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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. 
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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^. 
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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 

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 —  Fe = 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/cm2, well below the saturation intensity 
IQIQ — 1.67 mW/cm2, 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. 


