 
atomss would be quickly accelerated by the recoils from absorbed photons. The atoms 
aree therefore Doppler-shifted out of resonance and lost for longer recording of the 
TOFF signal. In order to achieve a longer interaction time per atom, the probe was 
usedd in retro-reflection as a standing wave. The flat, horizontal probing section was 
formedd by a cylindrical telescope with the focus of two cylindrical lenses (ƒ = 75 mm) 
locatedd below the MOT. An additional measure to enhance the interaction time was 
too choose a small red probe detuning ~ T, which converts the probe beam into a 
I DD molasses cooling configuration. 
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Figur ee 3.14: Time-of-Bight temperature measurement, (a) Fluorescence signals with 
probeprobe beam 1.2 mm (o) and 4.3 mm  below the MOT. Solid lines are hts to a Maxwell-
BoltzmannBoltzmann distribution, (b) Systematics of the temperature St for various probe settings: 
fittedfitted fall height vs. (relative) probe setting (o, with linear fit); fitted temperatures

Thee fit of the distribution of an expanding and gravitationally accelerating cloud 
too the TOF signals assumes an Gaussian initial phase-space distribution in the 
verticall  direction, $0(20, ^0, to)> that corresponds to the optical molasses temperature 
[cf.. Fig. 2.4(a)]: 

$$00{z{z00,v,v00,t,t00) ) 

aavv(T) (T) 

1 1 

27TCrz(7v v 
exp p 2H<7, , + + 

''« « 
aavv(T) (T) 

M M 

(3.6) ) 

(3.7) ) 

Thee temperature is represented by the rms velocity spread o~v. The initial rms 
radiuss of the cloud is <rz. As atoms fall, the time-evolution of the distribution can 
bee written by using transformed coordinates: 

11 2 zz = z0 + v0t + -gt 

II II dzdv<b(z,v,t) dzdv<b(z,v,t) 

,, v =v0 + gt, 

/ // dzodvo$o(zo,vo,t0) = 

(3.8) ) 

(3.9) ) 

Whenn the probe beam is approximated by a square intensity profile of thickness d 
andd centred at the height zp, the signal recorded from atoms that pass the probe 
sectionn is 

s(v,t) s(v,t) I I 
Zp+d/2 Zp+d/2 

$(z,v,t)dz $(z,v,t)dz $(z$(zpp,v,t)d. ,v,t)d. (3.10) ) 
Zp-d/2 2 
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Integrationn over the velocity distribution leads to the TOF signal: 

/

++ O0 

s{v,t)dvs{v,t)dv (3.11) 

•oc c 

-- - F = d e x P ( - ^ ^ 7 T [  ̂ ~ ZP\ ) , (3-12) 

<r(00 = v ^ + ' v W - (3-13) 
Thee TOF signal is thus described by a Gaussian distribution, the rms width of 
whichh is growing in time. If zp, az, and d are known, the temperature T in crv(T) is 
thee only parameter to fit the recorded signals to. Alternatively, zp and <JZ can also 
bee treated as fit parameters. Note that d appears as an overall amplitude scaling 
factor. . 

Fig.. 3.14(b) shows temperature and fall height as obtained when fitting T, zp, 
<7ZZ and the signal amplitude for various relative experimental probe height settings. 
Thee statistical errors in the temperatures are also shown. The statistical errors in 
thee heights are small and not shown. Accurate knowledge of the fall height is not 
requiredd to obtain a reliable temperature. This can be tested by fixing the height 
withh a slightly different value and fitting again with the temperature as the only fit. 
parameter.. We find that the shift in the fitted temperature remains within the error 
margins. . 

Thee temperature fits suggest a small statistical error, T = 8.5(1) /xK. However, 
thee uncertainty in the initial size of the molasses, az, causes a systematic error. Using 
aazz also as a fit parameter resulted in az ~ 0.55 mm. However, images recorded with 
aa CCD camera suggested a value of 0.25 mm. When the az = 0.25 mm was used 
ass a fixed parameter, the temperature fitted to ~ 12 /xK. since the contribution 
off thermal expansion in the expression S(t) was increased. It is obvious that a 
systematicc error in az is more severe for small fall heights, for which a falling cloud 
hass little time to expand before being probed. 

3.7.55 Molasses cooling and magnetic field compensation 

Thee equilibrium temperature that is achieved in polarisation gradient cooling is ex
pectedd to scale oc I\J5 with the intensity and detuning of the cooling light [70]. 
Inn order to optimize the cooling process experimentally, we performed TOF tem
peraturee measurements for various settings of the cooling laser. Fig. 3.15(a) shows 
T O FF signals that were recorded for various red detunings ranging from 1.2 — 8.3 T 
(seee also Ref. [158]). In Fig. 3.15(b), the fitted temperatures are plotted vs. the in
versee detuning. The inverse dependence on the detuning seems to be approximately 
fulfilledd with our cooling setup. The linear dependence on the intensity, however, 
indicatess an offset, see Fig. 3.15(c). 
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Figur ee 3.15: (a) TOF signals after 4 ms of molasses cooling, laser detuning ranging from 
1.22 — 8.3 r (top-down), Maxwell-Boltzmann distribution fitted to the 40 y,K signal (solid 
curve),curve), (b) Fitted temperature vs. inverse detuning. The temperatures were relatively 
large,large, because stray magnetic fields were not compensated, (c) Temperature vs. laser 
intensityintensity per cooling beam, in units of the saturation intensity, I0 = 1.67 mW/cm2. 

Thee lowest temperatures are achieved in molasses cooling when earth and other 
strayy magnetic fields are compensated on the mG level. Note that the signals shown 
inn Fig. 3.15 were recorded before any field compensation measure. Hence, the final 
temperaturess were relatively high. The experimental region inside the UHV cell is 
nott accessible for external field probes. In situ, one may investigate field dependent 
spectrall  properties of the atomic species using, e.g., electro-magnetically induced 
transparencyy (EIT) [159], i.e. the Hanle level-crossing effect [160]. Although these 
techniquess are sensitive on the ^JG level, they require additional laser sources. As 
aa simpler probe, we use the measured molasses temperature to optimize the field 
compensationn [71], thus achieving temperatures as low as shown in Fig. 3.14. Ex-
perimentally,, it proved to be also sufficient to observe the diffusion of atoms during 
molassess cooling and to maximize the diffusion time constant by means of the field 
compensationn coils, see Fig. 3.13. 
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AA high-power tapered 
semiconductorr amplifier system 

AA laser amplifier system has been characterised which provides up 
toto 200 mW output at 780 nm wavelength after a single-mode optical 
fibre.fibre. The system is based on a tapered semiconductor gain element 
thatthat amplifies the output of a narrow-linewidth diode laser. Gain 
andand saturation are discussed as a function of operating tempera-
tureture and injection current. The spectral properties of the amplifier 
werewere investigated with a grating spectrometer. Amplified sponta-
neousneous emission (ASE) was observed as a spectral background with 
aa full width half maximum of A nm. The ASE background was sup-
pressedpressed to below the detection limit of the spectrometer by a proper 
choicechoice of operating current and temperature, and by sending the 
lightlight through a single-mode optical fibre. The final ASE spectral 
densitydensity was less than 0.1 nW/MHz, i.e. less than 0.2% of the op-
ticaltical power. Related to a rubidium optical transition linewidth of 
r/2irr/2ir  — 6 MHz, this gives a background suppression of better than 
—822 dB. An indication of the beam quality is provided by the fi-
brebre coupling efficiency up to 59%. The application of the amplifier 
systemsystem as a laser source for atom optical experiments is discussed. 

Thiss chapter is based on the preprint 

D.D. Voigt, E.C. Schilder, R.J.C. Spreeuw, and H.B. van Linden van den Heuvell, 
arXiv:physics/0004043,arXiv:physics/0004043, accepted for publication in Appl. Phys. B. 
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4.11 Introduction 

Thee techniques of laser cooling and trapping of neutral atoms require stable, narrow-
linewidthh and frequency-tunable laser sources [11,12]. Commonly used systems for 
thee near-infrared wavelengths are based on external grating diode lasers (EGDL) 
[117].. Optical feedback from a grating narrows the linewidth to less than 1 MHz and 
providess tunability. High-power single-transverse-mode diode lasers can provide up 
too 80 mW optical output at wavelengths below 800 nm. In this power range, diode 
laserss thus provide a less costly alternative to Ti:Sapphire lasers. If more power 
iss required, the output of an EGDL can be amplified. Presently, there are three 
commonn techniques based on semiconductor gain elements: (i) Injection-locking of 
aa single-mode laser diode [138,139] by seeding light from an EGDL results typically 
inn 60 — 80 mW optical power at 780 nm wavelength, (ii ) Amplification in a double-
passs through a broad-area emitting diode laser (BAL) [161-167]. This yields an 
opticall  output of typically 150 mW after spatial filtering. A disadvantage is the 
relativelyy low gain of 10 — 15, requiring high seed input power. The BAL gain can 
bee improved using phase conjugating mirrors in the seed incoupling setup [168]. 
(iii )) Travelling-wave amplification in a semiconductor gain element with a tapered 
waveguide,, a "tapered amplifier" {TA ) [163,169-171]. Compared to a BAL this 
yieldss higher gain and higher power after spatial filtering. This approach requires 
muchh lower input and a less complex optical setup than a BAL . However, a TA gain 
elementt is considerably more expensive. 

Wee have investigated a TA system that amplifies the narrow-linewidth seed beam 
off  an EGDL and provides up to 200 mW optical output from a single-mode optical 
fibre.. With the tapered gain element, characterised in this chapter, the system 
operatess on the D2 (5 Sij2 — • 5 P3/2) line of rubidium at a wavelength of 780 nm, 
seee Fig. 3.7. Another gain element of the same type but with a different centre 
wavelengthh is used on the Dl (5 51/2 —*• § P1/2) n n e a t 795 nm. The input facet 
off the tapered gain element has the typical width ( « 5 /mi) of a low power single-
transverse-modee diode laser. A seeding beam is amplified in a single pass and 
expandedd laterally by the taper to a width of typically 100 — 200 /mi such that the 
lightt intensity at the output facet is kept below the damage threshold and the beam 
remainss diffraction limited (see e.g. Ref. [169]). The output power can thus be much 
largerr than from a single-mode waveguide. 

Inn previous work, TAs have been used as sources for frequency-doubling and 
pumpingg solid state lasers [172]. Apart from the achievable output power, frequency 
tunabilityy of the narrow-linewidth output [173], simultaneous multifrequency genera
tionn [174], and spatial mode properties, including coupling to optical fibres [175-177] 
havee been addressed. 

Inn this chapter the broadband spectral properties of the TA are discussed. We 
havee minimized the background due to ASE in the gain element by adjusting the 
operatingg conditions of the amplifier, i.e. temperature, injection current and seed 
inputt power. We have also investigated the coupling efficiency of the TA output 
too a single-mode optical fibre, and have found that the latter acts both as a spatial 
andd as a spectral filter. The properties of three gain elements of the same type are 
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Figur ee 4.1: Setup of the tapered amplifier system. Seed laser (EGDL), tapered gain ele-
mentment (TA), 60 dB optical isolators (OI), single-mode optical fibre (OF), optical spectrum 
analyseranalyser (SA) and grating spectrometer (GS). A top and side view of the gain element is 
shownshown with input and output collimators (IC,OC). A cylindrical lens (CL) compensates 
astigmatismastigmatism (not to scale). 

compared.. Atom optical applications usually require good suppression of spectral 
background.. For example, in far off-resonance optical dipole traps [10], scattering 
off  resonant light from the background causes heating and atom loss. Consequences 
off  ASE background in such schemes are also discussed in this chapter. 

4.22 Amplifier setup 

Thee amplifier system consists of a seed laser, the output of which is amplified in 
aa single pass by the tapered gain element, as shown in Fig. 4.1. The TA output is 
coupledd to a single-mode optical fibre (OFR, type PAF-X-5-780 fibre port, input 
beamm dia. 0.9—1.8 mm). The seed laser is an EGDL with a linewidth of less than 
11 MHz. It operates by a 60 mW single-mode laser diode (Hitachi, HL7851G98) 
andd provides 28 mW to seed the amplifier at 780 nm wavelength. Coupling of the 
seedingg beam to the amplifier was realised by mode-matching the seed laser with 
thee backward travelling beam emitted by the TA. The divergence angles from the 
seedd laser emission and the backward directed TA emission are similar. Hence, suffi-
cientt mode-matching was obtained using identical collimation lenses for both (Thor-
Labs,Labs, C230TM-B, ƒ = 4.5 mm, N.A.=0.55). Additional mode shaping, e.g. with 
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anamorphicc prism pairs, was not necessary. An optical isolator with 60 dB isolation 
protectss the stabilised seed laser from feedback by the mode-matched beam of the 
amplifierr (Gsdnger Optoelektromk. type DLI1) . The 5 mm aperture of the isolator 
iss sufficiently large not to clip the elliptical seed beam. 

Thee TA was a SDL 8630 E (Spectra Diode Laboratories, ser.no. TD310). Accord-
ingg to the manufacturer's data sheet, the output power ranged between 0.5-0.55 W 
withinn a wavelength tuning range of 787 - 797 nm, at an operating temperature of 
21°° C. The beam quality parameter is typically specified as M2 < 1.4 [178]. The 
TAA should be protected from any reflected light, because it wil l be amplified in the 
backwardd direction and may destroy the amplifier's entrance facet. Hence1, the out-
putt collimator has a large numerical aperture (ThorLabs. C330TM-B. ƒ — 3.1 mm. 
N.A.=0.68)) and the beam is sent through a second 60 dB optical isolator (Gsdnger, 
FR788TS).. The plane of the tapered gain element is vertically oriented, so that 
diffractionn yields a large horizontal divergence. The beam is then collimated simi-
larlyy to the seed input, but yields a focus in the vertical plane. A cylindrical lens 
(Melles(Melles Griot, no. 01 LQC 006/076, ƒ = 100 mm) compensates the astigmatism of 
thee beam, so that the beam can couple to a single-mode optical fibre. The astigma-
tismm correction is shown in Fig. 4.1 (see also Ref [158]). 

Theree is a considerable loss in optical power due to the isolator transmission. 
Takingg also into account small reflection losses on the lens surfaces, we estimated 
thee useful output power to be 78% of the power emitted by the TA facet. In the 
remainderr of this chapter, all quoted powers are as measured with a calibrated power 
meterr behind the optical isolator (Newport, meter 840-C, detector 818-ST, calibration 
modulee 818-CM). The narrow spectral line of the seed laser and amplifier output 
wass monitored by an optical spectrum analyser with 1 GHz free spectral range and 
withh 50 MHz resolution. The amplifier's broad spectral background was analysed 
usingg a grating spectrometer with a resolution of 0.27 nm. Also the output of the 
single-modee fibre was recorded with the spectrometer. 

Thee amplifier was provided as an open heat sink device, see Fig. 4.2. We mounted 
itt on a water cooled base and stabilised it to the desired operating temperature 
withinn a few mK by a 40 W thermo-electric cooler. Thermal isolation from the 
ambientt air and electromagnetic shielding were provided by a metal housing. When 
operatingg the amplifier at temperatures below the dew point, we flushed the con-
tainmentt with dry nitrogen. It is necessary to have a compact, stable mounting 
off  the gain element and collimators. We mounted the collimators in a commer-
ciall  xy-flexure mount to allow for lateral lens adjustment (New Focus, 9051 M fibre 
launcher).. The axial ^-adjustment was done by two translation stages (Newport, 
typee UMR3.5, travel 5 mm). Al l adjustments, except that of the ^-direction of the 
outputt collimator, are accessible from outside. This proved to be very convenient 
forr mode-matching the seed beam and also for compensating beam displacement of 
thee TA output when changing temperature or current. 

http://ser.no
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Figuree 4.2: Construction of the tapered amplifier setup. 
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Figur ee 4.3: Temperature dependence of the unseeded amplifier at 1.2 A injection current. 
(a)) spectra, (b) centre wavelength, (c) output power after optical isolator. Solid lines 
indicateindicate linear Hts. 

4.33 Unseeded operation of the amplifier 
Whenn the TA receives no seed input, it operates as a laser diode. Thus, when the 
injectionn current, 7TA , is increased from zero, the optical output power indicates the 
lasingg threshold [see Fig.4.4(a,b)]. Generally, both the operating wavelength and 
thee optical power of a laser diode depend on the temperature. These properties 
aree shown in Fig. 4.3. The emission spectrum of the lasing gain element is almost 
Gaussiann shaped, with a width of 4 nm (1/e2 intensity). It appears as a background 
off  ASE also in the spectra when operating the gain element as an amplifier (see 
below).. The oscillatory structures on the spectra are artifacts of the spectrometer. 
Inn the fitted Gaussian spectra, we evaluated the centre wavelength at each temper-
aturee setting. It increases with temperature with a slope of 0.28 nm/K, typical for 
semiconductorr lasers. 

Thee temperature dependence of the output power is shown in Fig. 4.3(c). We 
operatedd the TA within the specifications of the manufacturer's data sheet that 
recommendss to keep the optical power at the output facet below 550 mW. As the 
temperaturee increases, the conversion efficiency (mW/A) decreases and the thresh-
oldd current increases. This can be seen in Fig.4.4(a,b) (open symbols) where the 
opticall  output power P is plotted vs. the current ITA for two temperature settings. 
Thee threshold current of the unseeded TA increases from 0.78 A (5°C) to 0.86 A 
(14°° C). From the slopes above threshold, we find that the conversion efficiency 
decreasess from 0.7 W /A (5° C) to 0.5 W/A (14° C). In order to measure the un-
perturbedd output of the unseeded TA, one has to prevent light emitted from the 
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Figuree 4.4: Amplifier output vs. injection current and seed power. Lasing thresholds for 
thethe unseeded amplifier are 0.86 A (14° C) and 0.78 A (5° C), indicated by dashed lines. 

entrancee facet from being reflected. Even a very weak reflection, e.g. from a power 
meter,, would be amplified in the forward direction. For the unseeded TA, we also 
measuredd the light propagating backward from the amplifier's entrance facet. It 
reachess typically a power of 10 — 25 mW for injection currents from 1 — 1.4 A. 
Hence,, a good isolation of the seeding laser is necessary. 

4.44 Amplification of a seed beam 

Amplificationn of a seed beam is evident in the output power of the TA. In Fig. 
4.4(a,b),, the output power for different values of the seed power, Pseed, is plotted for 
twoo temperature settings. For the larger seed inputs of 8.6 mW and 5.3 mW, respec
tively,, the amplifier was well saturated. The saturation is evident from Fig. 4.4(c) 
wheree Pseed was varied for injection currents from 0.8 — 1.3 A. With Pseed « 4 mW the 
devicee appeared to be saturated for all current settings. For Pseed between 2 — 4 mW, 
thee amplification ranged from 70 - 140, e.g. 320 mW output with 4 mW seed. 

Thee spectral properties of the TA and in particular the suppression of ASE back
groundd are discussed in the following. Fig. 4.5 shows the power spectral density of 
thee TA output before an optical fibre for 16° C and 5° C operating temperature. In 
bothh cases the amplifier was saturated with 28 mW seed input. For comparison also 
thee corresponding spectra of the unseeded amplifier are shown. In saturation, the 
broadd ASE background is distinguished from a narrow peak of the amplified seed sig
nal.. The width of the peak is given by the bandwidth of the spectrometer, 0.27 nm 
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Figur ee 4.5: Spectrum of the amplifier output (before the fibre). The seed power was 
2828 mW, the injection current 1.2 A. Dashed curves are for unseeded operation. ASE is 
thethe background fraction of the total optical power P and e is the ASE suppression for the 
powerpower spectral density in units of mW/T (see text). 

FWHM.. Note that for the characterisation of the TA system, a different spectrom
eterr was used than the PC-card spectrometer mentioned in Chap. 3. The linear dy
namicc range of the photomultiplier tube (PMT) which was used as a detector with 
thee grating spectrometer, did not cover the entire dynamic range of 40 dB. Therefore, 
wee used a calibrated neutral density filter (CASIX, type NDG 0100) when recording 
thee large signal of the locked laser line. A filter transmission of 6.0 % (780 nm) and 
5.11 % (795 nm) was measured and linearly interpolated between these wavelengths. 
Thee small gap in the right slope of the peak in Fig. 4.5(b) (at 10 dBm/nm) indicates 
wheree the signal recorded with the filter was joined to the ASE spectrum recorded 
withoutt the filter. Within the dynamic range where it was used, we verified that 
thee response of the PMT was linear to within 1 %. By means of an optical spectrum 
analyserr and Doppler-free spectroscopy on rubidium, we could also verify that the 
amplifiedd beam was spectrally narrow, comparable to that of the EGDL. 

Thee influence of the operating temperature is obvious first from the increased 
outputt power at lower temperature: 323 mW (16° C) and 410 mW (5°C), respec
tively.. Second, both the peak level and total amount of ASE background are better 
suppressedd at lower temperature. We attribute this to the shift of the gain profile 
off the TA toward the seed wavelength of 780 nm at a lower temperature [179]. The 
fractionn of ASE background in the TA output is obtained by integrating the power 
spectrall densities in Fig. 4.5, yielding 5.6% (16° C) and 1.4% (5°C), respectively. 

Moree than the total ASE fraction, the important figure for atom-optical appli
cationss is the fraction of ASE within the natural linewidth of the atomic transition 
used.. We define this ratio e by comparing the power in the peak with the ASE power 
inn a bandwidth given by a typical atomic natural linewidth, e.g. r/27r = 6 MHz 
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forr rubidium. At 16° C, the ASE peak value of +2.5 dBm/nm is then reexpressed 
ass 22 nW/r, or 7.9 nW/r at 5° C, respectively. With 323 mW in the narrow line, 
thiss leads to a suppression ratio e = —72 dB, or —77 dB with 410 mW, respectively. 
Byy an appropriate choice of the operating temperature one can thus optimize the 
spectrall  properties of the TA output. Even better suppression is achieved using an 
opticall  fibre as a spectral filter. 

4.55 Spatial and spectral filtering by an optical fibre 

Forr many applications, laser beam quality is an important property. A convenient 
methodd to obtain spatial filtering is to send the light through a single-mode optical 
fibre.. An additional advantage of the fibre is a decoupling of the optical alignment 
betweenn different parts of the experimental setup. Here, the coupling efficiency is 
discussedd and the spectrum of the transmitted light is compared with the spectrum 
beforee the fibre. We observe that spatial filtering by the fibre is accompanied by 
spectralspectral filtering. Evidently, the contribution of ASE in the TA beam is spatially 
distinguishablee from the amplified seed signal. 

Thee spatial mode properties of the saturated TA output were slightly different 
forr different injection currents. Fig. 4.6(a,b) represents the fibre transmission vs. the 
current.. The fibre coupling had been optimized for a current of 1 A and the TA was 
saturated.. A maximum transmission of 46% was achieved. For comparison, with an 
unamplifiedd EGDL, after circularising the beam using an anamorphic prism pair, a 
typicall  fibre transmission of 75 % was obtained. The slope in the transmission curve 
iss probably due to a beam displacement caused by the current-dependent thermal 
loadd of the gain element. Such a displacement was also observed when the operating 
temperaturee was changed. With the fibre coupling thus optimized, light from the 
unseededd TA had less transmission than the amplified seed signal. Fig. 4.6(c,d) 
showss for a fixed current of 1 A that the fibre transmission was almost independent 
off  the seed input power, i.e. the beam shape did not change. 

Alsoo the light after the fibre was analysed using the grating spectrometer for an 
operatingg temperature of 5° C, see Fig. 4.7(a). For the saturated amplifier a spectral 
ASEE background cannot be distinguished after the fibre, since the peak is identical 
withh the spectrometer response function. (This response function was obtained by 
recordingg the spectrum of the narrow-linewidth EGDL laser. A similar response was 
alsoo obtained using a HeNe laser.) Thus, we can only assign an upper limit of 0.2 % 
forr the ASE contribution. The suppression ratio is e < —82 dB, with an ASE level 
off  less than —12.5 dBm/nm= 0.7 nW/T. This should be compared to the value of 
ee = —77 dB before the fibre, as in Fig. 4.5(b) for 5° C. For comparison, at 16° C we 
foundd an ASE suppression of —76 dBm after the fibre. 

Thee ASE background depends also on the degree of amplifier saturation, as 
shownn in Fig. 4.7(b). The ASE fraction is plotted vs. seed power for light before and 
afterr the fibre. It decreases quickly as the TA saturates. From the spectra acquired 
beforee the fibre (A A), it is evident that the increase of seed power into the saturated 
regimee suppresses the ASE. 
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Optimall  ASE suppression required a careful alignment of the mode-matched seed 
input,, i.e. optimization of the TA saturation, whereas achieving maximum output 
powerr was less critical. It is also obvious from the figure, that larger gain of the TA 
withh larger operating current improved the output spectrum (•). 

Summarisingg the results of Sec. 4.4 and 4.5, the spectral properties of the TA can 
bee optimized by choosing an appropriate operating temperature, spectral filtering 
withh an optical fibre and saturation of the gain element. 

4.66 Variations of individual gain elements 

Wee compared the TD 310 gain element with two other gain elements of the same 
typee (SDL8630E). One gain element (ser.no. TD430, 777 nm) was used in the 
setupp described above. A second (ser. no. TD 387, 790 nm) was implemented in a 
commerciall TA system (TUI Optics, TA 100) and operated on both the D2 and the 
Dll transition of rubidium at 780 nm and 795 nm, respectively. 

Forr the different gain elements, we found considerable differences in their beam 
qualityy and consequently their fibre coupling efficiency. Whereas TD 310 and TD 387 
showedd a dominant double-lobed mode structure in the far field and permitted only a 
fibree transmission of 46 %, the TD 430 beam showed a less pronounced lobe structure. 
Fig.. 4.8 gives an impression of the collimated TD430 beam profile, as imaged with 
aa CCD video camera. Fibre coupling was achieved using the output collimator and 
thee cylindrical lens to shape a "circular", though slightly converging beam at the 
locationn of the fibre port. With this gain element, we could couple 59 % to the 
fibrefibre and obtained 200 mW after the fibre, with an ASE suppression of better than 
—844 dB. Note that already at its first usage, the TD310 displayed a shadow in the 
nearr field of its amplified output beam. After approximately 100 hours of operation 
thee gain element quickly degraded and became inoperable. 

Thee amplification properties also showed striking differences among the gain 
elements.. TD 430 has similar saturation properties as TD 310. For example, when 
seededd by a master oscillator, optimal spectral purity of the output was achieved 
whenn also the (amplified) output power was at maximum. In contrast, TD387 
operatess as a laser oscillator rather than an amplifier, yielding saturated output 
powerr already without seed. Although the coatings of our gain elements were not 
specifiedd by the manufacturer, the difference in behaviour suggests that TD 387 
mayy have a larger reflectivity on the entrance facet, see e.g. Ref. [180]. Hence, the 
TDD 387 requires (permanent) monitoring by a spectrometer in order to optimize 

Figur ee 4.8: Far held beam profile of the TD410 gain element. 

http://ser.no
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seedd incoupling and ASE suppression. The current of the TD 387 cannot be tuned 
continuously,, because it shows discrete "locking-ranges", resembling the injection-
lockingg behaviour of single-mode diode lasers. 

4.77 Far off-resonance dipole potentials with 
spectrall  background 

Inn this section the consequences of a broad spectral ASE background for light scat-
teringg in optical dipole traps are estimated. A background that covers atomic reso-
nancess leads to extra resonant scattering. Usually the detuning 6 for a dipole trap 
iss chosen as large as possible, given the available laser intensity IL. The reason is 
thatt off-resonance scattering scales as T QR CX IL/52 at low saturation and large de-
tuning,, whereas the dipole potential is only inversely proportional to the detuning, 
ZYfiipp oc IL/S (see e.g. Ref. [2] and Appendix A.3). 

Inn the presence of resonant background the total scattering rate of the atoms is 

r '' = rOR + rR . (4. i ) 

wheree TR represents the resonant scattering. For a fixed depth of the optical dipole 
potentiall  this results in a maximum useful laser detuning, t>max, at which the scat-
teringg rate of the atoms, T', is minimized. With low atomic saturation by a weak 
spectrall  background, we can write 

r . - r ï f .. (4,, 
Thee saturation intensity is, e.g., 70 = 1-67 mW/cm2 for the D2-line of rubidium. 
Hence,, with the restriction of a fixed potential Wdip, the two scattering contributions 
scalee as T QR cx 1/5 and T'R cx 5, respectively. This results in the optimum detuning 
andd minimum scattering rate, 

66maxmax = , (4.3) 

T'' = 2V2^Udip/h. (4.4) 

Ass an example we consider atoms cooled to a temperature of a few /iK in optical 
molassess and require an optical potential depth o{U<ap/h £= 1 MHz. If the allowable 
scatteringg rate is, e.g. rm ax < 100 s_1, this yields a required background suppression 
EE < —110 dB and an optimum detuning ömax ~ 760 GHz. Such a small background 
contributionn is of course beyond the resolution of our spectrometric data, with which 
wee observed at best an upper limi t of 0.7 nW/T ASE spectral power, for a total power 
off  200 mW. This corresponds to a background suppression of £ < —84 dB. With a 
detuningg of 760 GHz, the spatial extension of the optical potential is restricted to 
lesss than 250 [im width. 

Inn principle, one could make use of the resonant photon scattering rate, TR, 
ass an experimental tool to investigate the ASE properties of a laser source. More 
specifically,, T'R appears as an additional source of heating and loss of atoms trapped 
inn a far off-resonance optical dipole trap. 
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4.88 Conclusions 

Wee have investigated a tapered semiconductor amplifier system, that provides 1 5 0-
2000 mW narrow linewidth output from a single-mode optical fibre, where the fibre 
transmissionn is up to 59 %, depending on the actual gain element in use. The system 
requiress less than 5 mW seed input to saturate with an amplification up to 140 at 
thiss seed level. The output of the amplifier includes a broad spectral background 
off  amplified spontaneous emission. We have found three means of reducing this 
background:: (i) Choosing the operating temperature such that the gain profile of 
thee amplifier is shifted toward the amplified wavelength, (ii ) filtering the output 
beamm spectrally with a single-mode optical fibre, and (iii ) saturating the amplifier 
withh sufficient seed input power. With these measures, the ASE background is below 
thee resolution of our spectrometer. That is, the ASE fraction is less than 0.2 % of the 
opticall  power in the beam and the peak level is less than 0.1 nW/MHz. Relating 
thee power spectral density of the background to the natural transition linewidth 
off  rubidium (r/27r = 6 MHz), the ASE suppression is better than —82 dB. The 
atom-opticall  application of such an amplifier system with far off-resonance dipole 
potentialss was discussed. A broad ASE background implies here an optimum laser 
detuningg with which light scattering by atoms is minimized. A tapered amplifier 
systemm may be a lower-cost alternative to a Ti:Sapphire laser. The available single-
transverse-modee optical power and spectral properties are similar to those of broad-
areaa semiconductor laser amplifiers. 
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Thee evanescent-wave atom mirror 

ColdCold atoms (10 fiK) from a vapour-cell magneto-optical trap were 
usedused to study elastic, normal-incidence bouncing on an evanescent-
wavewave mirror. Bouncing atoms were released 6 mm above the mir-
rorror  and were detected by a time-of-flight technique. The fraction 
ofof bouncing atoms depends on the effective mirror surface in re-
lationlation to the size of the ballistically expanding atom cloud. This 
fractionfraction was investigated as a function of optical power, laser de-
tuning,tuning, evanescent-wave polarisation, and cloud temperature. The 
observedobserved bouncing fractions up to 8 % were in agreement with cal-
culatedculated predictions, necessarily including the contribution of the 
VanVan der Waals interaction to the mirror potential. 

83 3 
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5.11 Introduction 
Thee operating principle of an evanescent-wave mirror for atoms [3-5] and loading 
off  an optical surface trap by an inelastic mirror were discussed in Chap. 2. As an 
intermediatee step towards this goal, we first studied an elastic mirror. Bouncing 
atomss from a falling cloud of cold atoms were detected by a time-of-flight (TOF) 
probingg technique. We used the TOF method to investigate the bouncing fraction 
off  atoms from the cloud. This fraction is determined by the effective mirror surface 
whichh is to be compared with the size of the ballistically expanding atom cloud. 
Inn the course of this chapter. TOF experiments with elastically bouncing atoms 
aree presented. We investigated the fraction of atoms bouncing on the mirror as 
aa function of power, detuning and polarisation of the evanescent-wave, i.e. as a 
functionn of the effective mirror surface. Also the temperature of the falling atom 
cloudd was varied. Finally, the dependence on the evanescent-wave decay length wil l 
bee discussed. 

5.22 Fraction of bouncing atoms 

5.2.11 Effective mirror surface 

Thee potential of the evanescent-wave mirror, U — U(\\p + Wgrav + Wv<iw, is described 
byy the optical dipole potential, the gravitational potential and the Van der Waals 
interaction,, see Chap. 2. The c-direction was here chosen as the vertical direction, 
andd the xc-plane as the plane of incidence for the evanescent-wave laser, having 
thee evanescent-wave propagating in the x-direction along a horizontal glass surface 
(remindd Fig. 2.1. or see Fig. 5.2). 

Thee fraction ?/ of bouncing atoms from a falling cloud depends on both the 
effectivee surface of the evanescent-wave mirror and the spatial extension of the cloud. 
Thee bouncing threshold is given by the kinetic energy of the incident atoms, Ulh = 
pf/2M.pf/2M. Within the transverse Gaussian profile of the dipole potential, the effective 
mirrorr surface is enclosed by the circumference1 at which Uih equals the maximum 
inn the total potential U. Beyond this circumference, atoms slip across the potential 
maximumm (if existing), hit the prism and are lost by heating or sticking to the 
surface.. For a purely optical potential, this would be the circumference, where the 
potentiall  at the prism surface equals U^. 



5.22 Fraction of bouncing atoms 85 5 

Iff  we take a Gaussian laser beam power Pi and waist w0 for the evanescent-wave, 
thee intensity is given by 

2r'22 2Pr 
W)W) =  4 ( 0 ) e x p( r ) , 4 ( 0) = — ^ , (5.1) 

wheree r' is the transverse distance from the beam centre. 

Thee optical potential of the mirror can be written in Cartesian and polar coor-
dinatess (x — rcos({),y = rsin</>, z): 

UUdipdip(x,y,z)(x,y,z) = U0exp(-2[-^—2+^)-2Kz), (5.2) 

==  U0 exp { ~ (C-  ̂ + sin2 <j>)  - 2KZ) , (5.3) 

Inn this notation, U0 ss (hT2/86)T^Ih/lQ is the maximum optical light shift in the 
centree of the mirror at the glass surface. For geometrical reasons, the evanescent-
wavee waist is stretched in the x-direction by a factor \ = l/cos0j, compared with 
thee waist wQ of the used laser beam. In our configuration this factor is 1.334, 
ass calculated for an evanescent-wave angle of incidence close to the critical angle, 
99CC = 41.43°. 

Inn the hypothetical case of a purely optical potential, i.e. neglecting the Van der 
Waalss interaction, the threshold circumference Rth(4>) can be calculated analytically 
byy the condition: 

Wthh = Wdip(fl th(tf>),0,O). (5.4) 

Thiss leads to 

(coss Ó \ ^ 
—+sin20jj  , 

** = «* )/R!)« f(¥j 
Here,, RQ is the threshold as it would occur for a circular evanescent wave (\ = 0). 

Inn a more realistic calculation, taking into account also the Van der Waals in-
teraction,, Rth{<P) can be found as follows. One first solves numerically, for the value 
2max,, where U(r, 0, zmax) has its maximum as a function of z. The value of Rth(<P) 
iss found by solving also numerically 

(5.5) ) 

(5.6) ) 

UUthth = U{Rth(<p),<p,zma.x). (5.7) ) 
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Figur ee 5.1: Effective surface of the evanescent-wave mirror with Van der Waals interac-
tiontion (dark shading) and without (short-dashed line). The rms width, o\ — 1.13 mm, of 
thethe bouncing cloud (light shading) corresponds with a temperature of 10 )j,K and a fall 
heightheight 6.2 mm. The TE-polarised laser is chosen, with 15 mWpower, 200 T detuning and 
aa waist UJQ = 335 /im (dotted line). The angle of incidence is 0\ = 6C + 8.7 mrad. 

5.2.22 Bal l ist ic spreading and bounc ing fract ion 

Havingg introduced the effective mirror surface, the ballistic spreading of the thermal 
atomm cloud and the bouncing fraction are addressed in the following. If we assume 
aa Gaussian phase-space distribution of the initial cloud, after molasses cooling to 
aa temperature T = 10(2) fiK [see Fig. 2.4(a)], the normalised spatial distribution, 
J-\{r),J-\{r), of the atoms reaching the mirror at time t\ can be written as: 

Hr) Hr) 
1 1 

2naf 2naf 
rrzz /-oo 

e xP ( ~ ; r ^)) > / ÏKTx(r) r dr = 1, 2a; ; 

<y\ <y\ 

<7V V 

sjëosjëo + Mi) 2 

kkBBT T 

MM ' 

(5.8) ) 

(5.9) ) 

(5.10) ) 

Inn our experiment, the rms velocity spread is <rv ~ 3 cm/s. The spatial extension of 
thee molasses cloud is estimated as a0 = 0.25(5) mm. Thus, when reaching the prism 
afterr a fall of 35.5 ms, the cloud has expanded to a rms radius a; = 1.13(15) mm. 

Thee bouncing fraction is calculated by integrating the transverse atom distribu-
tionn over the effective mirror surface: 

HthW W 
T\(r)T\(r) r dr. (5.11) ) 
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Forr a circular evanescent-wave, Rth(<ft) = -Ro, the bouncing fraction can be expressed 
analytically: : 

mm = l - e x p ( - ^ ) = 1 - ^ - j V - / . (5.12) 

Forr a cloud that is large compared to the effective mirror surface, ĉ  » Rth, the 
densityy T\(r) is approximately constant within this area. The bouncing fraction is 
thenn proportional to the effective surface, so that 77 oc \n{Ii/5). In Fig. 5.1, the size 
off  the atom cloud, evanescent-wave and effective mirror surface are shown. The 
latterr is shown with and without Van der Waals interaction. The chosen parameters 
representt typical experimental parameter settings. The fall height of zQ — 6.2 mm 
correspondss to a bouncing threshold li th = 2.2 fiT (T/2TT — 6.1 MHz for the rubid-
iumm D2 line). The calculated bouncing fraction is 77 = 0.9% with Van der Waals 
interaction,, or 1.7% when neglecting it. 

5.2.33 Optimizing the bouncing fraction 

Obviously,, by increasing the laser power for a given laser waist w0, the effective 
mirrorr surface increases. This means that the turning point in the centre of the 
mirrorr moves further and further away from the surface. However, this would be in-
efficientt use of laser power from the perspective of optimising the bouncing fraction. 
Increasingg the waist will yield a larger effective mirror surface. We can optimise 77 
byy keeping the mirror potential above threshold across the largest area permitted by 
thee laser power. In principle, since Udip oc Ii/S, the detuning could also be varied. 
However,, the detuning also determines the rate of light scattering by atoms during 
aa bounce so that it is usually kept fixed. 

Iff  the Van der Waals interaction is neglected and assuming a transversely circular 
evanescentt wave, the waist optimisation can be done analytically. Starting from 
Eq.. (5.6), we substitute Eqs. (5.1), (2.8) and (2.9), and express RQ as a function of 
ww00,, with Pi and 6 as parameters in place of UQ. The optimum waist, u?max>

 1S then 
foundd for the optimum threshold radius, Rmax, as: 

-J2R-J2R R -J7^^-
87r/00 S eUi 

(5.13) ) 
th h 

Notee that irw^  ̂ oc Pi, as one expects, and the optimum optical potential at the 
prismm surface is t/max = e^th- The maximum bouncing fraction depends of course 
onn the extension of the atom cloud, e.g. with Eq. (5.12) for a circular mirror this is: 

exp(-(^)VV  (5.14) 
2 2 

• / m a xx •!• 

Inn the course of this chapter, a numeric example of r)max will be briefly discussed, 
relatedd to our experimental results. 
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5.33 Time-of-flight detect ion of bouncing atoms 

5.3.11 Mirror configuration 

Inn Fig. 5.2(a) the configuration of the evanescent-wave mirror is shown schematically. 
Thee evanescent wave is centred at the 10 x 4 mm2 sized horizontal surface of a 
right-anglee glass prism (Melles Griot, no. 01PRB009). Atoms were collected in 
aa magneto-optical trap (MOT), located 6.2 mm above the prism surface. After 
molassess cooling, this provided a sample of ~ 107 atoms at 10(2) /iK temperature. 
Thee polarisation of the evanescent-wave laser beam was chosen with respect to the 
planee of incidence as either TE or TM. The angle of incidence, Q\ — 9C, was adjusted 
withinn 0 — 40 mrad using a telescope as described in the next chapter, see Fig. 6.1. 

Inn order to perform time-of-flight temperature measurements, a fiat, horizontal, 
near-resonancee absorption probe beam (AP) intersected the trajectory of falling 
andd bouncing atoms. The probe transmission was recorded by a photodiode (PD). 
Thee waist of the probe was 0.4 mm vertical and 1.4 mm horizontal (1/e2 intensity 
radius).. The probe was tuned 8T below the D2-line transition Fg — 2 — • F e = 3 
off 87Rb (see Fig. 3.7). The optical power in the UHV cell was 0.1 //VY\ so that 
thee maximum probe intensity was 0.1 mW/cm 2 , well below the saturation intensity 
IQIQ — 1.67 mW/cm 2 , as required for absorption probing, i.e. the saturation parameter 
wass so — 2.5 x 10~4 <̂C 1. In order to distinguish the TOF signal of bouncing atoms 
clearlyy from that of falling atoms, the probe was used in a higher position (1.6 mm 
beloww the MOT) than that used for the temperature measurement in Chap. 3. 

Ass a laser source for the the evanescent wave, an injection-locked single mode 
laserr diode {Hitachi, HL7851G98) was used, which provided 30 mW power after a 
single-modee optical fibre. It was seeded by an external grating diode laser, locked 
too the D2-line transition Fg — 2 > Fe = 3. The blue detuning of the evanescent 
wavee was adjusted by frequency shifting the seed laser beam with an acousto-optic 
modulator.. For large detuning, S/2-K > 200 MHz, we unlocked the seed laser and 
sett its frequency manually, according to the reading of an optical spectrum analyser 
withh 1 GHz free spectral range. 

Thee evanescent-wave laser beam was collimated with a waist w0 — 335(7) \xm 
att the mirror location. Threefold reflection losses at the walls of the vapour cell 
andd the prism entrance surface reduced the available optical power. For an angle 
off incidence close to the critical angle 0C, this loss was 25% and 5% for TE and 
TMM polarisation, respectively. For TE polarisation the loss was dominated by the 
reflectionss at the cell walls, whereas for TM polarisation, the angle of incidence was 
closee to the Brewster angle. Note that the Brewster effect allowed us to keep a TM-
polarisedd evanescent wave permanently switched on. For TE polarisation it had to 
bee off before and after the bounce. Otherwise, second-order reflections from the cell 
wallss pushed away falling afid rising atoms. In the following, all powers are given 
inn mW, as measured in the laser beam before entering the UHV cell. Note that a 
fusedd silica cuvette (see Chap. 3) has the subtle advantage of a lower refractive index 
(nn = 1.45), i.e. less reflections, compared with the glass cell (n — 1.51) used here. 
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Figuree 5.2: Evanescent-wave configuration and mirror potential, (a) Time-of-Bight de-
tectiontection by a probe beam, (b) Mirror potential U for sublevels mg = {0 . ..  2} , optical 
potentialpotential Wdip for 77ig = 0, bouncing threshold Uth = pf/2M for an incident atom of mo-
mentummentum pi. For parameters of the TE-polarised evanescent-wave see text and Fig. 5.4. 

5.3.22 Mirror parameters 

Atomss were released from the MOT in the Fg = 2 ground state. The centre-of-
masss of the cloud reaches the mirror after U = 35.5 ms, 6.2 mm below. During 
thatt time, gravity accelerates the atoms to a velocity of u; = 35 cm/s, or 59 vYec in 
unitss of the photon recoil velocity (vTec = 5.88 mm/s). Hence, the mirror potential 
hass to exceed a bouncing threshold Uth = 2.2 KT. The mirror potential U(x,y,z) 
iss determined by the available laser power Ph, the applied detuning S, and the 
evanescent-wavee decay length £(#i)- Such a potential is plotted in Fig. 5.2(b) for the 
centree of the mirror (x — y = 0). The TE-polarised evanescent-wave was assumed 
too have 15 mW power and 200 T detuning. The decay length was £ = 0.89 /an 
forr an angle of 9\ = 0C + 8.7 mrad. The reduction of the potential maximum by 
thee Van der Waals interaction, compared with a purely optical potential Udip, is 
alsoo shown. In addition, due to the Clebsch-Gordan coefficients, the mg-sublevels of 
thee F.g = 2 ground state experience different light shifts. Plotted in the figure are 
thee eigenvalues of the atom-light dipole interaction (including the Van der Waals 
interaction).. In general, the corresponding eigenstates are linear superpositions of 
thee sublevels. This is due to the possible longitudinal polarisation component of 
thee evanescent-wave causing the evanescent wave to be elliptically polarised (see 
Appendixx A.2). However, in a purely TE-polarised evanescent wave, the eigenstates 
cann be identified by the sublevels. 
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Figur ee 5.3: Time-of-flight signals from bouncing atoms, (a) Absorption signals in the 
probeprobe beam for a fall height of 4.1 mm; vertical dashed lines indicate the time when the 
probeprobe was switched on. (b) Signals for a fall height of 4.88 mm and for two different heights 
ofof the probe beam, 3 mm (solid curve) and 4 mm (dashed) above the prism. 

AA relatively large evanescent-wave decay length ~ A0 is desired in our experi-
ments,, in order to match an optical trapping potential and to adjust the rate of 
opticall  pumping by the evanescent-wave (see Chap. 2). The influence of the Van der 
Waalss interaction on the mirror is small here. The Van der Waals contribution was 
thereforee investigated using a smaller decay length, see Ref. [103]. 

5.3.33 Time-of-flight signals 

Similarr to the TOF signal of falling atoms, also signals from rising atoms after a 
bouncee can be recorded by the probe absorption. The probe is destructive since light 
scatteringg accelerates and heats the atoms. Hence, in the experiments, the probe 
wass switched on after the average bouncing time £;, when most atoms that reach the 
effectivee mirror surface were reflected. Fig. 5.3(a) shows typical TOF signals from 
fallingg atoms, rising atoms, and atoms that fall back again. For clarity, the latter two 
signalss were magnified xlO. The sequence of falling and rising atoms can be used 
too determine the bouncing time <;, and thus the fall height of the atoms. However, 
i tt then has to be clear, that the atoms were not launched with a vertical velocity 
component,, e.g. due to imbalanced radiation pressure in the preceding molasses 
cooling.. We therefore took also images of the MOT—prism configuration with our 
CCDD camera. For the experiments discussed in the following, this confirmed a fall 
heightt of z0 = 6.2(4) mm, different to the heights in Fig. 5.3. Since the probe was 
appliedd at a relatively large height, it cut into the molasses cloud, causing a non-
zeroo absorption at t = 0. As a cross-check, two signals for a different height of the 
probee beam are shown in Fig. 5.3(b). The signature of the bounce is found in the 
symmetricall  temporal shift of corresponding signals from falling and rising atoms. 
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Figur ee 5.4: Bouncing fraction vs. evanescent-wave power and detuning: TE-poIarisation, 
powerpower between 0 - 2 8 m W, detuning in units ofT = 2n x 6 MHz, angle 6\ = 0C + 8.7 mrad, 
laserlaser waist wo = 335 fim. Predictions with (solid line) and without (dashed) Van der 
WaalsWaals interaction. The (optical) threshold potential is indicated by an arrow. 

Thee bouncing signals are quantitatively discussed in the next section. Note that 
thee signal of atoms falling down again after ~ 90 ms, is weaker than for the rising 
atoms.. Scattering of evanescent-wave photons during a bounce causes heating, and 
alsoo radiation pressure, see Chap. 6. Hence, the probe beam of limited width may 
havee covered only part of the meanwhile spread and transversely moving atoms when 
recordingg late TOF signals. 

5.44 Investigation of bouncing atoms 

5.4.11 Optical power and detuning of the evanescent wave 

Fromm TOF absorption signals, as shown in Fig. 5.3, the fraction of bouncing atoms 
iss obtained by evaluating the ratio of the integral signals for rising and falling atoms. 
Thee dependence of the bouncing fraction on the strength of the optical potential is 
shownn in Fig. 5.4. Here, for various evanescent-wave detunings, the power was also 
varied.. Since the effective mirror surface was relatively small compared to the size of 
thee atom cloud, the approximately logarithmic dependence, n oc In Ph/S, is clearly 
observed.. Theoretical predictions are shown for a purely optical potential (dashed 
line)) and including the Van der Waals interaction (solid line). Both predictions 
weree calculated without any adjustable fit  parameter and take into account also 
thee differences in optical potential for the various magnetic sublevels (see Fig. 5.2). 
Thee bouncing fraction was averaged over the calculated values for the sublevels, 
assumingg an unpolarised atomic sample. 
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Figur ee 5.5: TM- and TE-polariscd mirror, (a) Measured bouncing fractions and predic-
tionstions with (solid lines) and without (dashed) Van der Waals interaction, (b) Mirror  poten-
tialstials for the Fg = 2 eigenstates in the centre of the mirror, as calculated for ft = 15 mW 
andd 6 = 200 F; bouncing threshold £Vth. Optical potentials are indicated as thick lines. 

Thee extrapolation to zero bouncing fraction yields the bouncing threshold. If 
theree were no Van der Waals interaction, this threshold would be the incident kinetic 
energyy of the atoms, Ulh = 2.2 KT. The data clearly show that the Van der Waals 
interactionn must be taken into account. For a more quantitative investigation of 
thiss phenomenon, see the work previously reported by Landragin et al. [103] and 
recentt experimental and theoretical work, based on an evanescent-wave mirror as an 
interferometricall scheme [181-183]. In those experiments the evanescent-wave decay 
lengthh was chosen considerably shorter (£ < A0) than in our mirror configuration, 
thuss providing better sensitivity to the surface potential. In a plot like Fig. 5.4, 
thee separation of the two predictions is then larger. The ultimate goal of these 
experimentss is to reveal QED retardation effects as described by the Casimir-Polder 
potentiall oc l/zA [102,184]. The power-laws of both Van der Waals and Casimir-
Polderr potential have also been probed using the deflection of an atomic beam 
passingg through a micro cavity [185,186], and using a torsion pendulum [187]. 

Ourr predicted curves for the bouncing fraction have an uncertainty of . 
Thiss is mainly due to uncertainties in the initial cloud temperature and size. By 
comparison,, uncertainties in laser power, beam waist, detuning, and fall height were 
smalll and can be neglected. Note that the prediction with Van der Waals interaction 
iss also subject to uncertainty of the evanescent-wave decay length, which becomes 
largee close to the critical angle, also due to the diffraction-limited beam collimation. 
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I tt should be noted that our detection method under-estimated the fraction of 
bouncingg atoms. If the probe was placed too high, it cut into the optical molasses. 
Iff  the probe was too low, it cut into the fast part of the bouncing signal. Our 
probee position of 3 mm above the prism was a compromise. Also, a horizontal 
misalignmentt of the MOT with respect to the mirror or, equivalently, launching 
off  the atoms with a horizontal velocity causes atoms to miss the mirror. Hence, 
systematicallyy a lower than expected bouncing fraction may have been observed. 

Forr convenience, and to be sure of sufficient intensity with our limited laser power 
off  30 mW, we restricted the optical potentials to detunings between 30 — 200 T. We 
didd not optimize the laser waist to the optimum value from Eq. (5.13), which would 
havee been tt>max ^ 1 — 3 mm, resulting in a bouncing fraction of T7max « 20 — 80 %. In 
experimentss that require much larger detuning ~ 17000 T (100 GHz) due to photon 
scatteringg rates, more power is necessary, e.g. 150 mW from a tapered amplifier 
system.. The optimal laser waist is then wmax ~ 200 /im, resulting in a bouncing 
fractionn of r?max ~ 0.8%. Therefore it may be necessary to guide the atoms down to 
thee mirror, in order to prevent the cloud from ballistic expansion and to keep the 
bouncingg fraction up. 

5.4.22 Polarisation of the evanescent wave 

Thee effective mirror surface is larger for the TE-polarised wave as compared with 
thee TM wave. This is because of the larger intensity enhancement factor, Xj, see 
Eqs.. (2.5) and (2.6). Figure 5.5(b) shows a typical set of potentials that contribute 
too the mirror. Note, that in the case of TM polarisation, there are five different 
eigenvaluess of the optical light shift. In the configuration considered here, with 
OiOi = 0C + 8.7 mrad, the optical potential ratio is UTM/MTE — 2~TM/2~TE = 2.2 ~ n2. 
Thiss is shown in Fig. 5.5(a), where the bouncing fraction for both polarisations is 
plottedd vs. the laser parameters. The vertical error bars are the statistical errors from 
Gaussiann fits which were performed, as an approximation of thee Maxwell-Boltzmann 
distribution,, to obtain the integrated TOF signal. The horizontal separation of the 
twoo curves gives the ratio in optical potential. Note, that also the difference in 
reflectionn loss for light passing the UHV cell and entering the prism has to be 
takenn into account. With a loss of 4.9% and 24.7% for TM and TE polarisation, 
respectively,, this leads to a curve separation of ~ 1.3 n2 = 2.9. 

Thee two data points for large P^/S setting, that clearly do not match the pre-
diction,, we assign to an accidental systematic effect. It did not occur for the data 
fromm Fig. 5.4, taken with similar parameters. Possibly, the atoms were released with 
aa larger temperature than previously measured (see below). There are, however, ef-
fectss that can reduce the bouncing fraction for small detuning. Radiation pressure, 
whichh is investigated in Chap. 6, can cause some atoms to drift out of the detection 
rangee of the probe. Also loss of atoms by optical hyperfine pumping into Fg = 1 
hass to be considered. An estimate for this pumping loss is given in Chap. 6. It was 
alsoo discussed by Landragin, see Ref. [188]. 
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Figur ee 5.6: Ballistic spread and decay length: TM-polarised evanescent-wave with P  ̂ = 
288 mW and 5 = 113 T. (a) Bouncing fraction as a function of temperature and predictions 
withwith (solid line) and without (dashed line) Van der Waals interaction, for 6\ = öc+3.9 mrad. 
(b)) Bouncing fraction for various angles. Vertical dashed lines indicate the (almost) 
diffraction-limiteddiffraction-limited collimation of the evanescent-wave laser. The solid curve for 0\ > 8C is 
thethe prediction with the Van der Waals interaction, the dashed horizontal line without. 

5.4.33 Ballistic spreading of the falling atom cloud 

Thee fraction of bouncing atoms is related to the size of the ballistically expanding 
cloudd when it hits the mirror. This was investigated by adjusting the equilibrium 
temperaturee of the cloud during molasses cooling, before releasing it. For this pur
pose,, the red detuning of the cooling laser was varied between 4.5 — 12.5 T. The 
temperaturee for each detuning was determined by fitting a Maxwell-Boltzmann dis
tributionn to the TOF signal of falling atoms (cf. Fig. 3.15). The resulting bouncing 
fractionss are shown in Fig. 5.6(a). Again, the predictions were calculated without 
adjustablee parameters. The influence of the Van der Waals interaction is small here, 
duee to the relatively large decay length, £ = 1.32 /im. Between 6 — 20 /uK, when mo
lassess cooling worked reliably, the data are in good agreement with the prediction. 
Temperaturess of 6 /iK and 20 fiK result in rms cloud radii at the prism surface of 
0.99 mm and 1.6 mm, respectively. When trying to achieve lower temperatures by 
largerr molasses detuning, the cooling forces may have been too weak, such that im
balancess caused horizontal drift of the falling atoms. (The error margins concerning 
thee measured temperature were estimated by ) 

Thee approximate 1/T dependence of the bouncing fraction is valid only for larger 
temperatures.. In the limit of very low temperatures, the fraction ''saturates" at a 
valuee that is determined by the initial width of the Gaussian atom cloud. In our 
configuration,, this would be a fraction of 77 % with and 80 % without Van der Waals 
interactions. . 
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5.4.44 Bouncing fraction vs. decay length 

Measurementss with varied decay length are shown in Fig. 5.6(b). The angle 9\ was 
variedd from below the critical angle up to 25 mrad above, using an optical alignment 
schemee that will be explained in detail in the next chapter. Close to the critical 
angle,, 9-, » 9C, the bouncing fraction dropped off. This did not occur abruptly 
duee to the nonzero divergence of the laser beam, which caused a spreading in the 
anglee of incidence 9\ and in the decay parameter K(0[). We measured a far-field 
half-anglee divergence of A0j < 1 mrad for the collimated beam, which was close to 
thee diffraction limit for a Gaussian beam of waist w0 — 335 /zm: 

A#diff  = — = 0.74 mrad. (5.15) 
7TW7TW0 0 

Forr details on the angle calibration, see in the next chapter. Note that, however 
thee waist was located at the prism surface to have a plane wave incident at the 
glass-vacuumm interface, the diffraction limit causes a spread in the evanescent-wave 
decayy parameter, re. Below the critical angle, 9\ < 9C, there is no total internal 
reflectionn (TIR) except for a small fraction of the beam power. This produces a 
smalll  bouncing signal in this regime. Similarly, above the critical angle, 9\ > 9C, 
somee light is transmitted. Thus, the bouncing signal is also smaller than for larger 
angless with pure TIR. Another effect, that reduces the observed bouncing fraction 
forr angles close to 9C, may be radiation pressure as mentioned above. 

AA measurement with re as an experimentally adjustable parameter may offer 
aa way of investigating the intrinsic scaling of the atom-surface interaction, e.g., 
thee l/zz or 1/z4 behaviour of the Van der Waals or Casimir-Polder interaction, 
respectively.. By means of re, the surface distance of the turning point of bouncing 
atomss can be adjusted (cf. the atomic beam experiments in Ref. [185]). 

AA predicted curve for the bouncing fraction including the Van der Waals inter-
actionn is shown in the figure. The (asymptotical) value for 9\ —• 9C equals the 
predictionn without Van der Waals interaction, which is independent of re, i.e. con
stantt over the whole range of angles (dashed curve). Obviously, within the used 
rangee of angles, the measurements were not sensitive enough to distinguish between 
thee predicted curves. The scatter in the observed bouncing fractions may be due 
thee lack of a more accurate TOF reference signal of the falling atoms. However, 
thee statistical errors of the fits to the bouncing signals were small. These statistical 
errorss are shown in the figure. 

Thee sensitivity to the variation with the angle may be improved by an extension 
off the angle range. The optical access in the setup allowed us to increase the angle 
onlyy up to 25 mrad. This was not a principal limitation of the setup and has been 
improvedd meanwhile. However, the decay length approaches a minimum value of 
1100 nm and, for large angles, the variation in the bouncing fraction is negligible. 
Ann improvement towards a smaller decay length may be the use of a prism with 
largerr refractive index. For example with SF11 (n — 1.76), the decay length drops 
too 86 nm and the variation in the bouncing fraction should be larger. 
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5.55 Conclusions 

Coldd atoms that bounce elastically and in normal incidence on an evanescent-wave 
mirrorr were detected by time-of-flight measurements. These measurements confirm 
thee expected properties of the mirror potential in terms of the observed number of 
bouncingg atoms as a fraction of the amount of atoms that were initiall y released 
onn the mirror. We observed bouncing fractions up to 8%, which is limited by the 
ballisticc spread of the atoms in relation to the effective mirror surface. We varied 
thee effective surface by means of the laser detuning and power, and adjusted the 
temperaturee of the released atom cloud between 6 — 20 fiK. The measurements 
clearlyy show the significance of the Van der Waals atom-surface interaction and 
confirmm the calculation using no adjustable parameters. The measurements were 
nott sufficiently sensitive to reveal properties of the Van der Waals interaction in 
moree detail. 

Wee observed larger bouncing fractions with a TM-polarised mirror than with 
aa TE-polarised mirror, using the same laser power. This is in agreement with a 
calculationn based on the Fresnel coefficients, which show that the evanescent-wave 
opticall  potential in the TM mode is larger by a factor % 2.9 compared to the TE 
mode. . 

Whenn tuning the evanescent wave angle of incidence through the critical angle, 
wee could observe a small bouncing fraction also for angles below the critical an-
gle.. This is due to the diffraction limited collimation of the laser beam. With the 
laserr power available, the optimization of the effective mirror surface may result 
inn a considerably larger bouncing fraction > 20%. However, our goal are exper-
imentss with much larger detuning (see Chap. 2), which requires a relatively small 
evanescent-wavee spot. 



Radiationn pressure 
exertedd by evanescent waves 

RadiationRadiation pressure, that is exerted on cold rubidium atoms while 
bouncingbouncing on an evanescent-wave atom mirror, was directly ob-
served.served. It was analysed by imaging the motion of the atoms af-
terter the bounce. The number of absorbed photons was measured 
forfor laser detunings ranging from 190 MHz to 1.4 GHz and for 
evanescent-waveevanescent-wave angles from 0.9 mrad to 24 mrad above the critical 
angleangle of total internal reflection. Depending on these settings, ve-
locitylocity changes parallel with the mirror surface were observed, rang-
inging from 1 to 18 cm/s. This corresponds with 2 to 31 photon recoils 
perper atom. These results were independent of the evanescent-wave 
opticaloptical power. 

Thiss chapter is based on the publication 

D.D. Voigt, B.T. Wolschrijn, R. Jansen, N. Bhattacharya, R.J.C. Spreeuw, 
andand H.B. van Linden van den Heuvell, Phys. Rev. A 61, 063412 (2000). 
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6.11 Introduction 

Mostt experimental work on evanescent-wave mirrors so far, has been concentrated 
onn the reflective properties [4,5], i.e. the change of the atomic motion perpendicular 
too the surface [189]. This is dominated by the dipole force due to the strong gradient 
off  the electric field amplitude. In this chapter, measurement of the force parallel to 
thee surface are presented. It was mentioned already in the original proposal of an 
evanescent-wavee mirror, Ref. [3], that there should be such a force. The propagating 
componentt of the wave vector leads to a spontaneous scattering force, "radiation 
pressure""  [152,153]. To our knowledge1, we presented the first direct observation of 
radiationn pressure exerted by evanescent waves on cold atoms. Previously, a force 
parallell  to the surface was observed for micrometer-sized dielectric spheres moving in 
ann evanescent-wave [190]. The basic phenomenon of radiation pressure, the photon 
recoill  momentum, was mentioned already in 1917 by Einstein, in his work on the 
quantisationn of the electro-magnetic field [191]. It was first observed experimentally 
inn 1933 by Frisch [192], by means of the deflection of an atomic beam with freely 
propagatingg light. In 1976, it was proposed by R.oosen and Imbert to use also a 
beamm deflection to probe the radiation pressure of an evanescent wave [193]. 

Inn our experiment, we observed the trajectory of a cloud of cold rubidium atoms 
bouncingg on a horizontal evanescent-wave mirror. The radiation pressure appeared 
ass a change in horizontal velocity during the bounce. We studied the average number 
off  scattered photons per atom as a function of the detuning and angle of incidence 
off  the evanescent wave. The latter varies the "steepness" of the optical potential. 

I tt was discussed in Chap. 2, that due to its short extension at the order of the 
opticall  wavelength, A0, an evanescent-wave mirror constitutes a promising tool for 
loadingg low-dimensional optical atom traps in the vicinity of a dielectric surface 
[82,83,86,87].. It is this application which drives our interest in experimental control 
off  the photon scattering of bouncing atoms. 

Inn the following section, this scattering is discussed as a source of radiation 
pressuree by the evanescent wave. Section 6.3 describes the actual experimental con-
figurationn and the imaging method used to observe bouncing atoms. Section 6.4 
investigatess the radiation pressure in dependence on the angle of incidence and the 
laserr detuning, including a discussion of several systematic errors. 

6.22 Photon scattering by bouncing atoms 

Inn Chap. 2, the phenomenon of an evanescent wave was introduced. By total internal 
reflectionn of a laser beam, that is incident in the xc-plane. the evanescent wave was 
establishedd in the horizontal xy-plane at the vacuum side of a glass surface, see 
Figs.. 2.1 and 6.1. The wave vector of the evanescent wave, k = (kx,Q,in), was 
foundd with a propagating component along the surface, kx — konsmO] > /c0, where 
koko — 2n/X0 is the vacuum wavenumber, n is the refractive index, and 9\ is the angle of 
incidence.. The optical dipole potential of the atom mirror, U p̂(z) — UQ exp(—2KZ), 
iss realised by choosing a blue laser detuning with respect to an atomic resonance 
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andd using the exponentially decaying field amplitude that is due to the imaginary 
wavee vector component perpendicular to the surface, K(ÖJ) = fc0\/n

2sin2 9X - 1. The 
decayy length was defined as £(6>i) = 1/K{6{). 

Thee number of scattered photons per bounce, N  ̂ = Tpi/Shn, was obtained in 
Eq.. (2.19) by integrating the scattering rate of an atom along the vertical bouncing 
trajectoryy {z{t),v(t)). Note, that iVscat is independent of U0, i.e., an atom climbs the 
exponentiall  mirror potential up to the turning point, no matter what the maximum 
opticall  potential at the glass surface is. The "steepness" of the optical potential is 
determinedd by K. The steeper the potential, the shorter the time an atom spends 
inn the light field and the smaller ATscat. This behaviour is shown schematically in 
Fig.. 6.3 for two different angles 9Y. 

Wee expect that an absorbed photon gives a recoil momentum to the atom, 

Precc = ^ x X , (6.1) 

whichh is directed along the propagating component of the evanescent wave. This was 
discussed,, e.g. in Ref. [193]. Experimentally, we observed this effect by the altered 
horizontall  velocity of atom clouds after the bounce. The spontaneous emission of 
photonss during the scattering cycles leads also to heating of the cloud and thus to 
thermall  expansion [194,195]. Note, that the expression (6.1) is valid exactly only 
forr a TE-polarised evanescent-wave. In TM polarisation, the wave is elliptically 
polarisedd and both the Poynting vector and the radiation pressure may be directed 
awayy from the propagation direction of the wave [101,193]. However, with the angle 
off  incidence close to the critical angle 9C also the TM wave is nearly linearly polarised 
andd the expression (6.1) may be used. 

Inn principle, Nscat is changed if other than optical forces are present. For example, 
thee Van der Waals attraction, that was neglected in the derivation of Eq. (2.19), 
tendss to "soften" the potential and thus to increase iVscat. We investigated this 
numericallyy and found it to be below the resolution of our detection method. 

6.33 Observation of bouncing atoms 

Thee radiation pressure experiment was performed using the same optical config-
urationn of the evanescent-wave mirror as with the bouncing fraction experiments 
describedd in the previous chapter. Also the laser systems were identical. In order 
too investigate radiation pressure as a function of detuning 6 in a range as large as 
possiblee with the present laser power of 28 mW, we used a TM-polarised evanescent 
wave.. In the previous chapter it was verified by means of the bouncing fraction, 
thatt this polarisation yields a stronger dipole potential than a TE-polarised beam 
off  the same power, see also Eqs. (2.5) and (2.6). 

Twoo particular differences with the former setup were, however, (i) the specific 
usee of an optical scheme to reproducibly adjust the evanescent-wave angle of inci-
dencee and, (ii) imaging of bouncing atoms instead of recording time-of-flight signals, 
seee Fig. 6.1. A minor difference was that the magneto-optical trap (MOT) was op-
eratedd at slightly larger height (6.6 mm) above the prism surface. 
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(a)) (b) 

Figur ee 6.1: (a) Evanescent-wave mirror with fluorescence imaging. Magneto-optical 
traptrap (MOT), 6.6 mm above a prism, TM-polarised evanescent-wave beam (EW), cam-
eraera facing in the y-direction (CCD), resonant fluorescence probe beam from above (FP). 
(b)) Confocal relay telescope for adjusting the angle of incidence 0;. The lenses LI and 
L2L2 have equal focal length, ƒ = 75 mm. The "object" spot (O) is imaged to the fixed 
evanescentevanescent wave-spot (S). A translation of LI by a distance Aa changes the angle of 
incidenceincidence by A6>;. M is a steering mirror, F is the focal plane in the telescope. 

(i )) Angl e ad jus tment .— Our intention was to probe the number of scattered 
photons,, iVscat oc £(6>;)/(5, as a function of decay length and detuning. Therefore it 
wass desirable to adjust the evanescent-wave angle 9\ in a well defined manner with 
preservedd calibration. In particular, a displacement of the evanescent-wave spot 
duee to the angle adjustment was not admissible. Such a displacement leads to a 
systematicc error in our measurements, see Section 6.4.2. 

Thee optical setup with which we adjusted the evanescent-wave angle is shown 
inn Fig.6.1(b). The basic idea is to image an (hypothetical) object (O) in the laser 
beamm (EW) to a fixed spot (S) at the prism surface, where the evanescent wave is es-
tablished.. The laser beam emerged from a single-mode optical fibre, was collimated 
andd directed through a relay telescope to the prism. The angle of incidence, 9h was 
controlledd by the vertical displacement Aa of the first telescope lens, LI . This lens 
directss the beam, whereas the second lens, L2, images it to 5. A displacement Aa 
leadss to a variation in 9\, given by: 

Thee refractive index n occurs here by Snel's law for the beam entering the prism. 
Duee to the 2/ lens spacing the beam is again collimated at the evanescent-wave 
location,, with a minimum waist of 335 jim at the spot S (1/e2 intensity radius). 
Thee focal length of both lenses (30 mm dia.) was ƒ = 75 mm, which allowed for 
angless up to 25 mrad beyond 6C. When using larger lenses (40 mm dia., ƒ = 80 mm), 
alsoo angles up to 50 mrad were possible. 
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Figur ee 6.2: Fluorescence images of a bouncing atom cloud. The first image was taken 
55 ms after releasing the atoms from the MOT. The contour of the right-angle prism (width 
100 mm) and the direction of the EW laser beam are indicated in the first frame. For 
comparisoncomparison the horizontal placement of the MOT is also indicated in the frame (vertical 
dasheddashed line). 

(ii )) Imaging.— Compared with time-of-flight methods, the strength of imaging 
coldd atoms lays in its potential of resolving possible horizontal motion of bouncing 
atomm clouds. More specifically, changes in the horizontal motion are considered in 
thiss chapter. (Also the mutual alignment of the MOT and the evanescent-wave was 
facilitatedd using such images.) 

Atomss that have bounced on the evanescent-wave mirror were detected by in-
ducedd fluorescence from a pulsed probe beam in resonance with the Fg = 2 —> 
FFee = 3 transition of the D2 line. The probe beam had a diameter of 10 mm and 
wass directed vertically downward. The fluorescence was recorded from the side by 
aa digital frame-transfer CCD camera (Princeton Instruments) with a commercial 
objectivee of 50 mm focal length. The integration time was chosen between 0.1 ms 
andd 1 ms, and was matched to the duration of the probe pulse. Each camera image 
consistedd of 400 x 400 pixels, that were hardware-binned on the CCD array in groups 
off  four pixels. The field of view was 10 x 10 mm2 with a spatial resolution of 51 fim 
perr pixel. With 15 fim pixel width, this corresponded to a magnification of 0.6. 

AA typical timing sequence of the experiment was as follows. The MOT was 
loadedd from the background vapour during 1 s. After 4 ms of polarisation gradient 
coolingg in optical molasses the atoms were released in the Fg = 2 ground state by 
closingg a shutter in the cooling laser beams. The image capture was triggered with 
aa variable time delay after releasing the atoms. During the entire sequence, the 
evanescent-wavee laser was permanently on. In addition, a permanent repumping 
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beamm counteracted optical pumping of the probed atoms to the Fg = 1 ground 
state.. We observed no significant influence on the performance of the evanescent-
wavee mirror by the repumping light. 

Wee measured the trajectories of bouncing atoms by taking a series of images 
withh incremental time delays. A typical series with increments of 10 ms between the 
imagess is shown in Fig. 6.2. Our detection destroys the atom cloud, so a new sample 
wass prepared for each image. The exposure time was 0.5 ms. Each image has been 
averagedd over 10 shots. The image at 35 ms shows the cloud just before the average 
bouncingg time, t\ — 36.7 ms, that corresponds to the fall height of 6.6 mm. In later 
framess we see the atom cloud bouncing up from the surface. Close to the prism, the 
fastt vertical motion caused blurring of the image. Another cause of vertical blur is 
motionn due to radiation pressure by the probe pulse. The horizontal motion of the 
cloudss was not affected by the probe. We checked this by comparing with images 
takenn with considerably shorter probe pulses of 0.1 ms duration. 

6.44 The observation of radiation pressure 

6.4.11 Results 

Radiationn pressure in the evanescent wave was observed by analysing the horizontal 
motionn of the clouds. From the camera images, we determined the centre-of-mass 
(COM)) position of the clouds to about 1 pixel accuracy. Such COM trajectories 
aree shown in Fig. 6.3(b) for various angle settings of the evanescent-wave. We see 
clearly,, that a steep optical potential, i.e. a small decay length, causes less radiation 
pressuree than a shallow potential. For further quantitative investigation, in Fig. 6.4, 
thee horizontal position was plotted vs. the time elapsed since release. We find that 
thee horizontal motion is uniform before and after the bounce. The horizontal velocity 
changess suddenly during the bounce as a consequence of scattering evanescent-wave 
photons.. The change in velocity is obtained from a linear fit. 

Inn Fig. 6.5, it is shown how the radiation pressure depends on the laser detuning 
66 and on the angle of incidence 6[. The fitted horizontal velocity change has been 
expressedd in units of the evanescent-wave photon recoil, prec = hkQnsin6,, with 
hko/Mhko/M — 5.88 mm/s and n sinO; ranging between 1 and 1.03. 

Inn Fig. 6.5(a), the detuning was varied from 188 - 1400 MHz, or 31 - 233 I \ 
Twoo sets of data are shown, taken for two different angles, 6\ = 6C + 0.9 mrad and 
00CC + 15.2 mrad. This corresponds to a decay length of £(#j) = 2.8 //m and 0.67 //m, 
respectively.. We find that the number of scattered photons is inversely proportional 
too <5, as expected. The predictions based on Eq. (2.19) are indicated in the figure 
(solidd lines). 

Inn Fig. 6.5(b), the detuning was kept fixed at 44 T and the angle of incidence was 
variedd between 0.9 mrad and 24.0 mrad above the critical angle 9C. This leads to a 
variationn of £{#i) from 2.8 /an to 0.53 //m. Here also, we find a linear dependence 
onn £(0j). The observed radiation pressure ranges from 2 to 31 photon recoils per 
atom.. Note, that we separate this subtle effect from the faster vertical motion, in 
whichh atoms enter the optical potential with a momentum of pi ~ 63 piec. 
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Figur ee 6.3: Radiation pressure as a function of mirror steepness, (a) A large evanescent-
wavewave angle Q\ causes a steep potential, U(z). The incident atom momentum, p; = 63 pTec 

(v\(v\ = 37 cm/s), corresponds with a fall height of 6.6 mm. A bouncing atoms spends more 
timetime in a shallow potential, therefore scattering more photons, (b) Cloud trajectories 
ofof bouncing atoms observed by camera images for various angle settings. The symbols 
correspondcorrespond with those of Fig. 6.4. The dashed arrow indicates increasing mirror steepness. 
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Figur ee 6.4: Horizontal motion of bouncing atom clouds. The centre of mass position 
isis plotted vs. time since release. Bouncing occurred at 36.7 ms (vertical dashed line). 
(a)) The evanescent-wave decay length was varied as £(0j)/Ao = {2.40, 1.32, 1.01, 0.86, 
0.76,, 0.68}, from large to small velocity change. The detuning was 44 T and the power 
waswas 19 mW. (b) Comparison of two values of evanescent-wave power, 19 mW (U,*) and 
10.55 mW (D, o). The detuning was 31 T and the evanescent-wave decay lengths were 
1.877 [Mm (2.40 X0) and 0.67 fim (0.86 X0). Solid lines indicate linear fits. 
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(a)) (b) 

detuningg 175 decay length E, (|jm) 

Figur ee 6.5: Radiation pressure on bouncing atoms expressed as number of absorbed 
photons,photons, A/"scat. (a) Detuning 5 varied for £ = 2.8 fim (o) and 0.67 um  (b) evanescent-
wavewave decay length £ varied for 5 = 44 I \ The laser power was 19 mW. The thin solid line is 
aa linear fit through the first four datapoints. Theoretical predictions due to Eq. (2.19): two-
levellevel atom (thick solid lines), rubidium excited-state hyperhne structure and saturation 
takentaken into account (dashed lines). 

Inn Fig. 6.4(b), we compare trajectories for 19(1) mW and 10.5(5) mW power in 
thee evanescent wave. As expected from Eq. (2.19). there is no significant difference 
inn horizontal motion. For a decay length of £ = 2.8 /xm both power settings lead to 
essentiallyy the same radiation pressure, that is 25(3) scattered photons for 19 mW 
andd 23(2) photons for 10.5 mW. The corresponding observations for 0.67 /jm decay 
lengthh were 13(2) and 11(1) photons, respectively. 

Inn the previous chapter it was discussed how the optical power determines the 
effectivee mirror surface and thus the fraction of bouncing atoms. Here this was 
alsoo visible in the horizontal width of imaged atom clouds. For a given evanescent 
wavee power, there is an upper limit for the detuning, above which no bouncing can 
occur.. For the data in Fig. 6.5(a), this threshold is calculated as Sth = 6.5 GHz 
forr f = 0.67 firn and 8.1 GHz for £ = 2.8 rim. The difference in the threshold 
detuningg is due to the Van der Waals interaction. With our laser power, Eq. (2.19) 
thuss predicts for our mirror a minimal (average) number of 0.25 scattered photons 
perr atom. A second threshold condition, for fixed detuning, is indeed given by the 
Vann der Waals interaction, which yields a lower limi t for the minimally useful decay 
lengthh £. For Fig. 6.5(b) this lower limi t is calculated as £th = 116 nm, i.e. for an 
anglee 0th = 9C + 0.59 rad. 
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6.4.22 Systematic errors and discussion 

Accordingg to Eq. (2.19), the radiation pressure should be inversely proportional to 
bothh S and K{9\). A S shown in Fig. 6.5, we find deviations from this expectation 
inn our experiment, particularly in the «-dependence. A linear fit to the data for 
££ < 1 |im, extrapolates to an offset of approximately 3 photon recoils in the limi t 
££ —• 0 [thin solid line in Fig. 6.5(b)]. The vertical error bars on the data include 
statisticall and systematic errors in the velocity determination from the cloud tra
jectories.. In the following, several possible systematic errors are discussed, namely 
(i)) the geometric alignment, (ii) the evanescent-wave angle calibration and collima-
tion,, (iii) diffusely scattered light, (iv) the Van der Waals atom-surface interaction, 
(v)) excited hyperfine state contributions to the optical potential, and (vi) saturation 
effects. . 

(i )) A l ignment .— Geometrical misalignments give rise to systematic errors in the 
radiationn pressure measurements. For example, a tilt of the prism causes a horizontal 
velocityy change even for specularly reflected atoms. We checked the prism alignment 
andd found it tilted by 12(5) mrad from horizontal. This corresponds to an offset of 
1.5(6)) recoils on NSCAt. In addition, the atoms were "launched" from the MOT with 
aa small initial horizontal velocity, which we found to correspond to less than 4 
recoilss for all our data. 

Fromm Fig. 6.4, we see that the extrapolated trajectories at the bouncing time t\ 
doo not start from the horizontal position before the bounce. We attribute this to a 
horizontall misalignment of the MOT with respect to the evanescent-wave spot. Ob
viously,, there is a small displacement of the evanescent-wave at the prism surface, 
whenn adjusting (9, by means of the lens LI, see Fig. 6.1(b). Since the finite-sized 
evanescent-wavee mirror reflects only part of the thermally expanding atom cloud, 
suchh a displacement selects a nonzero horizontal velocity for bouncing atoms. We 
correctedd for those alignment effects in the radiation pressure data of Fig. 6.5. For 
smalll radiation pressure values, the systematic error due to alignment is the domi
nantt contribution to the vertical error bar. 

(ii )) Beam angle and col l imat ion.— We checked the beam collimation and 
foundd it nearly diffract ion-limited with a half-angle divergence of less than 1 mrad. 
Thee calibration of the critical angle setting was done by monitoring the power trans
mittedd through the prism surface, while tuning the angle 6\ from below to above 9C, 
seee Fig. 6.6. We determined 9\ — 9C within 2 mrad. For the radiation pressure 
dataa (Fig. 6.5), the uncertainty in the evanescent-wave angle with respect to the 
criticall angle is expressed by the horizontal error bars. Close to the critical angle, 
thee decay length £(#i) diverges, and thus the error bar on £ becomes very large. Also 
thee diffraction-limited divergence of the evanescent-wave beam becomes significant. 
Itt causes part of the optical power to propagate into the vacuum. In addition, the 
opticall potential is governed by a whole distribution of decay lengths. Thus, the 
modell of a simple exponential optical potential oc exp(—2KZ) might not be valid 
andd contribute to the disagreement of our data with the prediction by Eq. (2.19). 
Forr larger angles, i.e. £($;) < 1 /mi, the effect of the beam divergence is negligible. 
Thiss we could verify by numerical analysis. 
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Figur ee 6.6: Calibration of the evanescent-wave angle. Light from the evanescent-wave 
laserlaser beam, that was transmitted trough the prism surface, was detected using a power 
meter,meter, in coarse  and fine (o) meter range. The x 10 magnified fine reading is shown 
withwith an artificial offset (o). The critical angle setting (dashed line) is blurred by the 
diffractiondiffraction limited beam collimation. The arrow indicates a setting Ö; = 0C + 0.9 mrad 
(£(£ = 2.8 um). used as the smallest angle among others in the experiments. 

(iii )) Diffuse l ight . — Light from the evanescent-wave can diffusely scatter and 
propagatee into the vacuum due to roughness of the prism surface. We presume this 
iss the reason for the extrapolated offset of « 3 photon recoils in the radiation pres-
suree [Fig. 6.5(b)]. A preferential light scattering in the direction of the propagating 
evanescent-wavee component can be explained, if the power spectrum of the surface 
roughnesss is narrow compared to 1/A0 [195]. The effect of surface roughness on 
bouncingg atoms has previously been observed [194] as a broadening of atom clouds 
byy the roughness of the dipole potential. In our case, we observe a change in centre-
of-masss motion of the clouds due to an increase in the spontaneous scattering force. 
Suchh a contribution to the radiation pressure due to surface roughness vanishes in 
thee limi t of large detuning 6. Thus, we find no significant offset in Fig. 6.5(a). Scat-
teredd light might also be the reason for the small difference in radiation pressure 
forr the two distinct evanescent-wave power settings, shown in Fig. 6.4(b). Lower 
intensityy of the diffuse light implies slightly less radiation pressure. 

(iv )) Van der  Waals interact ion.— As stated above, the Van der Waals in-
teractionn softens the mirror potential. This makes bouncing atoms move longer in 
thee light field, thus enhancing photon scattering. This was investigated numeri-
callyy by integrating the scattering rate along an atom's path, including the Van der 
Waalss contribution to the mirror potential. Even with the shortest decay parameter 
off  0.53 lira  in the present experiment, the (average) number of scattered photons 
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wouldd increase only about 0.8% compared with Eq. (2.19). This was not resolved 
experimentally.. For example, with a detuning of 1 GHz and 2.5 mW power, an en-
hancementt from A scat — 1.09 to a value of 1.13 due to the Van der Waals interaction 
iss calculated for a decay length of 370 nm {9\ = Bc + 49.5 mrad). 

However,, this result was obtained by averaging the scattered photons over the 
effectivee mirror surface. At the edges of this surface, that is at the bouncing thresh-
oldd circumference, i?th(</>) from Eq. (5.7), the turning point of a bouncing atom 
approachess the maximum of the mirror potential. Therefore the calculated number 
off  scattered photons is large, i.e., it diverges for an atom at exactly the threshold 
circumference. . 

(v)) Exci ted hyperfin e state contr ibut ions.— In the two-level model, the scat-
teringg rate was expressed in the dipole potential as T' = (T/hS)UdiP- This is no 
longerr true if we take into account the excited state manifold Fe — {0,1,2,3}  of 
87Rb.. Al l levels except Fe — 0 contribute to the mirror potential and the scattering 
rate.. Due to hyperfine pumping to Fg = 1, part of the atoms are lost, such that a 
lowerr net radiation pressure results. Nevertheless, we observed no influence of the 
permanentlyy present repumping laser on the number of scattered photons, probably 
becausee it did not saturate the repumping transition, Fg = 1 —> Fe = 2. 

Assumingg a predominantly linear polarisation of the TM-polarised evanescent-
wavee with d{ % Bc, we can define a hyperfine correction, /3HF, to the number of 
scatteredd photons, AH F — /?HF A^at (cf- Appendix A.3): 

> pp / v 4F e( 2 , mg , l , 0 | Fe , mg ) ( 2 , mg - j M , / l F e , mg ) N 2 

xx 2s [2s s2F 

AlFF = % V ^ A ^ ^ /_.(6.3) 
55 ^ ^ K F K ( 2 , mg , l , 0 | Fe , m g ) ) 2 

TT ''  Ó2-F* 

Thiss correction averages over equally occupied ground state sublevels mg. The 
numeratorr is proportional to the partial photon scattering rate which leaves the 
atomm in the same ground level, Fg — 2. Note that the scattering amplitudes through 
differentt intermediate Fe states are first added coherently, then squared [196]. The 
detuningg for each level is assigned as 62,Fe- The summation over ƒ accounts for the 
threee possible polarisations emitted in the scattering process. The denominator is 
proportionall  to the light shift, adding contributions from all excited Fe levels. With 
ann evanescent-wave detuning of $2,3 = 44 T, the correction results in a number of 
A^HFF scattered photons typically 9 % lower than expected for a two-level atom. 

(vi )) Saturat ion effects.— In order to investigate the influence of saturation on 
thee number of scattered photons, we solved the optical Bloch equations numerically 
forr the steady-state excited state population, a  ̂ , see Appendix A.3. A bouncing 
atomm encounters the evanescent wave as a light pulse with a typical duration between 
33 and 10 ^xs. This is short compared to the natural excited state lifetime, r = 26 ns. 
Thee steady-state assumption is thus justified. 
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Thee temporal variation of thee Rabi frequency fÏR(0 m expressed using the vertical 
bouncingg trajectory. vz(t) = v-, tanh(Ki'jf): 

C(t)C(t) = - ln(cosh(Ki.iO). (6.4) 
K K 

Sincee the potential at the turning point is the maximum potential encountered by 
thee atom, we have deliberately chosen the turning point as the origin, ( = 0, of a 
transformedd height coordinate, ( = z — {\\\U{)/U\)/2H. The Rabi frequency is then 
givenn as a function of (. as S2R(C) — ^ R ( O) exp( —K ( ). or as function of t: 

nnKK(t)(t) = S2R(0) • . ) .. = 2 t / ^ sech(«i.i0 • (6.5) 
cosh(Kt'i/)) V h 

Wee can thus integrate the time-dependent scattering rate. T'(t) ~ r <ree (t). for 
aa bouncing atom [cf. Eq. (A. 16)]. With an evanescent-wave detuning of 44 T, we 
findd approximately 7% fewer scattered photons compared with the unsaturated 
expressionn of Eq. (2.19). Note, that the bounces occur sufficiently slowly to preserve 
adiabaticity.. In Fig. 6.5. we show predicted curves, corrected for hyperfme structure 
andd saturation (dashed solid lines). 

6.55 Conclusions 

Wee have directly observed radiation pressure that was exerted on rubidium atoms 
whilee bouncing on an evanescent-wave atom mirror. We did so by analysing the 
bouncingg trajectories. The radiation pressure was directed parallel to the propa
gatingg component of the evanescent wave, that is, parallel to the glass surface. We 
observedd 2 — 31 photon recoils per atom per bounce and found the radiation pressure 
too be independent of the optical power in the evanescent wave, as expected from the 
exponentiall character of the evanescent wave. 

Thee inverse proportionality to both the evanescent-wave detuning and the angle 
off incidence is in reasonable agreement with a simple two-level-atom calculation, 
usingg steady-state expressions in the limit of low saturation for the evanescent-wave 
opticall potential and the photon scattering' rate. The agreement improved when also 
thee excited state hyperfme structure and saturation effects were taken into account. 
Thee measured number of photon recoils as a function of the evanescent-wave decay 
lengthh indicates an offset of approximately 3 recoils in the limit of a very steep 
evanescent-wavee potential. We assume, that this is due to light that is diffusely 
scatteredd due to roughness of the prism surface but retains a preferential forward 
directionn parallel with the evanescent-wave propagating component. 

Withh improved resolution, it should be possible to resolve the discrete nature 
off the number of photon recoils and also their magnitude. hkx > hk0 [197]. Our 
techniquee could also be used to observe quantum-electrodynamic effects for atoms 
inn the vicinity of a surface, such as radiation pressure in the xy-plane but out of the 
:r-directionn of the propagating evanescent-wave component [101]. 



Inelasticc evanescent-wave mirrors 

InelasticInelastic bouncing of cold (10 fiK) rubidium atoms from an 
evanescent-waveevanescent-wave mirror was observed by tuning the evanescent-
wavewave laser close to an open optical transition. The number of 
photonsphotons that were off-resonantly scattered by a bouncing atom 
waswas > 1. The resulting optical hyperRne pumping by the evanescent 
wavewave causes dissipation. Atoms that undergo a change in hyperRne 
groundground state jump off the mirror with reduced kinetic energy. In-
elasticelastic mirrors for 87Rb were realised on both Rne structure lines, 
DlDl  and D2. Cold atom clouds were released from 6 mm above the 
mirrormirror  and both elastically and inelastically bouncing atoms were 
detecteddetected by absorption imaging. The observed inelastic bouncing 
heightheight ranged between 0.5 — 1.1 mm. The optical pumping effi-
ciency,ciency, was adjusted between 30 — 100 % by varying the laser de-
tuning.tuning. Using absorption imaging also the velocity distribution of 
inelasticallyinelastically bouncing atoms was investigated. 

109 9 
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7.11 Introduction 
Evanescent-wavee mirrors for atoms [3-5] are usually designed to preserve the co-
herencee and to provide specular reflection of atomic matter waves [194,195]. This 
requiress the amount of photons scattered by the bouncing atoms to be low within the 
typicall  bouncing time scale of 3 -10 /is, i.e. the scattering rate should be <̂C 106 s_1. 
Sincee this rate varies as oc I/O with the detuning, evanescent-wave mirrors are com-
monlyy realised with large blue detuning. 

Inn experiments that allow for a few scattered photons, evanescent waves are 
preferentiallyy tuned to optical cycling ("closed") transitions. This avoids atom loss 
byy change of hyperfine state. To observe radiation pressure by several scattered 
photons,, we therefore used the closed Fg — 2 —> Ff, — 3 transition on the D2 line of 
rubidium,, see Chap. 6. On the other hand, in various applications photon scattering 
byy bouncing atoms on an open transition is an essential part of the physical process 
underr investigation. Examples are: 

(i)) loading schemes for a low-dimensional optical trap [82-84,86,87], as discussed 
inn Chap. 2. A spontaneous optical Raman transition provides a dissipative, phase-
spacee compressing mechanism to transfer atoms into the trap. This results in an 
accumulationn of atoms that are decoupled from the mirror potential in a layer close 
too the surface. Also a two-dimensional magnetic waveguide for cold atoms using an 
opticall  loading mechanism has been proposed [85]. 

(ii )) Spontaneous Raman transitions are essential for reflection cooling of atoms 
byy an evanescent-wave [16,17.106]. A single inelastic bounce can be considered 
ass a fundamental "Sisyphus" process [106], in analogy with polarisation gradient 
coolingg [70]. Net cooling is achieved by multiple inelastic bouncing. Reflection 
coolingg is not restricted to evanescent-wave mirrors. It has also been demonstrated 
inn a gravito-optical trap, where cooling occurred by reflections at a hollow, conically 
shapedd dipole trapping potential [198]. 

(iii )) Diffraction of cold atoms by an evanescent-wave grating should also be men-
tionedd at this place. It represents an atom-optical tool, e.g. as beam splitting mech-
anismm for atom interferometers. It was first demonstrated using atomic beams at 
grazingg incidence [199] and later with cold atoms at, normal incidence [200]. Stim-
ulatedd Raman transitions between magnetic or hyperfine sublevels are inherent to 
thee diffraction process [201]. 

Wee have realised inelastic mirrors on both the Dl (795 mn) and D2 (780 nm) 
rubidiumm fine structure lines, see Fig. 3.7. Our particular interest is in the Dl line, 
sincee the hyperfine structure, Fg = Fe — {1,2} . allows to prepare dark, far off-
resonancee optical trapping potentials, see Chap. 2. Note that there is no hyperfine 
cyclingg transition on the Dl line, so that (purely) elastic bouncing was not possible 
usingg this line with our moderate evanescent-wave detunings. 

Wee observed bouncing atoms directly with an absorption imaging technique that 
allowedd us to trace the evolution of the atomic density after the bounce. W"e thus 
observedd the inelastic bouncing height, in contrast to the time-of-flight detection that 
wass employed in earlier experiments by Desbiolles et al. [106]. The bouncing height, 
velocityy distribution and inelastic transfer efficiency are discussed qualitatively. 
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MOTT height h e i g ht z/X(j 

Figur ee 7.1: The inelastic evanescent-wave mirror. Hyperfine ground state poten-
tialstials U\t2 (thick curves), bouncing threshold (dashed horizontal line), optical wavelength 
\\00 = 780 nm, and transition linewidth F = 2TT x 6.0 MHz. Atoms are released from a 
heightheight ZQ and depumped (DP) into Fg = 1. Optical pumping (OP) transfers a fraction 
ofof the atoms back into Fg = 2, causing inelastic bouncing. Elastically bouncing atoms 
remainremain in Fg = 1. Atoms are exclusively detected in Fg = 2. Atoms in Fg = 1 can be 
repumpedrepumped (RP) to be also detected. 

7.22 Principle of inelastic evanescent-wave mirrors 

Inelasticc bouncing from an evanescent-wave mirror occurs when bouncing atoms 
dissipatee potential energy, which they have acquired from their kinetic energy by 
climbingg the mirror potential. The spontaneous process involved, is optical pumping 
eitherr by the evanescent wave of the mirror or by an additional near-resonance 
evanescentt pumping field [86]. If no additional light is provided, optical pumping 
cann only occur when the mirror laser is tuned to an open optical transition. Working 
withh 87Rb, this is realised with atoms falling down in the Fg — 1 ground state. Using 
aa mirror on the Dl line, the evanescent wave is applied with a detuning Si above 
thee Fg = 1 —> Fe = 2 transition. Atoms are off-resonantly excited to Fe = {1,2} 
byy the evanescent wave and decay into Fg = 2. The laser detuning relative to the 
FFgg = 2 —» Fe = 2 transition wil l be denoted as 62 in the following. The same 
notationn holds for an inelastic mirror on the D2 line, since there is no dipole-allowed 
transitionn from Fg = 1 to the Fe = 3 excited state. 

Thee bouncing process is illustrated in Fig. 7.1. Similar to the experiments dis-
cussedd in the previous chapters, a sample of cold atoms (sa 10 ILK) is released in the 
Fgg = 2 ground state, 6 mm above the evanescent-wave mirror. A depumping pulse, 
inn resonance with the open Fg = 2 —> Fe = 2 transition, transfers all falling atoms 
intoo Fg = 1. The potentials, U\,2, are shown in the figure [see also Eq. (2.10)]. Close 
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too the mirror, the figure is scaled in units of the optical wavelength. A0 = 780 mn 
forr the D2 line. The potential in that region is determined by the evanescent-wave 
dipolee potential and the Van der Waals interaction. The broken axis between the 
potentiall  curves represents the separation by the ground state hyperfine splitting. 
S(;HVS(;HV — 1139 T. The turning point of the atoms is determined by the initial gravita-
tionall  potential, hereZYgrav(2o) = -^#~o = 2.1 hT. (In Chap. 5, this potential was dis-
cussedd as the bouncing threshold£/t.h, when varying the mirror parameters.) Optical 
pumpingg by the evanescent wave transfers a fraction of the bouncing atoms back into 
FFKK = 2. Since Si <C SQUV. the detuning for atoms in Fg — 2 is S2 — Si + SQHV ^ <u-
Thereforee the potential ratio is ij  = U2/IA\ ~ Si/52 <?C 1. Pumped atoms end up 
inn a lower potential and bounce inelastic-ally, whereas atoms that remain in FK = 1 
cann complete the bounce elastically. Atoms in Fg = 2 are detected by an absorption 
probee on the Fg = 2 —> Fe = 3 cycling transition. Elastically bouncing atoms in 
Fgg — 1 are detected by first repumping them into Fg = 2. 

Thee calculated potentials in the figure are valid for the centre of the mirror 
{.rr — y — 0) and correspond to the evanescent-wave parameters of the bouncing 
sequencee shown in Fig. 7.3. Note that U2 is below the threshold. Hence, most of 
tin11 atoms that are pumped while on their way towards the surface hit the glass, are 
heatedd and lost. 

7.33 Configuration of the inelastic mirror 

Thee configuration shown in Fig. 7.2(a) is similar to that of the elastic mirror in 
Fig.. 6.1, with a few modifications. The hypotenuse of the right-angle prism is used 
too couple in the additional depumping beam from below. Bouncing atoms are now 
observedd by absorption imaging. For investigating low atomic densities this is more 
sensitivee than fluorescence imaging, especially when a relatively strong background 
iss present [151]. In particular, there may be a considerable background illumination 
inn the imaging field-of-view by evanescent light that is diffusely scattered due1 to 
roughnesss of the prism surface. The imaging scheme is illustrated in Fig. 7.2(b). The 
eollhnatedd absorption probe is directed through the sample of falling or bouncing 
atoms,, the shadow of which is imaged on the CCD camera by a relay telescope 
(L II  and L2, Melles GrioU glass doublets, no. 06 LAI 011/076, dia. 30 mm). In the 
present,, experiments, unity magnification was chosen. Hence, atoms were imaged 
withh a resolution of 15 ^m, equal to the CCD pixel size. A different magnification 
iss possible by introducing a microscope objective between CCD and lens L2. For 
moree details on this setup, see Ref. [202]. 

Thee main function of the relay telescope is to translate the image to a more 
accessiblee place. It has the additional advantage that it allows the insertion of a 
beamm stop or a phase plate in the focal plane of the telescope, with the purpose 
off  dark field imaging or phase contrast imaging, respectively [7]. In the present 
experiments,, the atomic density was too low for the use of imaging techniques that 
aree nondestructive to the atomic sample [149.150]. For a discussion of the various 
techniquess see, e.g., Ref. [47]. 
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Figur ee 7.2: Configuration of the inelastic mirror, (a) Falling atoms from a MOT are 
depumpeddepumped (DP) into Fg = 1. Inelastically bouncing atoms are detected in Fg = 2 by an 
absorptionabsorption probe (AP). A repumping beam (not shown) optionally transfers elastically 
bouncingbouncing atoms into the detectable Fs = 2 state, (b) Absorption imaging: A collimated 
probeprobe beam is directed through the atomic sample (S) onto the CCD detector. The sample 
isis imaged by a relay telescope of unity magnification. The focal length of the achromatic 
lenseslenses (L1,L2) is 100 mm. 

Thee probe had a waist of approximately 5 mm (1/e2 intensity radius), with 
aa power of ~ 100 /J.W. The frequency was chosen in resonance with the cycling 
transitionn Fg = 2 —> Fe = 3 on the D2 line. The saturation parameter was 
s00 < 0.2. The probe exposure time rex was chosen between 20 - 70 u\s, so that an 
atomm scatters « 200 photons. Longer exposure is not useful since ~ 400 photon 
recoilss from the probe are sufficient to Doppler-shift the atom out of resonance 
(400k(400k00vvleclec « r / 2 ). Furthermore the image would be blurred by atomic motion. 
Thee maximum velocity in the experiments, v{ « 60urec, together with an imaging 
resolutionn of 15 /xm allows a maximum exposure time of rex ~ 40 /is. In order to 
achievee quantitatively accurate absorption data, one should keep s0 <C 1. 
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7.44 Observat ion of inelastically bouncing atoms 

7.4.11 Inelastic bouncing height 

Inn the experiments discussed here, an inelastic mirror was first realised with the 
evanescentt field on the open transition Fg = 1 — • Fe = 2 of the D2 line of 87Rb. 
Thee evanescent-wave was TM-polarised with a waist of 0.5 mm (l/e2) and 26 m\V 
powerr from an injection-locked single-mode diode laser. The angle of incidence was 
variedd between 1.8 mrad and 18 mrad ljeyond the critical angle and the detuning ^ 
betweenn 70 Y and 230 Y. 

AA sample of ~ 107 atoms was loaded within 2 s in the MOT. followed by 5 ms 
off molasses cooling to a temperature of 10 ^K. A typical image sequence displaying 
inelasticc bounces is shown in Fig. 7.3 for an angle of Q{ = 6C + 1.8 mrad (decay length 
2.55 A(l) and a detuning of d"i — 150 I \ Due to the destructive character of the probe, 
eachh frame was taken in a new realisation of the experiment. The time indicated for 
eachh frame is the time elapsed since shuttering the cooling light. Sequence (a) shows 
thee falling and expanding thermal cloud. The irregular shape of the cloud in the 
firstt frame, taken immediately after release, may be a consequence of imbalanced 
molassess cooling forces. Some saturated CCD pixels appear as white spots. 

Inn order to observe inelastic bounces. 4 — 27 ms after releasing the cloud, the 
depumpingg laser wTas switched on for about 2 ms. The upward directed radiation 
pressuree of the depumping beam transfers a few photon recoils to the atoms. This 
reducess the incident, velocity t>\ at the mirror by approximately 3(/c. The continued 
imagee sequence, (b). with inelastically bouncing atoms starts at 35 ms. when the 
cloudd ccntre-of-mass hits the mirror. In the following frames, the bouncing cloud 
leavess the mirror and reaches its maximum height of 0.8 mm at t ~ 47 ms. This was 
144 % of the MOT height z0 and in reasonable agreement with the potential ratio 
33 ^SJS-2 = 0.12. 

Thee transfer of atoms into Fg — 2 preferentially occurs while atoms are near the 
turningg point, where a relatively long time is spent in a region of a strong optical 
field.. Hence, we can indeed expect a well established peak in the vertical column 
densityy of inelastically bouncing atoms, as it is obvious from the sequence shown. In 
addition,, a tail of atoms is visible, stretching out to a height expected for elastically 
bouncingg atoms only. This tail is caused by atoms, that were transferred into Fg = 2 
eitherr before reaching the turning [joint or after having partly reaccelerated off the 
mirrorr potential. The bouncing dynamics, together with the stochastic nature of 
opticall pumping, thus cause a broad redistribution in atomic velocities. The velocity 
distributionn translates into the imaged spatial distribution after 10 - 20 ms of free 
flight. flight. 

Thee background visible in the images is due to imperfections of the detection 
setup.. The observed density of bouncing atoms is significantly lower than that of the 
fallingg atoms. (This is partly due to the projection on the image plane.) Therefore 
thee image contrast was enhanced in the sequence (b) by reducing the gray scale 
displayy range by an order in magnitude. Hence, the background appeared in these 
images.. The white region at the former location of the MOT is an artifact, possibly 
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(a)) Oms 15 ms 19 ms 23 ms 27 ms 31ms n n 
.. .v».^.^^ . . —....~,^~~. . | ~~ . maaaaattaaM i B B M » — 

(t>)) 35 ms 39 ms 43 ms 47 ms 51ms 55 ms 

Figur ee 7.3: Time sequence of inelastically bouncing atoms, (a) Atoms fall from the 
MOTMOT (in the Fg = 1 state). Gray scale indicates atomic density. The held of view is 8 mm 
inin height, and the prism surface is indicated by a horizontal dotted line. The first frame 
waswas taken immediately after switching off the molasses cooling light. Subsequent frames 
eacheach represent a new realisation of the experiment. After 35 ms the cloud centre-of-mass 
hitshits the prism, (b) Inelastically bouncing atoms were detected in Fg = 2. 

duee to a memory-effect of the CCD array, caused by the intense illumination from 
molassess cooling light, several 10 ms before an image capture. Interference fringes 
andd circular patterns stem from the probe laser and were due to reflections at the 
uncoatedd UHV cell and due to diffraction from dust particles. Each absorption 
imagee was the result of three image captures, taken shortly after each other. First, 
thee atoms were probed. A second frame was similarly taken without loading the 
MOTT as a zero-absorption reference. From both images the background illumination 
wass subtracted, as captured by the third frame without using the probe pulse. 
Divisionn of signal and reference image results in the absorption image. The noise 
levell  in the atomic signals was reduced by averaging 5 realisations for each image. 
Inn principle, no fringes should occur, unless the reflecting optical surfaces move in 
thee time between recording the signal image and the reference image. Accumulating 
moree realisations may be a remedy to average out drifting fringe patterns. 
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7.4.22 Atom density and transfer efficiency 

Ann inelastic mirror on the Dl line (795 nm) of  87Rb was realised using the tapered 
amplifierr system with the TD 387 gain element as a laser source for the evanescent-
wave,, see Chap. 4. Due to the larger available power of 73 mW. as compared to 
thee injection-locked diode laser, the mirror could be established with a larger laser 
waistt of 0.8 mm (1/e2). The laser was again TM-polarised. The detuning was 
700 - 300 r above the Fg = 1 —> Fe = 2 resonance, and the angle was 9, = 9C + 
16.66 mrad, which resulted in a decay length of 0.82 A0 (0.65 pm). This atom mirror 
wass used to investigate the efficiency of transferring bouncing atoms into Fg — 2 as a 
functionn of evanescent-wave detuning and decay length. A detailed study including 
aa numerical analysis wil l be presented elsewhere, see Refs. [202,203]. In this section, 
thee experimental results are discussed. 

Dens i tyy of bouncing a toms.— In order to quantitatively investigate bouncing 
atoms,, we converted the absorption images into the corresponding atomic column 
densityy distributions in the xz-plane (see Appendix A.4). The 2D gray-scale den-
sityy plots of Fig. 7.4 represent column densities. In the left image only inelastically 
bouncingg atoms (N2) were detected. In the right image repumping light was supplied 
beforee detection, so that all atoms were detected (Ari + Ar

2). In these measurements, 
thee evanescent-wave detuning was ox = 200 F and the images were averaged over 10 
experimentall  runs. The vertical ID (linear) density pz(z) was obtained by summing 
liness of the 2D image for different values of z. In Fig. 7.4(a) also the density of elas-
ticallyy bouncing atoms is shown, as derived from the combined signal in Fig. 7.4(b). 
Thee linear densities were normalised to the atom numbers, Aq and A2, by integrat-
ingg the column density distributions and using the resonant rubidium absorption 
crosss section a0 — 3AQ/27T, see Appendix A.4. Our absorption probe was linearly TT-
polarisedd and we assumed that the atoms were randomly distributed over the Fg = 2 
groundd state magnetic sublevels mg = {0 .. .  2} . The absorption cross section was 
thereforee averaged over these mg-levels using the Clebsch-Gordan coefficients for the 
FFgg = 2 —> Fe = 3 transition and the reduced dipole matrix element, here d2.3 = 1; 

aa = - < J o 4 3 ^ ^2 i m e '1 , 0 l 3 ' m g ) 2 = Tïï^o = 13.5 x 10"10 cm2. (7.1) 

Whereass the column density represents the measured quantity, the physically in-
terestingg quantity is the 3D spatial density, p(r) - px(x)py(y)pz(z). It is shown 
ass p(0,0,z) by an alternative density scaling in Fig. 7.4 and was calculated under 
thee assumption that the horizontal distributions were Gaussians. Due to the aspect 
ratio,, x s» 1.3, of the elliptical effective mirror surface, the rms width of the cloud 
inn the x-direction is wider by a factor v compared to the y-direction. 

Thee asymmetrical vertical distribution, pz(z), originates from the distribution of 
velocitiess at which atoms leave the surface. It is evident from the peaked structure, 
thatt there is a strong preference for atoms to be pumped when they are slow, i.e. 
closee to the turning point on the mirror. For a hypothetic monochromatic sample 
(withoutt spreading in t>j), the distribution would be sharply edged, since the turning 
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Figur ee 7.4: Vertical column density of atoms, 4 ms after bouncing. Evanescent-wave 
tunedtuned to the Dl line of S7Rb: (a) Inelastically bouncing atoms detected in Fg = 2 
(7V2,, thick curve), (b) All atoms (Ni + N2) were detected with additional repumping 
ofof elastically bouncing atoms. The elastic contribution (N\) is obtained by subtraction 
[thin[thin  curve in (a)]. The absorption images corresponding to the line sums in (a) and (b), 
aree also shown. The prism surface is indicated by a dotted line, (c) Densities obtained 
withwith a different evanescent-wave detuning (see Ref. [203]). 

pointt defines the smallest possible inelastic velocity « y7/^ ; . Obviously, the tail of 
fastt atoms has also an edge, since the fastest atoms can just reach the MOT height 
zz00.. The velocity distribution of inelastically bouncing atoms cannot be described in 
termss of a thermal Maxwell-Boltzmann distribution, as is the case with elastically 
bouncingg atoms. The large spread in velocities suggests "heating" of the cloud, 
iff  one would assign a temperature at all. More useful may be an investigation of 
atomicc phase-space density. Another feature of the bouncing dynamics is revealed 
byy a closer look at the evolution of fast atoms in the sequence of Fig. 7.3(b). From 
511 ms on, fast atoms were still rising and separating from slower atoms that fall 
downn again. Indeed, numerical analysis indicates that the larger velocities were 
slightlyy more populated than medium velocities, see Ref. [203]. 

Transferr  efficiency.— When investigating radiation pressure on elastically 
bouncingg atoms in Chap. 6, a simple analytical model for two-level atoms led to 
Eq.. (2.19) for the number of scattered photons on the cycling transition, Ascat oc I/O. 
Thee same result can be used to estimate the transfer efficiency into Fs = 2 by in-
elasticc bouncing. For comparison, the elastic and inelastic contributions to the atom 
densityy are shown in Fig. 7.4(c) for a smaller detuning of ó~i = 100 T. It is obvious 
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thatt a larger fraction of atoms were pumped, namely 80% of the atoms ended up 
inn Fg = 2, compared to 50% for 200 T, so that less atoms completed the bounce 
elastically.. Note that, although the peak linear density in Fg = 2 is larger for 100 T. 
thee peak spatial density is similar to that for 200 Y. This is due to the larger effec-
tivee mirror surface, i.e. a larger bouncing fraction for smaller detuning (see Chap. 5). 
Thee 3D density is therefore distributed broader in the lateral directions for smaller 
detuning.. The transfer efficiency can be estimated as 

wheree q ss 0.5 is the branching ratio to the ground states, defined as the fraction that 
goess into Fg = 2 (cf. Ref [16]). Thus with iV scat, we can expect an efficiency of 37% 
andd 60% using a detuning of 200F and 100 T, respectively. A more adequate model 
shouldd include the excited state hyperfine structure, using expressions similar to that 
off  Eq. (6.3) for the radiation pressure hyperfine correction /?HF- Also depumping of 
atomss back into Fg = 1 has to be considered, see Ref. [202]. 

Finally,, note that due to the lack of any cycling transition on the Dl line, elastic 
bouncingg with a larger number of scattered photons, iV scat » 1, as presented with 
thee radiation pressure investigations of Chap. 6 is not possible. Of course, in the 
limit ,, of large detuning, £L 2 > ^GHF, all atoms bounce elastically (,8 —> 1). However, 
alsoo the radiation pressure is then negligible. 

7.55 Conclusions 

Inelasticc mirrors for cold rubidium atoms were realised using evanescent-wave optical 
potentialss tuned near an open optical transitions of the Dl (795 nm) or D2 (780 nm) 
linee of  87Rb, thus introducing spontaneous Raman transitions between hyperfine 
groundd states. Bouncing atom clouds were directly observed by absorption imaging. 
Thee evolution of the peak atomic density reveals the inelasticity of the reflection 
onn the mirror, e.g. loss of kinetic energy ranging between 81 - 92%. The dynamics 
off  the internal state transfer of bouncing atoms causes a broadened non-thermal 
atomicc velocity distribution, that is observed as a tail of fast atoms in absorption 
imagess of bouncing atoms. This suggests that, although the observed single inelastic 
bouncee represents a fundamental step of a "Sisyphus" reflection cooling mechanism, 
i tt involves heating (and thus a reduction in phase-space density). Only a succession 
off  multiple bounces leads to a net cooling effect and, finally, establishes a thermal 
barometricc density distribution of atoms at a temperature lower than the initial 
onee [17]. Note that in the proposed low-dimensional trapping scheme of Chap. 2 
thee phase-space density already piles up by a single bouncing process. This is 
duee to spatially selective pumping in combination with a trapping potential that 
accumulatess atoms in the vicinity of the surface. Further experimental investigations 
whichh are in progress, have to show whether pumping by the evanescent-wave mirror 
alone,, can be used to efficiently optimise a trap loading scheme. For the envisaged 
veryy far detuned evanescent waves it may be necessary to introduce an additional 
near-resonancee evanescent-wave contribution in order to adjust optical scattering 
rates. . 
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A. ll  Useful atom-optical numbers for 87Rb 

Spec t roscopy::  [143,144] 
D ll  l in e A0 (5s 2 S1 / 2 -+ 5p 2P1 / 2) 

naturall  lifetime r = 1/r 
naturall  l inewidth T/2n 

saturat ionn intensity IQ = irhcT/3\Q 

D 22 l in e A0 (5s 2Sl/2 -+ 5p 2P3/2) 
T T 

r/27T T 

Io Io 
Laserr  coo l ing (D2 l ine): 

Dopplerr temperature To = KT /2k-Q 
Dopplerr capture velocity T/ZCL 

typ.. Doppler velocity tt> = \f2k-B,Tu/M 

recoill  temperature TR = (Hk\,)2/Mks 

==  2ER/kB 

recoill  velocity ÜR = Kh^/M 
recoill  frequency WR = E^/h = hk\j/2M 

thermall  De Broglie A = h/^2TrMkBT 
wavelength h 

Grav i ta t ion ::  Mg/kB 

Mg/h Mg/h 

Mg/vB Mg/vB 

A t o m i cc col l is ions: [63] 02,2 (s-wave scattering, 

a i ,_ii  length aF,m) 

Generall  cons tan ts: h/k^ 
kB/h kB/h 
li^/h li^/h 

/W& B B 

9 9 

795.00 nm 
27.70(4)) ns 

5.755 MHz 
1.499 m W / c m2 

780.22 nm 
26.24(4)) ns 

6.077 MHz 
1.677 m W / c m2 

1466 fiK 

4.77 m/s 

16.77 cm/s 

3611 nK 

5.888 m m /s 
2TTT x 3.77 kHz 

15.55 nm ( T p) 
3122 n m ( TR ) 

1.033 mK/cm 
21.44 MHz/cm 
15.33 G/cm 

109(10)) a0 

106(6)) a0 

48.00 /xK/MH z 
20.88 kHz// iK 
1.400 MHz/G 
67.22 / iK / G 
0.677 K / T 
0.988 (cm/s) /ms 

119 9 



120 0 Append ix x 

A.22 Fresnel coefficients for evanescent waves 

Fresnell  coefficients are usually derived for the (complex) reflection and transmission 
coefficientt of light incident with an angle 0j < 0C at a dielectric interface, where the 
internall  reflection is not total [6,7]. However, these formulas can also be used for 
totall  internal reflection (TIR), 0j > (9C. i.e. with a complex "transmission angle1'. 
Snel'ss law, sin0t = n s in^ > 1, then is written as 

cosött - i \/n2sïn291 - 1 . (A.l ) 

Thee wave vectors and polarisations maintain their common form using the complex 
anglee 0t. The wave vectors are 

kii  = nk0 (sinOi. 0, eos6>;). (A.2) 

ktt = k0{sm6t, 0. cos0t ) . (A.3) 

Thee polarisations are 

Sii = st = (0. 1. 0 ). (A.4) 

Pll = ( -cosö j, 0, sinflj), (A.5) 

p tt = ( - c o s 0t , 0. s in0t ) . (A.6) 

Notee that pt is not normalised in the usual way, p*  pt ^ 1- Instead, it obeys the 
normalisationn pt-pt = 1- The reflection and transmission coefficients also keep the 
commonn form, 

nn cosöj — cos#t n cos 9\ - i \J n2 sin2 9\ — 1 
r ss = —  — = t ^ , (A . i j 

nn cosÖi + i \J n2 sin2 0y — I n n coss 0[ + cos 9t 

2nn cosöj 

nn cos 

COS0; ; 

0[0[  + cos 9t 

—— n cos9x 

coss 6\ + n cos 9t 

2?77 C O S 0J 

2n2n cos9[ 

nn cos 0\ + i \Jn2 sin2 0; — 1 

coss 9i — in V " 2 sin2 9\ — 1 

coss 9\ + i n \/n2 sin2 9\ — 1 

InIn COS î 

coss 0i + n cos 0t cos 9, + i n \A72sin20, - 1 

(A.8) ) 

(A.9) ) 

(A.10) ) 

Howeverr the transmission occurs into the evanescent wave, ts and rp are proportion-
alityy factors between the incident and the evanescent field amplitude. Indeed we 
findfind |rs,p| = 1. 
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A. 33 Ligh t forces and scatter ing rat e 

A.3.11 Two-level atoms 
AA detailed description of the atom-light interaction can be found, e.g., in Ref. [2]. 
Wee assume an atom with a ground state \g) and an excited state |e) of lifetime 
rr = 1/r, where V is the natural transition linewidth, e.g. with Y/2ir = 6.1 MHz for 
thee rubidium D2 line. The states are separated by hu>0, and the detuning of a laser 
frequencyy OJL is defined as 5 — cüh — co0. A useful expression in the description of the 
atom-lightt coupling is the Rabi frequency for a given laser intensity 1^'-

nnRR =  (A.ii) 
VV  ^ • ' o 

Itt describes the resonant (6 — 0) cycling frequency between the ground and excited 
statee population. The saturation intensity is defined as /o = nhcT/3Ajj, with the 
opticall wavelength A0. 

Scatteringg rate and spontaneous force.— The atomic scattering rate is ob
tainedd by solving the "Optical Bloch Equations" (OBE). These describe the evo
lutionn of the density operator a of an atom coupled to the light field. We obtain 
thee OBE's for the Bloch vector, (u,v,w), by the elimination of the fast evolution 
occ exp^a^) of the laser oscillation in the "rot at ing-wave approximation", and using 
thee transform {<7ge,creg,<7gg,<Tee} = {ageexp (—iu;Lt),aegexp (iuj^t), <7gg,0"ee}: 

11 ,„ . , 
22 V^ge + °egj , 

7T-7T- ( ^g e ~~ ^ e g) j 

—— [<7 ee ~ Vgg) , 

XLXL  = 

VV = 

WW -

xx r 
2 2 

== -6u-QRw--v, 

-- flviv — Fw . 
KK 2 

(A.12) ) 

(A.13) ) 

(A.14) ) ww — 

Thee component w describes half the population inversion between the atomic states. 
AA useful notation is also the saturation parameter: 

SoSo = ' ^L- = - J - ^ . (A.15) 
22 *" + (£) ! + (r) '" 

Ass a steady-state solution for the scattering rate F', i.e. the excited state population 
<Teee , we find: 

r'' = r^" -T2ïh- ïTÏWTï'ï- (A"16) 

Thee recoil, /UtL, from absorbed photons causes radiation pressure or, the "sponta
neouss light force", F sp = hkLF'. This force saturates for s 0 > l a s F s p = ftkLr/2. 
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Farr  off-resonance dipole potent ia ls.— In the limi t of large detuning, 
\6\\6\ 3> T, we can approximate the saturation parameter by s0 w ( r /2^ )27L / / 0 . If also 
\S\\S\ » ÜR, the eigenstates of the atom-light interaction approach the uncoupled 
states,, \g) and |e), and the coupling to the field effectively causes a "light shift" of 
thesee states or, a "dipole potential". If in this limi t also the saturation parameter 
iss small, s0 « 1, the (ground state) light shift and the scattering rate are given as: 

N""  W * § = Si <A17> 
r ' «« k * ¥ = S i «AI8> 

Thee ratio of light shift and scattering rate is now simply U&p(hT' « 5/T. Since 
thee light shift is usually spatially varying, its gradient represents the "dipole force", 
Fdip(r)) = -VWdip(r). " 

A.3.22 Multilevel atoms — rubidium hyperfine structure 

Inn the interaction of a multilevel atom with a laser field, the polarisation state of 
thee light has to be considered together with the coupling strengths of the various 
opticall  transitions between atomic sublevels. For example, the D2 line of  87Rb is 
aa Jg — 1/2 —> Je = 3/2 transition. The coupling to the nuclear spin, I = 3/2, 
resultss in the hyperfine structure with the ground and excited states Fg = {1,2} 
andd Fv — {0,1, 2. 3} , respectively, shown in Fig. 3.7. 

Sphericall  polar isat ion basis.— The expression (A. 11) for the Rabi frequency 
hass its origin in the coupling of the atomic dipole moment to the electric field, 
writtenn as E — ( l / 2 )e£exp ( — iujt) -t- c.c: 

ÜÜRR = 2 ^ - ^ . (A.19) 

Thee matrix element of the dipole operator D is here d = (g\Y)\e), the electric field 
amplitudee is £, and the field polarisation is given by the unit vector e. 

I tt may be useful to work in a spherical basis {ê_,ê0,ê+}, that is defined in the 
cartesiann basis {x,y,z} as: 

6oo = 1 , €+ = ^ = 0 . (A.20) 

Thesee basis vectors describe a~, 7r, and cr+-polarised light with respect to the de-
liberatelyy chosen ^/-direction. The dipole operator can now be expressed in the 
sphericall  basis, D-} — D • êj, where j — {0, . 
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Reducedd dipole matri x elements.— Writing ground and exited state of a 
rubidiumm atom as |Fg,mg) and |Fe,me), the Wigner-Eckart theorem is applied to 
factorisee the dipole matrix element: 

(Fg,mg|£>j|Fe,me>> = (Fg|D|Fe) (Fe,me, U | Fg , mg ) . (A.21) 

Thee first term is the "reduced dipole matrix element", DFgiFe. It is independent of 
thee atomic orientation, i.e. polarisation and sublevel structure. The second term is a 
Clebsch-Gordann coefficient, describing the coupling of the sublevels to the spherical 
polarisationn component j of the light field. 

Thee reduced matrix elements are calculated starting from the matrix element 
D2,33 for t n e closed transition of the rubidium D2 line, which is equivalent to the 
reducedd matrix element of a two-level atom. This can be expressed using the 
Eqs.. (A.11), (A.19), the saturation intensity, and the relation Ih = (l/2)£0c\£\2: 

D23D23 = \JhT^  ̂ = 2.53xHT29Cm. (A.22) 

Thee reduced matrix elements of the other hyperfine transitions are calculated by 

£Fg,Fee = A.3 {-i)F<+J'+I+1 y/(2Je + l)(2Fg + 1) I 2 Fjeg } } 6 . .(A-23) 

ddFF,,ee = ^ . (A.24) 
D D 2,3 3 

wheree dp >Fe is a dimensionless expression relative to the closed transition. The 
Racahh "6j" symbol and the Clebsch-Gordan coefficients can be calculated, using 
e.g.. the Mathematica software package (Wolfram Research). 

Light-shif tt  Hamiltonian for  rubidium. — In order to calculate the light-shift 
Hamiltoniann for a given polarisation e, it is useful to define a "reduced light-shift 
Hamiltonian""  A(Fg,Fe,ê) with matrix elements Amg,mg(Fg, Fe,ê), which result from 
thee angular part of Eq. (A.21), see e.g. Ref. [79]. 

Wee therefore define a tensor C(Fg, Fe) with the Clebsch-Gordan coefficients as 
elements,, Cme,mg,j(Fg,Fe) = <Fg,mg, 1, j |Fe,me) . The elements of the polarisability 
tensorr A(FS, Fe) are therewith defined as: 

•4',mi,mgj(Fg,Fe)) = ^Cm e ,m g i j(F g ,F e)Cm e ,m^(F g ,F e) . (A.25) 

Theyy describe the coupling to the light field in terms of an excitation of an atom 
fromm |Fg,mg) to |Fe,me + j) by the component e} of the polarisation ê, followed by 
aa (stimulated) deexcitation to |Fg, m'g = mg + j - j') by the component ey. 
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Thee reduced light-shift Hamiltonian is now defined in the spherical polarisation 
basiss as: 

A(Fg )Fe,ê)) = &.A{F t,Fe\ (A.26) ) 

Inn low-saturation and for large detuning, the light-shift Hamiltonian for a rubidium 
atomm in the ground state Fg can be written similarly to the 2-level expression of 
Eq.. (A.17): 

UUv v 
r 2 / L ^ 4 FF A(Fg,Fe,ê) 
88 /0 V 3FK ,Fe e 

(A.27) ) 

Thiss expression has to be calculated for both the Dl and the D2 line, summing over 
p(Dl) ) {1,2}}  and F (D2) ) {0,1,, 2,3}, respectively. Also the reduced dipole matrix 

elementss have to be calculated for both lines. The total light shift is obtained as 

ff are usually UUFF
tottot''  = UF ++ Ltv  ̂ . However, either the detunings 5F p or <5F ' 

smalll  compared to the splitting of 7.2 THz (or 15 nm) between the D-lines. Thus 
calculatingg the dominant contribution may be sufficient. 

A.3.33 Transition matrix elements for 8 'Rb 

-11 o +1 

^ 9 =1 1 

(Dl) ) Figur ee A. l : Transition matrix elements of the Dl line: 60 (dp F Cm<!.m j ( F g , Fe) ) 
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D2 2 -33 -2 -1 0 +1 +2 +3 

-11 0 +1 
F 9 = 1 1 

(D2) ) Figur ee A.2: Transition matrix elements of the D2 line: 60 (dp F Cm e i m gj (F g, Fe)) 
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A.44 Analysis of absorption images 

Duee to the vertical symmetry axis of our mirror configuration, a factorised spatial 
densityy of N atoms is assumed, 

p(r)p(r) = Npx(x)py(y)pz(z) , N = jjj  p{r)dr3, (A.28) 

pAx)pAx) = —I— expf-^V (A.29) 

Py(y)Py(y) similarly with ay = —. (A.30) 
X X 

Thee absorption measurements project the distributions onto the .rc-plane, while 
integratingg in the y-direction (the line-of-sight). The coordinates in the xc-plane 
cann be defined as r' = {x.z). An absorption image, A(r') — Id(r')/I L(r'), is the 
ratioo of the detected probe laser intensity, /d(r'), and the incident intensity, IL(T'). 
Forr a coordinate r' in the detection plane, the absorption law is written as: 

^^ = -p(T)ff(6)I(r), (A.31) 

-v-^ïïk?--v-^ïïk?- (A32) 

Here,, a(6) is the detuning dependent absorption cross section for unity Clebsch-
Gordann coefficients [34], By integration along the ̂ -direction, the relation between 
thee absorption image, -4{r') , and the atomic density is found in the arc-projection: 

P ( r ')) = - l n ^ ( r ' ) = Na(S) p*{x)pz{z). (A.33) 

Fromm the image data, a line sum along x can be formed, which leads to the vertical 
atomicc density, pz(z): 

/

+-O0 0 

\nA{r')dz\nA{r')dz = Na{6)pz{z). 
DO DO 

(A.34) ) 

Thee projected density, X>(r'), allows to read out the horizontal Gaussian width, ax 

Hence,, by the Eqs. (A.29) and (A.30), the 3D density from Eq. (A.28) is known. 
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Summary y 

Inn atom optics, atomic matter wave are manipulated using, e.g., mirrors or lenses, in 
analogyy to light optics. Of particular interest are evanescent-wave (EW) mirrors for 
atoms.. This is because of the short characteristic length, of the order of the optical 
wavelength,, at which a reflecting optical potential can be realised by an EW. This 
thesiss is about our studies of photon scattering by cold (10 //K) rubidium atoms 
thatt bounce vertically on an EW mirror. Depending on the mirror configuration, 
wee observed elastically and inelastically bouncing atoms. In the elastic case photon 
scatteringg leads to radiation pressure. The inelastic mirror is a consequence of 
opticall  hyperfine pumping of the atoms. It has no counterpart in light optics. 

Understandingg of scattering is important for our envisaged application of the 
inelasticc mirror to load a low-dimensional optical dipole trap. The concept is to 
opticallyy pump bouncing atoms with high spatial selectivity close to the turning 
pointt on the mirror. A spontaneous Raman transition transfers atoms into the 
trap.. Dissipation allows the phase-space density to increase, possibly leading to 
aa low-dimensional quantum degenerate gas by purely optical means. Ultimately a 
continuouslyy operating "atom laser" might be realised, as a bright source of coherent 
matterr waves. Being an open system out of thermal equilibrium, it would be in close 
analogyy to an optical laser. 

Inn chapter 2, previous work on EW trap loading schemes with metastable noble 
gass atoms is extended to alkali atoms and, specifically, to 87Rb. Heating of atoms 
byy scattered photons is a severe loss mechanism in optical traps. The proposed low-
dimensionall  trap allows spontaneously emitted photons to escape into a large solid 
anglee without being reabsorbed. Due to the relatively small ground state hyperfine 
splittingg of the alkali atoms, addressing of these states separately with bouncing and 
trappingg potentials is difficult . As a solution the use of "dark states" is proposed. It 
iss shown that the light scattering rate can be reduced by several orders, to < 20 s_1 

perr atom. This requires the use of a circularly-polarised EW. It is discussed how to 
realisee such a field using either a single beam or multiple beams. In the latter case, 
thee EW may provide both a bouncing and a trapping potential, which aligns the 
atomss in parallel horizontal lines close to the surface. 

Experimentss were performed using a magneto-optical trap (MOT) with molasses 
coolingg as a source of  ̂ 107 cold atoms. The MOT is operated in an ultra-high vac-
uumm {UHV ) rubidium vapour cell. Optical access was achieved using a rectangular 
glasss cuvette. The various laser frequencies were provided by a system of stabilised 
diodee lasers, if necessary amplified by injection-locked diode lasers or travelling-
wavee tapered semiconductor amplifiers (TA). An overview of the setup is given in 
chapterr 3, including a detailed description of our UHV sealing techniques for glass 
cuvettess using either knife-edged metal gaskets or an epoxy resin. 
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Chapterr 4 is dedicated to the characterisation of our TA systems, which provide 
1500 - 200 mW power after single-mode optical fibres, with fibre coupling efficiencies 
upp to 59 %. The relevance of broad spectral background due to amplified sponta-
neouss emission (ASE) for the application with far-off resonance dipole potentials is 
discussed.. Related to the rubidium optical transition linewidth of r /2TT = 6 MHz, 
wee observed an ASE suppression of better than —82 dB. 

Inn chapter 5, the efficiency of the EW mirror is investigated using a time-of-flight 
detectionn of bouncing atoms. Atom clouds were released from the MOT, 6 mm 
abovee the mirror. We observed bouncing fractions up to 9%. These fractions result 
fromm the relation between the effective mirror surface and the ballistic expansion 
off  falling atom clouds. At a temperature of 10 fjK, the rms width of the cloud 
wass approximately 1 mm at the mirror, twice as large as in the MOT. The limited 
effectivee mirror surface was due to the transverse Gaussian intensity profile of the 
EWW laser beam. The bouncing fraction was investigated as a function of laser power, 
detuningg and polarisation. Also the temperature of the released cloud was varied 
betweenn 6 - 20 jiK. The measurements clearly show the significance of the Van der 
Waalss atom-surface interaction that reduces the effective mirror surface. 

Inn chapter 6, radiation pressure is studied, which is exerted on bouncing atoms. 
Ann EW does not propagate away from the surface. It propagates, however, along 
thee surface. Therefore the radiation pressure is directed parallel to the surface. 
Usingg fluorescence imaging with a camera, we studied this radiation pressure in 
termss of the horizontal velocity change of bouncing atoms. We observed 2 — 31 
photonn recoils per bounce, and found the radiation pressure to be independent of 
thee EW power, as expected from the exponential shape of the mirror potential. A 
simplifyingg two-level atom calculation for the number of scattered photons reveals 
ann inverse proportionality to both laser detuning and EW decay parameter. This 
iss in agreement with our observations. However, for steep EW potentials, in which 
atomss bounce very quickly within w 1 jus and scatter only few photons, we observe 
ann excess scattering of approximately 3 recoils. We assume that this is due to 
diffuselyy scattered light by the roughness of the prism surface. 

Bouncingg occurred elastically when the EW was tuned to a "closed" optical tran-
sition.. Despite of scattering photons, atoms then follow a single optical potential. 
Inn chapter 7, inelastic bouncing is investigated using an "open" transition, such that 
opticall  hyperfine pumping by the EW could transfer atoms into the different hyper-
finee ground state. The optical potential in this final state is lower. Bouncing atoms 
dissipatee a; 90 % of their potential energy on the mirror. Using absorption imaging, 
wee directly observed the density distribution of inelastically bouncing atom clouds. 
Thee high spatial selectivity of the pumping mechanism is revealed by a pronounced 
peakk density for atoms that dissipate the maximum possible amount of energy. A 
broadd (non-thermal) tail of faster atoms represents atoms being pumped further 
awayy from the turning point. By adjusting the laser detuning, we observed the 
inelasticityy ranging between 81 - 92 %. This type of a single inelastic bounce can 
bee interpreted as the fundamental step of a "Sisyphus" reflection cooling technique. 
Duee to the relatively large fall height (6 mm) a single reflection leads, however, to 
heating.. Multipl e reflections would be necessary to achieve a net cooling. 



Samenvatting g 

Mett laserlicht kunnen krachten op neutrale atomen worden uitgeoefend. Met deze 
krachtenn kunnen de atomen worden gemanipuleerd, en worden afgekoeld, d.w.z. 
afgeremd.. Sinds Dehmelt, Hansch, Schawlow en Wineland in 1975 de eerste voor-
stellenn voor laser koeling deden, werd de "atoomoptica" met vele technieken verrijkt. 
Zoo werd onder andere de Nobelprijs voor natuurkunde in 1997 uitgereikt aan Chu, 
Cohen-Tannoudjii  en Phillips voor hun bijdragen aan dit vakgebied. 

Analoogg aan de elektromagnetische lichtgolf in de optica kan de atomaire mate-
riegolff  in de atoomoptica beïnvloed worden met spiegels, lenzen, tralies en straal-
delers.. Dit maakt het mogelijk om bijvoorbeeld uiterst nauwkeurige atoominter-
ferometrischee experimenten uit te voeren, zoals het meten van de fijnstructuur-
constante.. Met lasergekoelde atomen kunnen ook zeer precieze atoomklokken wor-
denn gerealiseerd, die bijvoorbeeld in de satellietnavigatie toegepast kunnen worden. 
Inn de atoomlithografie kunnen structuren op de schaal van een nanometer aange-
brachtt worden. 

Waarr in de optica lasers veelvuldig gebruikt worden als intensieve, goed gebun-
deldee en vooral monochromatische (coherente) lichtbronnen, wordt in de atoom-
opticaa tot dusver gewerkt met relatief zwakke "atomaire gloeilampen". In het een-
voudigstee geval betreft het een straal atomen die uit een oven ontsnapt en met 
behulpp van een serie diafragma's wordt gecollimeerd. Desalniettemin bestaan er 
voorstellenn voor het realiseren van een bron van coherente materiegolven, een zoge-
naamdee "atoomlaser". 

Atoomoptischee componenten bestaan meestal uit laserlicht van welbepaalde in-
tensiteit,, polarisatie en frequentie. In dit proefschrift worden spiegels voor rubidium-
atomenn (isotoop f̂ R-b) beschreven, waarbij de bewegingsrichting van de atomen door 
eenn repulsieve "evanescente" lichtgolf elastisch wordt omgekeerd. In het bijzonder 
wordtt de lichtverstrooiing aan de atomen onderzocht. Deze verstrooiing is een dis-
sipatieff  proces waardoor het mogelijk wordt dat atomen ook inelastisch gereflecteerd 
worden.. Hiervoor bestaat in de lichtoptica geen analogie. 

Zoalss Gauck en collega's in Konstanz hebben laten zien, kan de inelastische 
reflectiee ook "volledig inelastisch" gemaakt worden, oftewel de atomen kunnen in 
eenn tweedimensionale optische val aan het spiegeloppervlak worden geaccumuleerd. 
Al ss deze val efficiënt genoeg geladen kan worden moet het in principe mogelijk 
zijnn een laagdimensionaal quantumgas te verkrijgen, vergelijkbaar met het Bose-
Einsteinn condensaat in drie dimensies. De faseovergang van een thermisch gas naar 
hett condensaat wordt in twee dimensies vervangen door de tot dusver nog niet 
waargenomenn Kosterlitz-Thouless overgang. 
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Voorafgaandee aan de beschrijving van onze experimenten wordt hier het principe 
vann een evanescent e spiegel voor atomen toegelicht. 

Eenn evanescente lichtgolf ontstaat, als licht volledig wordt gereflecteerd aan de 
grensvlakk tussen twee dielektrische media. In onze experimenten gaat het om een 
horizontaall  glasoppervlak in vacuüm. In het vacuüm boven het glasoppervlak vin-
denn wij een lichtgolf die parallel aan het oppervlak propageert. In tegenstelling 
tott de horizontale golfvectorcomponent is de verticale component imaginair. Dat 
betekentt dat de elektrische veldsterkte exponentieel afneemt met de afstand tot het 
oppervlak.. De karakteristieke afvallengte is van de orde van de gebruikte optische 
golflengte,, bijvoorbeeld 780 nm voor rubidiumatomen. Hoe verder de invalshoek van 
hett licht voorbij de kritische hoek voor totale reflectie wordt ingesteld, hoe korter 
dee afvallengte wordt. 

Dee krachten die een lichtgolf, bijvoorbeeld een evanescent veld, op een atoom kan 
uitoefenen,, worden in het algemeen ingedeeld in twee categorién. namelijk "spontane 
krachten""  en "dipoolkrachten". 

Dee spontane kracht is gebaseerd op herhaalde absorptie en spontane emissie van 
fotonen.. De frequentie van de lichtgolf moet hiervoor afgestemd zijn op een optische 
resonantiee van de atomen, of tenminste niet ver daarvan af. Omdat in de regel 
eenn gerichte laserstraal gebruikt wordt, zijn de terugstoten die de atomen door de 
absorptiee van fotonen krijgen ook gericht, zodat er een netto kracht resulteert. Deze 
krachtt wordt ook wel "stralingsdruk" genoemd. De emissie van fotonen is spontaan 
enn gemiddeld ongericht. Zodoende is deze kracht dissipatief en kan gebruikt worden 
voorr het koelen van atomen. Ze leidt echter ook tot diffusie. 

Dee dipoolkracht daarentegen is een conservatieve kracht en kan door een "opti-
schee potentiaal" worden beschreven. Deze potentiaal ontstaat door de wisselwerking 
tussenn het elektrische veld van het licht en de geïnduceerde elektrische dipool-
momentenn van de atomen. De dipoolkracht heeft een dispersief karakter: als de 
lichtt frequentie kleiner is dan die van de atomaire overgang (rood verst emd) wor-
denn de atomen aangetrokken, als de frequentie groter is (blauw verst emd) worden ze 
juistt afgestoten. Om ook daadwerkelijk een konservatieve kracht te verkrijgen, is het 
nodigg om de frequentieverstemming groot te kiezen, zodat absorptie (stralingsdruk) 
geenn rol speelt. 

Eenn ver naar het blauw verstenid evanescent lichtveld vormt dus een potentiaal-
barrièree voor atomen. Als de kinetische energie van de invallende atomen kleiner 
iss dan de hoogte van het maximum van deze barrière zullen de atomen van rich-
tingg omkeren. Zo wordt het evanescente veld een spiegel of een "trampoline1' voor 
atomen. . 

Inn onze experimenten wordt om te beginnen een 1 mm grote koude wolk van 
ca.. 100 miljoen rubidiumatomen ingevangen in een magnet o-optische val. De wolk 
heeftt een temperatuur van 10 /iK boven het absolute nulpunt van —273.15° C. Bij 
dezee temperatuur hebben de atomen een snelheid van enkele centimeter per seconde. 
Terr vergelijking: de snelheid bij kamertemperatuur bedraagt enkele honderden meter 
perr seconde. De atomen worden losgelaten uit de magneto-optische val en vallen 
vanaff  een hoogte van ongeveer 5 tot 7 mm op de spiegel. Tijdens de val expandeert 
dee wolk ballistisch en wordt in doorsnede verdubbeld. Het intensiteitsprofiel van 
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hett evanescente veld is gaussvormig, en zo ook het effektieve spiegeloppervlak. Dit 
oppervlakk wordt begrenst door de contour waar de minimale barrièrehoogte nog net 
bereiktt wordt. In het algemeen wordt slechts een deel van de wolk gereflecteerd. 

Dezee spiegelefficientie hebben wij onderzocht als functie van de temperatuur der 
atomenn en van de laserparameters. Het effektieve spiegeloppervlak wordt bepaald 
doorr het vermogen van de laser, de frequentieverstemming en de polarisatie. Met 
onss evanescente veld bereikten wij spiegelefficienties tot 8%, in overeenstemming 
mett voorspellende berekeningen. We nemen waar dat de aantrekkende Van der 
Waalskrachtt tussen de atomen en het glas de optische potentiaal verlaagt waardoor 
hett effektieve spiegeloppervlak significant kleiner wordt. 

Dee stralingsdruk van het evanescente veld kan onderzocht worden door de be-
wegingg van de atomen met een camera te registreren. Deze druk wordt veroorzaakt 
doorr de voortplanting van de lichtgolf langs het glasoppervlak. De terugstoten van 
dee fotonen zorgen alleen voor verandering van de snelheid van de atomen in deze 
richting,, evenwijdig aan het oppervlak. Eén enkele terugstoot geeft een snelheids-
veranderingg van 6 mm/s. In het experiment nemen wij horizontale snelheidsver-
anderingenn van de gereflecteerde atomen waar van 1 tot 18 cm/s, overeenkomend 
mett de absorptie van 2 tot 31 fotonen. De verticale snelheid na een val van 6.6 mm 
bedraagtt 36 cm/s. 

Rubidiumm heeft een hyperfijnstructuur met twee grondtoestanden en meerdere 
optischh aangeslagen toestanden. Desalniettemin kunnen de waarnemingen kwali-
tatieff  verklaard worden met behulp van een eenvoudig model met slechts éen grond-
toestandd en éen aangeslagen toestand. Er werd namelijk een "gesloten" overgang 
aangeslagenn zodat de atomen na ca. 30 ns weer in de oorspronkelijke hyperfijn-
toestandd terugvielen en dezelfde potentiaalcurve in het evanescente veld konden vol-
gen.. Hiermee is de aaname van het tweeniveausysteem gerechtvaardigd. Het gemid-
deldee aantal opgenomen terugstoten per atoom is evenredig aan de afvallengte van 
hett veld en aan de snelheid van de atomen. In een steile potentiaal zullen de atomen 
snell  omkeren zodat ze weinig tij d hebben om fotonen te absorberen. Afhankelijk 
vann de ingestelde afvallengte duurt de reflectie 3 tot 10 /is. Een langzaam atoom 
dringtt minder diep in het evanescente veld door als een snel atoom en heeft dus ook 
minderr tij d nodig om om te keren. Daarnaast is het aantal geabsorbeerde fotonen 
omgekeerdd evenredig met de blauwverstemming van de laser. Het aantal is daaren-
tegenn niet afhankelijk van de laser intensiteit. Dit hangt samen met het exponentiële 
verloopp van de optische potentiaal, waardoor het atoom steeds eenzelfde traject tot 
zijnn omkeerpunt aflegt onafhankelijk van hoever het nog is tot het maximum. 

Wee hebben de hyperfijnstructuur van het rubidium gebruikt om ook melasti-
schesche reflectie te kunnen waarnemen. Hiervoor stemden we de frequentie van het 
evanescentee veld af op een "open" optische overgang. Een atoom kan dan vanuit 
grondtoestandd |1) via een aangeslagen toestand en spontane emissie worden over-
gepomptt naar de andere hyperfijngrondtoestand |2). In toestand |2) is de hoogte van 
dee potentiaalbarrière voor het atoom echter nog maar 10 % van de oorspronkelijke 
waardee omdat de blauwverstemming ten opzichte van de overgang vanuit toestand 
|2)) tien keer zo groot is. Door het spontaan emitteren van een foton dissipeert het 
atoomm ca. 90 % van zijn potentiële energie zodat het na deze inelastische reflectie nog 
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maarr 10 % van zijn oorspronkelijke hoogte kan bereiken. Opnamen met de camera 
latenn deze inelastische beweging van het zwaartepunt van de gereflecteerde wolk van 
atomenn duidelijk zien. De waarschijnlijkheid voor het overpompen is het grootst 
alss een atoom zich vlakbij het omkeerpunt bevindt, waar zijn snelheid het kleinst 
iss en de lichtintensiteit het grootst. Daar is bovendien het energieverlies dat bij 
overpompenn optreedt het grootst. Op grond van deze sterke ruimtelijke selectiviteit 
wordenn de meeste atomen dan ook maximaal inelastisch gereflecteerd. 

Dankzijj  deze selectiviteit kan een inelastische spiegel gebruikt worden om atomen 
diee eerst in een relatief grote magneto-optische val geprepareerd worden, efficient te 
concentrerenn in een dunne tweedimensionale optische val dicht boven het glasopper-
vlak.. Voor dit invangen moet aan de potentiaal van toestand (2) een potentiaalput 
toegevoegdd worden waarin de overgepompte atomen kunnen worden gebonden. Een 
belangrijkee consequentie van het dissipatieve karakter van de optische pompover-
gangg is, dat de dichtheid van de atomen in zo'n val —bij gelijke temperatuur— 
enkelee orden van grootte meer kan bedragen dan de oorspronkelijke dichtheid in de 
magneto-optischee val. Bij voldoende ladingsefficientie moet het dan ook mogelijk 
zijnn om met behulp van een eenmalig optisch proces, zonder verdere afkoeling, een 
laagdimensionaall  quantumgas te verkrijgen. Dit wordt hieronder besproken. 

Wee spreken van een quantumgas als de dichtheid van het gas zo hoog is en de 
temperatuurr zo laag, dat de golffuncties van de atomen elkaar overlappen. (Bijvoor-
beeld:: de DeBroglie golflengte van rubidium is bij 10 fiK ongeveer 60 nm.) In dit 
gevall  moet voor de beschrijving van de atomen de klassieke Boltzmann statistiek 
vervangenn worden door de quantumstatistiek van niet onderscheidbare bosonen of 
fermionen.. In het geval van bosonen, zoals rubidium (j^Rb) met zijn heeltallige spin, 
ontstaatt bij een temperatuur lager dan een kritische waarde het in 1924 reeds voor-
speldee Bose-Einstein condensaat. In het condensaat bevindt zich een macroscopisch 
aantall  atomen in een enkele toestand. Experimenteel werd zo'n condensaat pas in 
19955 aangetoond door Anderson en medewerkers uit Boulder. 

Hett is tot dusver niet gelukt deze quantumontaarding enkel door middel van op-
tischh koelen te bereiken. Dit is te wijten aan de spontaan geëmitteerde fotonen die 
voorr de koeling essentieel zijn. Omdat deze fotonen telkens opnieuw geabsorbeerd 
worden,, wordt de te bereiken temperatuur gelimiteerd door de terugstoten. In een 
magneto-optischee val kan men zo slechts een gemiddelde atomaire afstand bereiken 
diee ongeveer honderd keer groter is dan de DeBroglie golflengte. Een condensaat 
werdd daarom tot nu toe altijd verkregen door gebruik te maken van verdampings-
koelenn in een magnetische val. Bij deze koelmethode ontsnappen voortdurend de 
snelstee atomen uit de val waardoor een klein restant van enkele duizenden tot miljoe-
nenn atomen kan afkoelen tot het condensatiepunt. 

Eenn inelastische atoomspiegel zou mogelijkerwijs de kloof tussen de dichtheid in 
dee magneto-optische val en die van een quantumgas kunnen overbruggen. Dankzij 
dee tweedimensionale geometrie zouden spontaan geëmitteerde fotonen bovendien 
probleemlooss kunnen ontsnappen. Het laden van de optische val kan in principe ook 
continuu plaatsvinden. Op deze manier zou een continue atoomlaser als open systeem 
kunnenn bestaan, qua concept vergelijkbaar met de lichtlaser: de voorgekoelde ther-
mischee atomen dienen als versterkend medium en de optische val vormt de trilholte 
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voorr materiegolven. Door optisch pompen worden atomen toegevoegd aan de reso-
nantee modes van deze trilholte. Dit proces is optisch gezien weliswaar spontaan, 
maarr wordt door de bosonenstatistiek van de atomen gestimuleerd. De tot dusver 
geconstrueerdee atoomlasers zijn gebaseerd op het weglekken van atomen uit een 
mett behulp van verdampingskoelen geproduceerd condensaat en zijn op hun best 
quasicontinu. . 

Eenn atoomlaser zou vergelijkbare vooruitgang in de precisie van atoomoptische 
experimentenn kunnen opleveren als de ontwikkeling van de lichtlaser. Sinds deze 
inn 1960 voor het eerst door Maiman werd geconstrueerd is hij zelfs in het dagelijks 
levenn doorgedrongen. Zo zijn de bij onze experimenten gebruikte halfgeleiderlasers 
eigenlijkk bedoeld voor CD spelers. 

Samengevatt levert dit proefschrift een experimentele bijdrage aan de atoomoptica 
vann evanescente spiegels voor koude atomen. De lichtverstrooiing van atomen in het 
evanescentee veld werd onderzocht voor zowel elastische als inelastische spiegels. Met 
hethet oog op alkaliatomen, en 87Rb in het bijzonder, werd een concept ontwikkeld om 
atomenn met gebruik van de inelastische spiegel in een laagdimensionale val over te 
brengen. . 



Zusammenfassung g 

Mi tt Laserlicht lassen sich Krafte auf neutrale Atonie ausüben. mit welehen diese 
manipuliert,, vor allem aber auch gekühlt. beziehungsweise abgebremst werden kön-
nen.. Ausgehond von den ersten Vorschlagen zur Laserkühlung von Dehmelt. Hanseh. 
Schawloww und Wineland, 1975, wurde die "Atomoptik" in den letzten Jahren urn 
vielee Techniken bereichert. Unter anderem wurde 1997 der Physik-Nobclpreis an 
Chu,, Cohen-Tannoudji und Phillips für ihre Beitriige zu diesem Fachgebiet verliehen. 

Inn Analogie zur elektromagnetischen Lichtwellc wird in der Atonioptik die ato-
maree Materiewelle mittels Spiegeln. Linsen, Beugungsgittcrn und Strahlteilern beein-
flufit.flufit.  Dies ermöglieht beispielsweise hochprazise atominterferometrische Experi-
niente,, wie zur Besthnmung der Feinstrukturkonstanten. Mit lasergekühlten Atomen 
lassenn sich auch sehr genaue Atoniuhren verwirkliehen, die in satellitengestützten 
Navigationssystemenn eingesetzt werden könnten. Eine Erganzung zur Lichtoptik 
findetfindet sieh in der Atomlithographie mit dem Schreiben von St rukt uren auf Nano-
meterskala. . 

Wahrendd in der Optik vielfach Laser als intensive, gut gebündelte und vor allem 
monochromatischee (koharente) Lichtquellen V(Twendung finden, wird in der Atoni-
optikk bislang mit relativ schwachen "atomaren Glühlampen" gearbeitet. lm ein-
fachstenn Fall ist dies ein durch eine Serie von Diaphragmen kolliniierter Strahl von 
Atomen,, der aus einem Ofen entweicht. Es gibt allerdings Ansatze zur Verwirk-
liehungg koharenter Materiewellenquellen, sogenannten "Atomlasern". 

Dass "Substrat" atomoptischer Komponenten ist zumeist Laserlicht, von genau 
festgelegterr Intensitat, Polarisation und Lichtfrequenz. Die vorliegende Dissertation 
befafitt sich mit Spiegeln für Rubidiumatome (Isotop " R b ), bei denen ein repulsives 
"cvaneszentes""  Lichtfeld für die elastische Bewegungsumkehr der Atome sorgt. Ins-
besonderee wird die Lichtstreuung der Atome im evaneszenten Feld untersucht. Diese 
ermögliehtt es als dissipativer Prozefi, Atome auch inelastisch zu reflektieren. Hierfür 
bestehtt keine Analogie mit licht opt ischen Spiegeln. 

Wiee von Gauck und Kollegen in Konstanz demonstriert, ist es auch möglich, 
diee inelastische Reflexion "vollstandig inelastisch" zu gestalten, sprich. die Atome 
inn einer zweidimensionalen opt ischen Falie an der Spiegeloberflache anzusammeln. 
Beii  hinreichender Efnzienz dieses Transfers in die Falie sollte es prinzipiell möglich 
sein,, ein niedrigdimensionales Quantengas zu erzielen, vergleichbar mit dem Bose-
Einsteinn Kondensat in drei Dimensionen. Dem Phasenübergang vom thermischen 
Gass zum Kondensat beim Unterschreiten einer kritischen Teniperatur entspricht 
inn zwei Dimensionen beispielsweise der bislang noch nicht beobachtete Kosterlitz-
Thouless-Ubergang. . 

144 4 
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Vorr der Beschreibung unserer Experimente wird im folgenden zunachst das Funk-
tionsprinzipp eines evaneszenten Atomspiegels erlautert. 

Einn evaneszentes Lichtfeld entsteht, wenn Licht an der Grenzschicht zweier dielek-
trischerr Medien, vom optisch dichteren Medium aus, vollstandig reflektiert wird. 
Inn unseren Experimenten geschieht dies an einer horizontalen Glasoberflache im 
Vakuum.. Auf der Vakuumseite findet sich ein Lichtfeld, das in Richtung parallel 
zurr Oberfiache propagiert. Im Gegensatz zur horizontalen Komponente des Wellen-
vektorss ist die vertikale Komponente komplex imaginar. Dadurch nimmt die elek-
trischee Feldstarke mit zunehmendem Abstand von der Oberfiache exponentiell ab. 
Diee charakteristische Abfallange des Feldes ist von der Gröfienordnung der verwen-
detenn optischen Wellenlange, zum Beispiel 780 nm für Rubidiumatome. Je weiter 
derr Lichteinfallswinkel den kritischen Winkel der Totalreflexion überschreitet, desto 
kürzerr wird diese Abfallange. 

Krafte,, die ein Lichtfeld — auch ein evaneszentes — auf Atome ausüben kann, 
werdenn im allgemeinen in zwei Kategorien eingeteilt, "spontane Krafte" und "Dipol-
krafte". . 

Diee spontane Kraft basiert auf der wiederholten Absorption und Spontanemission 
vonn Photonen eines Lichtfeldes, dessen Frequenz auf eine optische Resonanz der 
Atomee abgestimmt, zumindest aber nicht weit davon verstimmt ist. Da die Ab-
sorptionn in aller Regel aus einem gerichteten Laserstrahl erfolgt, sind auch die vom 
Atomm aufgenommenen Photonenrückstöfie gerichtet und resultieren in einer Kraft, 
auchh "Strahlungsdruck" genannt. Die Emission der Photonen erfolgt spontan und 
istt im Mittel ungerichtet. Daher ist diese Lichtkraft dissipativ und kann zum Kühlen 
verwendett werden. Sie führt aber auch zur Diffusion der Atome. 

Diee Dipolkraft ist hingegen eine konservative Kraft und kann durch ein "optisches 
Potential""  beschrieben werden. Dieses Potential resultiert aus der Wechselwirkung 
dess induzierten atomaren elektrischen Dipolmoments mit dem elektrischen Feld. Die 
Dipolkraftt ist dispersiv. Das heifit, sie ist attraktiv, wenn die Lichtfrequenz kleiner 
alss die atomare Resonanz ist (Rotverstimmung) und repulsiv im Falie einer gröfieren 
Frequenzz (Blauverstimmung). Um experimentell tatsachlich eine konservative Kraft 
zuu erzielen, wahlt man eine grofie Verstimmung. Damit wird die Lichtabsorption, 
beziehungsweisee die spontane Kraft weitgehend unterdrückt. 

Einn weit blauverstimmtes evaneszentes Lichtfeld stellt demnach eine Potential-
barrieree für Atome dar. Wenn die kinetische Energie eines einfallenden Atoms die 
maximalee Höhe dieser Barrière nicht überschreitet, wird die Bewegungsrichtung 
umgekehrt.. Das evaneszente Feld ist dann ein "Spiegel" oder auch ein "Trampolin" 
fürr Atome. 

Imm Experiment praparieren wir zunachst in einer magneto-optischen Falie eine 
ca.. 1 mm durchmessende kalte Rubidiumwolke von etwa 100 MUHonen Atomen. Die 
Temperaturr der Wolke ist 10 /KK, dicht am Temperaturnullpunkt von —273.15° C. 
Dieserr Temperatur entspricht eine mittlere Geschwindigkeit der Atome von wenigen 
cm/s,, im Vergleich zu einigen 100 m/s bei Raumtemperatur. (Die magneto-optische 
Falie,, das Vakuumsystem und die verwendeten Laser werden in den Kapitein 3 und 4 
dieserr Dissertation im Detail beschrieben.) 
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Diee Rubidiumatome werden aus 5 — 7 mm Höhe aus der magnetooptischen Falie 
auff  den Atomspiegel fallen gelassen. Wahrend des freien Falls expandiert die Wolke 
ballistischh und verdoppelt dabei ihren Durchmesser. Da das evaneszente Feld ein 
horizontall  gauBförmiges Intensitatsprofil aufweist, ist die efFektive Spiegeloberfiache 
durchh das für eine Reflexion der Atome minimal notwendige optische Potential be-
grenzt,, und es wird im allgemeinen nur ein Teil der Atome aus der Wolke tatsachlich 
reflektiert. . 

Diess haben wir als Spiegeleffizienz in Abhangigkeit der Laserparameter und der 
Temperaturr der Atome untersucht (Kapitel 5). Laserleistung, -verstimmung und 
-polarisationn geben die effektive Spiegeloberfiache vor. Mi t unserem evaneszenten 
Feldd erreichten wir Spiegeleffizienzen bis zu 8%, in Übereinstimmung mit berech-
netenn Vorhersagen. Es zeigte sich, dafi die attraktive Van der Waals-Wechselwirkung 
zwisehenn Atomen und Glassubstrat das optische Potential erniedrigt und dadurch 
diee effektive Spiegelflache signifikant verringert. 

Derr Strahlungsdruck des evaneszenten Feldes lafit sich untersuchen, wenn man 
diee Bewegung der reflektierten Atome mit einer Kamera beobachtet (Kapitel 6). 
Diee Ursache des Strahlungsdrucks ist die Propagation der Lichtwelle entlang der 
Glasoberflache.. Die Rückstöfie absorbierter Photonen andern die mittlere Geschwin-
digkeitt der Atome allein in dieser Richtung parallel zur Oberflache. Ein einzel-
nerr Photonenrückstofi andert die Geschwindikeit uni 6 mm/s. Im Experiment 
beobachtetenn wir an reflektierten Atomen seitliche Geschwindigkeiten von 1 cm/s 
biss zu 18 cm/s, entsprechend 2 bis 31 Rückstöfien. Im Vergleich dazu betragt die 
vertikalee Geschwindigkeit nach einem Fall aus 6.6 mm Höhe 36 cm/s, 

Einn vereinfachendes Modell für ein Zweiniveau-Atom kann diese Beobachtungen 
qualitativv erklaren, trotz der tatsachlichen Hyperfeinstruktur der Rubidiumatome 
mitt zwei Grund- und mehreren Anregungszustanden. Die Atome wurden auf einem 
"geschlossenen""  Ubergang optisch angeregt, so dafi sie nach jeweils ca. 30 ns wieder 
inn den ursprünglichen Grundzustand zurück gelangten und weitgehend ungestört 
einn und derselben Potentialkurve im evaneszenten Feld folgten. Dies rechtfertigt 
diee Vereinfachung auf nur zwei Zustande. Es zeigt sich, dafi die gemittelte Zahl 
derr pro Atom aufgenommenen Rückstöfie proportional zur Abfallange des Feldes 
undd zur Geschwindigkeit der Atome ist. Auf einer steilen Potentialbarriere vollzieht 
sichh die Bewegungsumkehr sehr schnell, und ein Atom kann nur wenige Photonen 
absorbieren.. Je nach eingestellter Abfallange dauert die Reflexion nur 3—10 fis. 
Einn langsameres Atom dringt zudem weniger tief in das evaneszente Feld ein als 
einn schnelleres Atom und benötigt weniger Zeit für die Reflexion. Im übrigen ist 
diee Zahl der absorbierten Photonen umgekehrt proportional zur Laserverstimmung. 
Siee hangt aber nicht von der Laserintensitat ab. Dies resultiert aus dem exponen-
tiellenn Verlauf des optischen Potentials, in dem ein Atom unabhangig vom möglicher-
weisee geanderten Potentialmaximum stets in gleicher Weise zu seinem Umkehrpunkt 
gelangt. . 

Diee Hyperfeinstruktur des Rubidiums haben wir genutzt, urn auch inelasti-
schesche Reflexionen zu beobachten, indem wir das evaneszente Feld bezüglich eines 
"offenen""  optischen Ubergangs abstimmten (Kapitel 7). Ein vom Ausgangszu-
standd |1) angeregtes Atom kann dann mittels "optischen Pumpens" spontan in 
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denn anderen Hyperfeingrundzustand |2) übergehen. lm Zustand |2) besitzt die 
Potentialbarrieree für das Atom jedoch nur 10 % der ursprünglichen Höhe, weil die 
Frequenzverstimmungg bezüglich der Resonanzen im Zustand |2) ungefahr zehnfach 
grofierr ist. Durch das spontan emittierte Photon "dissipiert" das umgepumpte 
Atomm ca. 90% seiner potentiellen Energie und erreicht nach dieser inelastischen 
Reflexionn nur noch 10% der Fallhöhe. Kamera-Aufnahmen der reflektierten Atome 
zeigenn in der Schwerpunktsbewegung der Wolke die Inelastizitat des Spiegels. Die 
Wahrscheinlichkeitt für optisches Pumpen ist am gröfiten, wahrend ein Atom sich 
—— beinahe im Stillstand — in grofier Lichtintensiteit nahe dem Umkehrpunkt befin-
det.. Dort ist zudem die inelastische Energieabnahme am gröfiten. Die meisten 
Atomee finden sich aufgrund der starken raumlichen Selektivitat des Pumpvorgangs 
maximall  abgebremst. 

Dankk dieser Selektivitat kann ein inelastischer Spiegel genutzt werden, um Ato-
me,, die zunachst in einer relativ ausgedehnten magneto-optischen Falie prapariert 
wurden,, effizient in einer sehr dunnen, zweidimensionalen optischen Falie dicht bei 
derr Glasoberfiache anzusammeln (Kapitel 2). Dem Potential für Atome im in-
elastischh reflektierten Endzustand |2) mufi hierzu ein "Potentialtopf", die optische 
Falie,, aufgepragt werden. In dieser werden die umgepumpten Atome gebunden. Eine 
wichtigee Konsequenz aus dem dissipativen Charakter des Pumpvorgangs ist, dafi 
diee Dichte der so angesammelten Atome die ursprüngliche Dichte in der magneto-
optischenn Falie — bei gleichbleibender Temperatur — um mehrere GrÖfienordnungen 
übersteigenn kann. Bei hinreichender Transferefnzienz in die Falie sollte es möglich 
sein,, in einem einzigen, optisch spontanen Vorgang und ohne weiteres Nachkühlen 
einn niedrigdimensionales "Quantengas" zu erzeugen. Dies wird im Folgenden ab-
schliefiendd erlautert. 

Einn Quantengas liegt vor, wenn bei hinreichend grofier Dichte und niedriger 
Temperaturr die Wellenfunktionen der Atome einander überlappen. (Bei 10 //K 
Temperaturr ist die De Broglie-Wellenlange für Rubidium beispielsweise 60 nm.) In 
diesemm Fall mufi man in der Beschreibung der Atome von der klassischen Boltzmann-
Statistikk zur Quantenstatistik nicht unterscheidbarer Bosonen oder Fermionen über-
gehen.. Für Bosonen, fyRb ist mit ganzzahligem Spin ein solches, formt sich beim 
Unterschreitenn einer kritischen Temperatur das schon 1924 vorhergesagte Bose-
Einsteinn Kondensat. Im Kondensat findet sich eine grofie Zahl von Atomen in 
einemm einzigen, makroskopisch besetzten Zustand, einem beinahe mit blofiem Auge 
sichtbarenn Quantenobjekt. Erstmals gelang der experimented Nachweis in einem 
atomarenn Gas Anderson und Kollegen, 1995, in Boulder. 

Mitt optischen Kühlverfahren ist es bislang nicht gelungen, ein Quantenengas 
zuu erzeugen. Das Problem liegt an den für die Dissipation essentiellen spontan 
emittiertenn Photonen. Deren RückstöBe und auch die Wiederabsorption durch 
umgebendee Atome limitieren die erreichbare Temperatur. In einer magneto-opti-
schenn Falie erreicht man beispielsweise einen mittleren Atomabstand entsprechend 
derr 100-fachen De Broglie-Wellenlange. Kondensate wurden deshalb generell durch 
Verdampfungskühlenn in einer magnetischen Falie erzeugt, wobei die schnellsten 
Atomee aus der Falie entschnappen, "verdampfen", und so ein kleiner Rest von eini-
genn Tausend bis Millionen Atomen bis zur Kondensation abkühlt. 
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Einn inelastischer Atomspiegel könnte die Dichtheitslücke von der magneto-opti-
schenn Falie zum Quantengas überspannen. Dank der zweidimensionalen Geometrie 
könnenn spontane Photonen zudem schadlos entweichen. Das Laden der optischen 
Faliee kann prinzipiell auch kontinuierlich erfolgen. Auf diese Weise ist in konzep-
tionellerr Analogie zum Lichtlaser ein kontinuierlicher Atomlaser als offenes System 
denkbar:: Als Verstarkungsmedium dienen (vorgekühlte) thermische Atome, und 
diee optische Falie formt den Materiewellenresonator. Optisches Pumpen führt den 
Resonatormodenn Atome zu. Dicser Prozefi ist zwar optisch spontan. wird aber 
durchh die Quantenstatistik der Atome bosonisch stimuliert. Bislang dernonstrierte 
Atomlaserr basieren auf dem "Auslaufen" von Atomen aus einem einmalig durch 
Verdampfungskühlenn in einer Magnet falie erzeugten Kondensat und sind bestenfalls 
quasikontinuierlich. . 

Einn Atomlaser könnte in der Prazision atomoptischer Experimente vergleichbare 
Fortschrittee bringen wie die Entwicklung des Lichtlasers, der 1960 erstmals von 
Maimann demonstriert wurde und inzwischen bis ins Alltagsleben vorgedrungen ist. 
CD-Spielerr enthalten beispielsweise eine vergleichbare Laserdiode, wie wir sie zum 
Kiïhlenn unserer Atome verwenden. 

Zusammenfassendd liefert die vorliegende Dissertation einen experimentellen Bei-
tragg zur Atomoptik mit evaneszenten Spiegein für kalte Atome. Es wurde die 
Lichtverstreuungg von Atomen im evaneszenten Feld sowohl für elastische wie inelasti-
schcc Spiegel untersucht. Mi t Bliek auf Alkali-Atome. 87Rb im besonderen, wurde 
unterr Nutzung des inelastischen Spiegels ein Konzept entwickelt, um Atome unter 
minimalenn Verlusten in eine niedrigdimensionale optische Falie zu transferieren. 



Nawoord d 

Opp deze plaats wil ik graag alle mensen van harte bedanken die mij tijdens de 
laatstee jaren bij het werk en in privé altijd hebben aangemoedigd en geholpen. Een 
onderzoekk zoals in dit boek beschreven is al gauw te complex om door éen enkele 
promovenduss te kunnen worden uitgevoerd. Zo wil ik vooral mijn promotoren Ben 
vann Linden van den Heuvell en Robert Spreeuw bedanken voor hun vertrouwen 
waarmeee zij mij, in 1995, in een volstrekt kale experimenteerkamer het onderzoek 
lietenn beginnen. Stefan Petra kwam er al gauw bij als eerste stagestudent, gevolgd 
doorr Esther Schilder, Rik Jansen en nu Aaldert van Amerongen, samen met mijn 
collegaa promovendi Bas Wolschrijn, Ronald Cornelussen, en onze postdoc Nandini 
Bhattacharya.. Frederik de Jong zat er al aan het laseren zonder inversie en had 
altijdd goed advies waar en bij wie je moet wezen. Cor Snoek wist altijd ergens een 
oudd apparaat met tandwielen erin te vinden waartegen menig nieuw apparaat het 
zouu moeten afleggen. Maar het leukst waren zijn verhalen erbij, uit het verleden van 
hethet laboratorium. Jullie allen bedankt voor de goede samenwerking en de geduld 
mett de lasertjes. 

Mij nn begeleiders Ben en Robert waren letterlijk altijd gereed voor enthousiast 
overlegg en advies. Robert wist op elk experimenteel en natuurkundig probleem een 
mogelijkee oplossing. Hij keerde elke formule en elk apparaat binnenste buiten om 
tott de kern van de zaak door te dringen. 

Benn kun je zó een probleem van welke makelij dan ook naar het hoofd gooien, het 
wordtt onmiddellijk naar Mathematica vertaald en het antwoord komt meteen terug, 
zijj  het vaak wat impliciet. Maar dit maakte de navolgende uitleg des te leuker en 
vergroottee het inzicht in het probleem. 

Eenn experiment werkt niet zonder apparatuur. Daarom een dank aan al de col-
lega'ss die in de werkplaatsen hun vakkennis zo enthousiast hebben ingebracht. Floris 
vann der Woude, Willem van Aartsen, Fred van Anrooij, Martin Bijlsma en Jeroen 
Jacobss hebben ons met van alles voorzien, van "kikkers" tot de allerfijnste mechani-
caa zoals Floris' stokpaardje, de gleuf scharnieren. Soms kwamen zij weliswaar de 
wanhoopp nabij als ik weer eens niet begreep dat een centimeter duizend honderdste 
millimeterr bevat en geen éen meer of minder. 

Aloff  Wassink, Johan te Winkel, Flip de Leeuw, Edwin Baaij en Theo van 
Lieshoutt hebben ons vanuit de elektronica afdeling voorzien van alles wat er tussen 
dee millivolten en kilovolten kan gebeuren. In het kort, elektronica die werkt! 

Brengenn scherven geluk? Bij het vermijden ervan hebben Bert Zwart, Eddy 
Inoengg en Michiel Groene veld ons met hun vaardigheden in de glasbewerking zeer 
geholpen. . 

Nietss werkt meer zonder computers. Als u dit proefschrift leest, is dit het bewijs 
datt ze tot het laatste moment van mijn onderzoek ook daadwerkelijk werkten. Dit is 
tee danken aan de inzet van Derk Bouhuijs en Mare Brugman van de systeemgroep. 
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Zee worden niet eens boos als je 's avonds nog met een probleem van "eigen schuld" 
komtt opdagen. Nee, ze lossen het zelfs op ook! Eerder kregen we ook al veel hulp 
vann Henk Pot, Jaap Berkhout, Paul Langemeier en Thijs Post. 

Apparatuurr wil ook besteld worden, waarbij we vooral veel steun kregen van 
Irmaa Brouwer, Dick Jensen, Andries Porsius, Ineke Baaij, en Jenne Zondervan. In 
hett bijzonder wil ik Mariet Bos bedanken, die geduldig achter elk probleem rond 
mijnn status als promotiebursaal is aangegaan. 

Natuurlijkk was er ook interactie met collega's van buiten onze groep. In het 
bijzonderr wil ik Kai Dieckmann. Igor Shvarchuk, Matthias Weidemüller en Martin 
Zielonkowskii  danken, met wie we menig idee en onderdeel hebben geruild tijdens 
hett opbouwen van onze experimenten. Ook de ontmoetingen tijdens het "quantum-
collectt ief" met onder andere Pepijn Pinkse, Allard Mosk, Peter Fedichev, Tom 
Hijmans.. Pavel Bushev, Merrit Reynolds, Jook Walraven. Gora Shlyapnikov, Paul 
Tol,, Norbert Herschbach, Wim Vassen en Wim Hogervorst, had ik niet willen 
missen.. Net zo min als de gezellige sfeer rond de koffietafel met Lotty Gilliéron, 
Tonn Raassen, Peter Uylings, Arnold Dönszelmann, J0rgen Hansen, Gilles Verbock-
haven.. Ton Schuitemaker, Charlie Alderhout en Ronald Winter. Voor mij waren 
dee doorgenomen gespreksonderwerpen hier ook een eerste verkenning van de Ned-
erlandsee samenleving. Er waren nog vele anderen, die het werken aan het Van der 
Waalss Zeeman Instituut zo leuk maakten, om met Erik-Paul, Heidi, Huib, Klaas, 
Allan.. Marc, Eline, Gijs, Frank en Mischa maar enkele namen te noemen. 

Tott slot moest ook nog dit boek geschreven worden. Voor het geduldig en heel erg 
constructieff  becommentariëren van telkens weer nieuwe versies van het manuscript 
will  ik aan Robert en Ben en aan Jante Salverda mijn dank uitspreken. Robert 
leverdee met een publicatie de grondslag van hoofstuk twee. De technische tekenin-
genn zijn als vereenvoudigde versies afkomstig van de ontwerpen van Floris van der 
Wonde.. Aan Bas Wolschrijn zijn de leuke plaatjes van inelastisch stuiterende atomen 
inn hoofdstuk 7 te danken, en de leesbaarheid van de Nederlandse samenvatting komt 
doorr Jantes vertaalkunsten. 

Ookk was er leven buiten de experimenteer kamer: Hier möchte ich vor allem 
Jantee für ihre Geduld und Unterstützung danken, die sie stets für mich und meine 
unplanbarenn Vorhaben, wie ''Windsurfen gehen, wenn Wind ist'\ aufbringt. Wenn 
Windd war, bekam ich tatkraftige Unterstützung von Arnd, bei der Suche nach den 
einzigg wahren, koharenten, hollandischen Materiewellen. 

Meinenn Eltern, Sieglinde und Edgar, gilt hier schlieBlich der gröBte Dank. Ohne 
siee hat te ich meinen Weg bis zur Promotion in Amsterdam so nicht gehen können. 
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.. his thesis studies elastic and inelastic mirrors for atoms, 
basedd on the repelling optical potential from an evane-
scentt wave in the vicinity of a surface. Light scattering by 
coldd (10 uK) rubidium atoms bouncing at normal in-
cidencee on such mirrors was investigated experimentally. 
Itt was observed as sideward radiation pressure exerted 
onn elastically bouncing atoms. Inelastic bounces as a 
consequencee of optical hyperfine pumping were also 
observed.. The inelastic process could be used as a 
loadingg mechanism for low-dimensional optical traps, 
possiblyy leading to a low-dimensional quantum gas. New 
prospectss to reduce light scattering of trapped atoms, 
usingg dark states in circularly-polarised evanescent-
waves,, are discussed. 
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