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77Analysi ss  of an evanescent-wav e 
dark-stat ee tra p 

Wee present an implementation of an evanescent-wave dark-
statee trap. Various different geometries are discussed. In 
orderr to find a suitable set of experimental parameters, we 
havee performed a numerical analysis of the loading procedure 
off  the trap, in order to optimize the trapping fraction and the 
trapp lif e time. 
Withinn the experimentally accessible region of parameters, we 
foundd an optimum trapping fraction of 10% for atoms that 
falll  onto a trap region. The trap depth for this result was 
577 fj,K. A factor 130 density increase and a factor 75 phase 
spacee density increase are predicted with respect to values in 
aa magneto-optic trap. 
Thee main limitation of the dark-state trap is its sensitivity 
forr photon scattering. An atom that scatters a photon al-
mostt certainly results in loss of the atom from the trap, since 
itt wil l end up in an untrapped state. For atoms in the vi-
brationall  ground state this leads to an expected life time of 
6000 ms. However, for samples with realistic temperatures, the 
expectedd lif e time is decreased to few times 10 ms. 

73 3 



74 4 Analysiss of an evanescent-wave dark-state tra p 

7.11 Low dimensional trapping 

Everr since the experimental realization of Bose-Einstein condensation (BEC) [24, 
25],, and the Nobel prize for this achievement [33, 34], new quantum degenerate 
systemss have been pursued. BEC has since then been realized for many atomic 
speciess [116], almost all alkali atoms, metastable noble gas atoms (He*), and rare 
earthh atoms (Yb). Quantum degenerate Fermi gases have been realized [117, 118] 
andd are presently at the threshold of the BCS regime [119], and there is strong 
evidencee that this threshold has been crossed [120]. Furthermore condensates of 
moleculess have been observed [35, 36, 37]. There are efforts for alternative, possibly 
easier,, methods to reach BEC. Atoms are trapped in far off-resonant light field 
(QUESTS)) instead of magnetic traps [40. 41]. Furthermore there is a trend to 
miniaturizee the magnetic traps to current carrying wires mounted on a chip [38, 39], 
orr using permanent magnetic thin films [121, 122]. There is still much interest in 
reachingg the BEC threshold by means of dissipative optical laser-cooling techniques. 
Thee most promising results so far are for Cs [5] where a phase-space density (PSD) 
off  1/30 has been realized using Raman sideband cooling and Sr, where a sample of 
44 x 104 atoms has been cooled to a PSD of 1/10 using Doppler cooling while the 
atomss where trapped in a FORT [6]. Still all realizations of BEC so far involve 
evaporativee cooling. 

Loww dimensional quantum degenerate systems of bosons have very different quan-
tumm statistical properties than their 3D equivalents. In 2D a condensate only exists 
forr T = 0, in ID a condensate is absent at any temperature. The presence of a 
trappingg potential, however, changes this situation. For a thorough analysis of such 
systemss we refer to Petrov et al. [123, 124]. There are regions in parameter space, 
sufficientlyy low temperature T and large enough particle number N, for which a 
2DD condensate is formed. Only recently cold atom experiments have entered these 
regimess in 2D [43, 125] and ID [125, 126]. For slightly higher temperature quasi-
condensatess are formed, where the phase coherence does not extend over the entire 
samplee and "islands" of constant phase are present. For the ID case, for very small 
NN and T, the gas becomes a so called Tonks-Girardeau gas. The mutual repulsion 
betweenn the bosons dominates the system, which prevents them to occupy the same 
positionn in space. This resembles fermionic behavior. A Tonks-Girardeau gas was 
recentlyy realized by Paredes et al. [127]. 

Forr creating atom traps with lower dimensionality, evanescent waves have always 
receivedd a lot of attention, either as the loading mechanism of a standing-wave 
(SW)) trap, so that by scattering EW photons only one (or very few) fringes of 
thee SW are loaded [15, 21, 22], or as the trapping potential itself. Examples of 
thiss are the gravito-optical surface trap (GOST) [11, 128, 129], or the red and 
bluee detuned double EW trap (DEWT) [12], with which tighter confinement in the 
stronglyy confined direction can be realized. Rychtarik et al. [43] have created a two-
dimensionall  BEC of Cs atoms, by trapping thermal atoms in a GOST, increasing the 
densityy using a dimple potential [44], and a subsequent evaporative cooling stage. 
Colombee et al. [42] are working towards loading a DEWT surface trap from a 3D 
8 7Rbb BEC trapped in a magnetic trap. Hammes et al. [13] have already successfully 
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Figur ee 7 .1 : (a) Atoms in the \F, m) = |2, ) ground state are decoupled from a  polarized light 

(near)) resonant with the D\ line. A localized region of this polarization, blue detuned from the Di 

linee is a confining potential for atoms in these states, (b) Two evanescent waves with different decay 

lengthss have an equal intensity at a height z0 above the surface, (c) When these evanescent waves 

havee orthogonal polarizations, there are planes perpendicular to the surface where the phase difference 

betweenn these two evanescent fields is 7r/2. The intersections of these vertical planes with the horizontal 

planee at height ZQ are lines of circular polarization, at which atoms can be confined. 

demonstratedd loading a DEWT trap from a GOST trap combined with a dimple 
potential,, and trapped 20 000 Cs atoms at a temperature of 100 nK. 

Thiss chapter focuses on a combination of several of the above mentioned inter-
ests:: a low-dimensional quantum degenerate system, created by dissipative optical 
techniques.. It was proposed by Spreeuw et al. [20] and is an extension of [22], to 
makee the latter proposal applicable to Rb atoms. The loading scheme is similar to 
thee scheme described in the previous chapter and [15]. A sample of  87Rb atoms in 
thee F = 1 ground state is dropped on an evanescent-wave mirror [60] and is pumped 
too F = 2 by a spontaneous Raman process, during the reflection. This pumping 
iss also performed by an evanescent field, which makes the pumping process highly 
localized.. The pump field could be the same EW field that also creates the EW 
mirror,, as in the previous chapter, but it could also be an extra, independent field. 
Inn [20] is shown that this process can increase the phase-space density up to three 
orderss of magnitude compared with the MOT. 

Inn the experiment described in the previous chapter, the atoms were trapped in 
aa red detuned standing-wave dipole trap after this pumping process, similar to the 
experimentt performed by Gauck et al. [21], where Ar*  atoms were used. These Ar* 
atomss have a disadvantage in that they are in a metastable state, so that they wil l 
sufferr from Penning ionization. The advantage of Ar*  atoms is that the states before 
andd after the pumping process are well separated by 42 THz, so that they can be 
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addressedd independently. This is not possible for 87Rb atoms, since the ground-state 
hyperfinee splitting is only 6.8 GHz. This small splitting limits the SW detuning to 
smalll  red detunings with respect to the F = 2 state, so that the F — 1 potential 
iss not too strongly corrugated. Consequently, this small detuning led to a limited 
trapp life time due to scattering of SW photons. An alternative could be the use of 
aa blue detuned SW dipole trap. The atoms wil l then be trapped in the intensity 
minima,, which results in a lower scattering rate. However, our loading scheme is not 
compatiblee with this option, since the atoms wil l be repelled by the blue detuned 
beamss before they reach the trap region. 

Spreeuww et al. [20] propose to trap atoms in a state that is locally decoupled 
fromm the light field. The only scattering that remains is due to the oscillation of 
thee trapped particles into regions where they do interact with the light field. More 
specifically.. 87Rb atoms in the \F =  = 2) ground-level sub-states are decoupled 
fromm a a  polarized light field that is blue detuned from the D\ line, as is shown in 
Fig.. 7.1(a). By creating localized regions of blue detuned, circularly polarized light, 
atomss in the |F = m = 2) sub-states wil l be repelled if they move out of these 
regions,, they wil l thus be contained at these sites. These polarization structures 
aree interference patterns of two orthogonally polarized evanescent waves. The same 
fieldss also act as the repulsive potential for atoms in the F = 1 state. A combination 
off  a propagating or standing wave with an evanescent wave could lead to appropriate 
interferencee patterns, but atoms approaching the surface wil l be repelled by these 
non-evanescentt fields. 

Thee remainder of this chapter deals with the details of this trapping scheme. 
Firstt the possible geometries and their implications wil l be discussed. Subsequently 
thee "optimum"' experimental parameters are determined from a numerical analysis 
inn order to maximize the pumping to the trapped state, the life time and the trapping 
fraction.. Some considerations are made about detecting the trapped atoms. Finally, 
thee experimental issues that prevented us from performing the experiment wil l be 
discussed.. We wil l end with conclusions. 

7.22 Experimental configuration 

Thee first part of this section deals with some initial choices for the EW dark-state 
trappingg geometry. We wil l discuss several experimentally possible trapping geome-
triess and the choice for a certain geometry wil l be explained. In the last part we 
wil ll  describe how this particular geometry is implemented experimentally. The fine 
tuningg of the experimental parameters for this specific case wil l be dealt with in 
moree detail in sections 7.3 and 7.4. 

7.2.11 Double EW trapping geometries 

Inn order to obtain a dark trap based on two evanescent waves, as described in section 
7.1.. the polarizations of the two evanescent fields should be orthogonal in order to 
avoidd intensity fluctuations over the trap region. Furthermore the angles of incidence 
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#i.22 of the two beams should be different, since this leads to different decay lengths 

£1.22 = KT'2' with 

«1,22 = k0Jn2s'm2 Bi  ̂ - 1, (7.1) 

andd different components of the k|| vector along the surface 

|k||;i,2|| = k0nsmdit2, (7.2) 

ass already discussed in section 2.1.3. In these equations ko = 27r/A0 is the free space 
wavevector,, with Ao the wavelength of the light, and n is the refractive index of 
thee dielectric. The different k|| lead to a spatially varying phase difference between 
thee two polarizations along the surface. There wil l be planes, perpendicular to 
thee average k|j vector and perpendicular to the surface, where the phase difference 
betweenn the polarizations is , as e.g. shown in Fig. 7.2{b, d, f). The different 
decayy lengths, together with appropriately chosen intensities of the two beams leads 
too equal intensities of the two polarizations at a certain distance z0 from the surface, 
ass shown in Fig. 7.1(b). We wil l preferably work with angles as close as possible 
too the critical angle, because, according to Eqs. (2.24) and (2.25), this leads to 
maximumm evanescent-field amplitudes. The intersections of the horizontal plane 
att height z0 and the vertical planes where the phase difference between the two 
EWW components is , are lines of circular polarization, leading to a confining 
potentiall  for the \Fm) = ) state, as shown in Fig. 7.1(c). In reality the Van 
derr Waals coupling with the dielectric surface changes the potential. 

Whenn the angle between planes in which the incident beams propagate is changed 
thee main change is the spacing between the lines of circular polarization. The 
followingg three cases are the most straightforward for our prism geometry, which is 
discussedd in section 4.3.2: 

(a)) counterpropagating beams as shown in Fig. 7.2(a, d). The spacing between 
twoo lines of equal circular polarization is 27r/(fc||;i + k\\.2) < A/2. The spacing 
betweenn two lines of opposite circular polarization is half this value. The po-
larizationss of the input beams can be one TE and one TM polarized beam. 
Althoughh a TM polarized input beam results in general in an elliptically po-
larizedd EW, this polarization is still orthogonal to the polarization of the TE 
polarizedd EW. 

(b)) planes of incidence at 90° as shown in Fig. 7.2(b, e). The spacing between two 
liness of equal circular polarization is 27r/(k2.l + k2.2)

1^2 < A/i /2 . The simplest 
optionn is for the two polarizations to be TE polarized. A combination of a 
TEE and TM polarized input beam or two TM polarized input beams does not 
resultt in orthogonally polarized EWs. 

(c)) copropagating beams as shown in Fig. 7.2(c, f). The spacing between two 
liness of equal circular polarization is |27r/(/c||;i — k^2)\ » A. The same remarks 
aboutt the polarizations as for the counterpropagating beams apply. 



78 8 Analysiss of an evanescent-wave dark-state t rap 
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Figur ee 7.2: Schematic representation of (a) counterpropagating, (b) perpendicularly incident, and (c) 

copropagatingg beams. When the polarizations of the evanescent waves formed by these beams are 

perpendicularr they form a phase pattern parallel to the surface with a periodicity of respectively (d) 

<< A/2, (e) < X/V2, and ( f) > A (notice the different scale). Figures (d), (e) and (f) are calculated 

usingg angles of incidence of öc + 2 mrad and 0C + 20 mrad. Black and white lines indicate a phase 

differencee of . 



7.33 P u mp field opt imizat ion 79 9 

Whenn atoms are trapped on these lines, they can be used as an atomic grating 
withh an adjustable periodicity. This can e.g. be realized by changing the angles of 
incidence,, which causes a slight variation of the periodicity, or by only loading one 
polarizationn set of the 2 polarized lines or both, which causes the periodicity 
too change a factor 2. The counterpropagating geometry is a candidate for a trap 
inn which a Tonk's gas could be realized, due to its extremely elongated symmetry. 
Sincee initiall y our aim is to test these type of traps we have chosen the scheme with 
copropagatingg beams, since this is experimentally the easiest method to implement, 
ass wil l be discussed in section 7.2.2. Moreover its scattering rate is lowest as wil l be 
discussedd in section 7.4.2. The quantization axis in this geometry is roughly parallel 
too the k|j vectors. It is slightly titled in the plane parallel to the surface, with the 
til tt depending on the angle of incidence of the TM polarized beam as discussed in 
sectionn 2.1.5. For an angle of incidence of 20 mrad, this til t angle is 12° as can be 
seenn in Fig. 2.2. 

7.2.22 Optical setup 

Forr the EWs we use a Ti:Sapphire laser (Coherent, MBR-110) which is pumped 
byy a 10 W Verdi laser (Coherent). It can produce up to 1.8 W at wavelengths 
closee to the D\ line. Due to losses in the optics, this leads to typically 1 W of 
powerr inside the vacuum. The frequency of the Ti:Sapphire laser is monitored 
withh a Burleigh WA1500 wavemeter. The setup for the EWs is shown in Fig. 7.3: 
thee two polarizations are separated using a polarizing beam splitter PBSl and are 
recombinedd on a second polarizing beam splitter PBS2. The angles of incidence are 
independentlyy adjusted with telescope setups such as described in section 4.2. The 
firstfirst lenses LI and LI ' (focal distance 80 mm) of these telescopes are between the 
twoo beam splitters. The two telescopes share the second lens L2, which is behind 
PBS2.. Next the two beams are reflected towards the prism P using an elliptical 
silverr mirror SM. By using this interferometer like setup the overlap of the two 
beamss can be checked outside the vacuum. Before the first beam splitter PBSl, the 
powerr distribution between the two polarizations is adjusted with an electro-optic 
modulatorr and the beam is shaped with two achromat lenses. They are positioned 
suchh that the focus is on the first lenses LI and LI ' and it wil l thus be imaged on 
thee prism surface. In the focus of this beam-shaping telescope a shutter is placed. 

7.33 Pump field optimization 

Thee transfer of atoms from the F = 1 ground state to the trappable F = 2 state is 
duee to scattering photons either from the repelling EW or from a resonant EW that 
cann be switched off after the trap is loaded. The first option requires a relatively 
loww detuning of the trap and repellent fields, which results in a high scattering rate. 
Thereforee we use an extra pumping field. Moreover this relaxes the criteria for the 
parameterss of the trapping fields. 

Thiss section deals with optimizing the experimental parameters of the Raman 
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Figur ee 7.3: (a) top view and (b) side view of a schematic representation of the setup with which 

twoo evanescent waves with different decay lengths are created in the copropagating geometry. The two 

polarizationss are split using a polarizing beam splitter PBS1 and are recombined with another polarizing 

beamm splitter PBS2. Each of the arms passes a telescope with which the angle of incidence on the 

prismm surface can be adjusted, as discussed in section 4.2. By moving the first lens (L I or L I ' ) up 

andd down the angle of incidence of one of the beams is changed. Both arms share the second lens L2. 

(S)M:: (silver) mirror, P: prism in cuvet. 
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pumpp beam. The parameters in question are the angle of incidence, i.e. the decay 
lengthh of the evanescent field, the polarization and the intensity. Both theoretically 
optimall  values and methods to obtain these in the experiment are presented. The 
firstt part focuses on finding the optimum polarization and frequency of the pump 
field.. For our "copropagating" trap geometry we explain which alignment and po-
larizationn of the pump beam satisfies these conditions. In the second part a method 
iss presented to optimize the pump beam intensity. It should not be too intense, 
sincee then all atoms wil l be pumped away before they reach the trap region, and 
nott too weak, since then too few atoms wil l be pumped to the other state. 

7.3.11 Pump field geometry and polarization 

Tablee 7.1 shows the Raman transfer probabilities to a trapped state for the initial 
magneticc sub-levels mF=i of the F = 1 ground state. Values are given for the pump 
beamm tuned to all possible excited states of both D lines and for several polariza-
tionss of the pump field. The numbers are the products of the probability of being 
excitedd to a state that can decay to the \Fm) = |2, ) state and the probability 
too subsequently decay to the desired magnetic sub-state. They are calculated using 
thee pumping efficiencies that are introduced in section 2.3.2 and are graphically de-
pictedd for the 87Rb D lines in Fig. 2.4. For example we consider an atom initiall y 
inn the |1,1) state with the pump field resonant to the F = 1 —*  F' = 2 transition 
off  the D\ line and polarized in an equal superposition of a+ and a~. The atom can 
bee excited to both |2,0) and |2,2) with probabilities of ~ and §§ respectively. But 
onlyy the latter excited state can decay to the |2,2) ground state, with a probability 
off  |2. The pumping efficiency in this example is thus | | |2 = 1 ~ 0.286. 

Thee largest transfer probabilities obtained are for n (CT ) polarized light on the 
FF — 1 —  F' — 1 transition of the D  ̂ line, for atoms that are in the \Fm) = |1, ) 
(\Fm)(\Fm) = 11,0)) state. The major difference between the -K and a  polarized pumping 
fieldfield is that the former populates both the a+ and the a~ polarized trap sites, 
whereass the latter populates only one of the two types of trap sites, depending on 
thee polarization of the pump field. For an unpolarized incident sample of atoms it 
iss possible to switch the periodicity of the atomic grating, formed by the lines of 
trappedd atoms, by changing the polarization of the pump field. 

Inn the remainder of this chapter we focus on loading the trap using a n polarized 
pumpp field, tuned to the F — 1 —  F' — 1 transition of the D]_ line. Besides 
thee fact that it has the most efficient loading and that this polarization is easily 
createdd in the lab. it has an additional advantage. A trap site wil l only be loaded 
fromm one initial magnetic sub-state of the F = 1 ground state. Since the pump 
probabilityy is different for each initial sub-state, this simplifies the optimization of 
thee experimental trap parameters. 

Forr our trap geometry with copropagating trapping beams, there is only one 
optionn to obtain a TT polarized pump field. Only a TE polarized beam, incident 
(almost)) perpendicular to the trapping beams, results in a 7r polarized pump field. 
Ass discussed in section 2.1.5 the quantization axis at the circularly polarized sites 
iss rotated by a small angle \ with respect to the kj| vectors. This angle depends 
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Figur ee 7.4: The plane of incidence of the TE polarized pump beam should be rotated slightly to 

compensatee for the rotation of the quantization axis at the trap sites with respect to the kn vector. 
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Tabl ee 7.1: Probabilities for an atom to end up from any of the magnetic sub-states of the F = 1 

groundd state in a trappable state |2. ) after making a spontaneous Raman transition induced by 

scatteringg a pump photon. The probabilities are given for several evanescent pump field polarizations 

andd for the pump field to be resonant with all possible excited states of both the Dj and the D2 line. 
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onn the angle of incidence of the TM polarized beam. The plane of incidence of the 
pumpp beam should be rotated over the same angle x m order to be perpendicular 
too this quantization axis, as indicated in Fig. 7.4. 

Beamss with linear input polarizations that are incident from other directions 
leadd in general to some superposition of a+ and a~ polarization. A field with pure 
aa++  or <T~ polarization is very difficult to realize, since it is not possible to measure 
whetherr the EW is circularly polarized. One thus has to calculate the necessary 
ellipticityy of the incident beam, thereby relying on the knowledge of the Fresnel 
transmissionn coefficients of all the optics on its path. The same problem holds for 
anyy other polarization. 

7.3.22 Pump field intensity and decay length 

Thee repulsive potential for the F — 1 atoms is not an exponentially decaying func-
tionn in space because it originates from two exponentially decaying potentials with 
differentt decay lengths and different polarizations. This makes also the polarization 
aa function of the distance from the surface. We have to find a general, experimentally 
usable,, solution to optimize the pump field decay length and the pump intensity, 
independentt of the trajectory of the falling atoms. The decay length should be as 
shortt as possible, since this enhances the scattering close to the surface with respect 
too further away. 

Inn the following analysis we wil l assume the atoms to be optically pumped to the 
magneticc sub-state from which the trapped state is loaded. In order to optimize the 
loadingg of the trappable states [2, }  the absolute scattering rate at the turning 
pointt of the atoms must be optimized. This depends on the remaining population 
Tiii  of the magnetic sub-state that can be transferred to a trappable state and on the 
scatteringg rate. The trajectory of the falling atoms is given by (,(t), with £(0) = z0 

thee turning point, which is determined by gravity and the repulsive potential. When 
ann atom scatters a photon it has a probability pi to end up in its original state, a 
probabilityy p<i to end up in a trappable state, p$ to end up in another magnetic 
sub-statee of F — 2, and a probability p4 to end up in another state of F = 1, with 
PiPi + pi + Pz + P4 = 1. The rate equation for ri\  is 

n1(t)) = {p 1- l )T ?(C(t) )n1(0, (7-3) 

withh f](C(t)) the time dependent scattering rate the atom encounters. This can be 
derivedd from the local scattering rate 7](z), which in turn is proportional to the local 
pumpp intensity. This equation can be formally solved as 

n1(00 = ni(*o)e-J"4f1-"1J"<«T»dT. (7.4) 

Heree t0 < 0 is the time at which the atoms are released from the MOT. 
Thee pump rate at the motional turning point ry(C(0))ni(0) can be maximized by 

optimizingg the amplitude of rj(z). By substituting rj(z) = 17077(2) with r/(C(0)) = 1 
wee have to optimize 770 in order to maximize W?(C(0))ni(0)- The solution of 

^ -- (^(CCOJÏn^toJc-/ '°o(1-p, ) ,*" ï (c (T) )dT) = 0 (7.5) 
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satisfiess this criterium. Here n\(Q) has been evaluated using Eq. (7.4). Solving Eq. 
(7.5)) yields 

o o 
( l -P i )W/ (C(T) )drr = l . (7.6) 

i.e.. the expectation number of the number of scattered photons that lead to the 
atomm ending up in another than the initial state equals 1. This result is completely 
independentt of the input trajectory and the distribution of the pumping field. After 
aa full bounce the number of scattered photons wil l be twice this value, which leads 
too a final population of ni of l/e2 of its original value nj(r0). 

Thiss can be used to experimentally optimize the pump intensity. Using an ab-
sorptionn probe, which is resonant with the F = 2 —• F' = 3 transition, only atoms 
inn F — 2 are detected. We can slightly adjust the trap parameters, which will be 
discussedd in the next section, so that no trapping potential is present, and thus all 
atomss will bounce on the repulsive potential, but the scattering remains unchanged. 
Tht11 pump intensity can now be adjusted to optimize the fraction of atoms that is 
transferredd to F = 2 during the bounce. 

Dependingg on the specific pump transition, a certain fraction of the atoms that 
aree pumped from the initial state will end up in the F = 2 ground state. For our 
chosenn pump transition (n polarized pump field tuned to the F — 1 —> F' — 1 
transitionn of the D\ line) this fraction is (p2 + P:i)/{P2 + Pi + PA) — ^r- So after a 
fulll bounce a fraction ^ ( 1 —K) ~ 78.6% of the atoms should be in the F = 2 state 
att the optimal pump intensity. For an unpolarized initial sample of atoms an extra 
factorr comes into play. In our case, atoms in the |1,0) ground state are decoupled 
fromm the pump light and will not be pumped to the F — 2 ground state. The 
repulsivee potential at a a  trapping site, for atoms in the |1 , ^fl) state will typically 
bee too low for the atoms to bounce, as is obvious from Fig. 7.5. and also these atoms 
willl not contribute to the F — 2 population after a bounce. So only atoms which 
aree initially in the |L ) state at a a  polarized trapping site will be pumped to 
FF — 2. The fraction of atoms that should be transferred to the F — 2 ground state 
forr an unpolarized sample should thus be approximately | x 78.6% = 26.2%. 

7.44 Optimization of trap parameters 

Inn order to optimize the trap characteristics for a given laser power several parame
terss are at hand: the laser detuning <5. the beam waist u\ the angles of incidence 
#TKK and #TM of the two polarizations, and the distribution of the1 available power 
betweenn the two polarizations. There are two quantities that have to be optimized: 
thee scattering rate, which determines the life time of the trap, and the trapping 
fraction,, which determines the initial number and density of trapped atoms. 

Thee first part of this section explains some details about the potentials of these 
doublee EW geometries. These potentials are used subsequently to derive expressions 
forr the scattering rate and the fraction of trapped atoms. Optimum values for the 
abovee mentioned experimental parameters wdll be derived by numerically optimizing 
thee scattering rate in the trap and the trapping fraction by systematically changing 
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thee experimental parameters. This is necessary since there is only a small window 
forr the experimental parameters that yields a system in which atoms can be trapped. 

7.4.11 Potentials 

Thee potentials are calculated using the procedure described in section 2.3.2, Fig. 7.5 
showss cross-sections of thee potential curves of all the F = 1 and F — 2 ground states, 
throughh the center of a trap, one perpendicular to the surface and one parallel to 
thee ky vectors and the surface. It is obvious from Fig. 7.5(a) that one of the F — 2 
statess has a local potential minimum at z = z0. The potential at this minimum is 
smallerr than 0 due to the Van der Waals attraction and the attractive potential due 
too far off-resonant coupling with the D2 line. The steep decline of the potentials 
whenn z — 0 is approached is due to the Van der Waals attraction. The EW potential 
shouldd be high enough near the surface to overcome the Van der Waals potential. 

Fromm Figs. 7.5(b, d) it is apparent that atoms that fall towards a trap region in 
thee F = 2 potential fall on a potential maximum in the F ~ 1 state. They wil l thus 
bee accelerated transversely, leading to a transverse displacement and an increase in 
kineticc energy. However, the displacement due to this acceleration is negligible with 
respectt to the transverse period of the trap and the gained kinetic energy due to 
thiss acceleration is negligible with respect to the initial energy spread of the atoms. 
Bothh effects wil l be neglected in the following optimization procedure. 

7.4.22 Lif e t ime 

Whenn the detuning from the Dx line is small with respect to the fine-structure split-
tingg between the D\ and the Z)2 line, the dominant contribution to the scattering 
ratee is due to the atom moving out of the circularly polarized region. When the trap 
iss approximated by an harmonic oscillator potential with energy levels (u + ^)huj, 
withh v = 0, 1, 2, 3 ,. .. and ui the harmonic trap frequency, the average potential en-
ergyy U is half of this value due to the equipartition theorem. The average scattering 
ratee is, according to Eq. (2.40). given by 7 = UYf(hb), with 6 the detuning with 
respectt to the D\ line. The scattering rate of atoms in the lowest vibrational state 
off  a one dimensional harmonic oscillator is 

Too = w (7.7) 

Forr an atom in the z t̂h vibrationally excited state, the scattering rate is 2v + 1 
timess higher. The trap frequency a/ in the z direction, perpendicular to the surface, 
iss much larger than in the other two directions. It wil l therefore dominate the trap 
loss,, which justifies this one-dimensional oscillator approach. The scattering can be 
decreasedd by choosing a larger blue detuning, as long as it is small with respect to 
thee D line fine-structure splitting. 
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Figur ee 7.5: Cross sections of the potentials of all magnetic sub-states of the ground states of 87Rb 

throughh the trap minimum. Shown are cross-sections for the F = 2 ground state, (a) perpendicular 

andd (b) parallel to the k]| vectors and the surface and cross-sections of the F = 1 ground state, (c) 

perpendicularr and (d) parallel to the surface. The trapping potential for the |2, ) state and the 

repulsivee potential for the state from which we load the trap ) are drawn with a thick line. 

Notee that the motional turning point of atoms incident on the ) potential overlaps with the trap 

minimum.. These potentials are calculated in the center of the evanescent field for the parameters 

ÖTEE = 450 jurad, 8TM = 20 mrad, 1 W total power, 300 /*m beam waist, 5 = 23.8 x 103 T and the 

fractionn of power in the TE polarized beam is 27.4%, 

7.4.33 Trapping fraction 

Thee estimate of the realizable fraction of trapped atoms can be written as the 
productt of two factors. The first, fx, is the fraction of atoms that geometrically 
falll  on an area with a confining potential. The second is the fraction of atoms 
thatt scatter a photon at the correct height in order to be transferred into the trap, 
whichh is denoted by /s. This estimate is performed only for atoms with zero kinetic 
energyy in the center of the original cloud of atoms. The energy spread due to the 
finitefinite width and temperature is negligible with respect to the kinetic energy of the 
atomss when they arrive at the surface, and thus do not significantly influence the 
optimizationn of the parameters, as will be shown in the last part of section 7.4.4. 

Thee geometric factor /x , is estimated by the ratio of the trap width to the period 
off  the trapping potential as depicted in Fig. 7.5(b). Here we take as the t rap width 
thee width of the regions where the potential is lower than the perpendicular trap 
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depthh f/trap, 
__ trap width 

period d 
AA typical number for /x « 0.5. Note that in general the potential maxima parallel 
too the surface are larger than perpendicular to the surface. 

Thee scattering factor /s is determined by whether the atom scatters a photon at 
thee correct height, so that it will be trapped. This will be determined by a classical 
andd not a quantum-mechanical calculation, which will be justified in section 7.4.5. 
Forr an exponentially decaying pump field, the scattering rate at a certain height 
zz above the surface is denoted 77(2). The pump field is normalized such that the 
criteriaa described in paragraph 7.3.2 are fulfilled. In these calculations we have 
chosenn to have a relatively large angle of incidence 9C + 4°, which corresponds to a 
veryy small decay length of 0.4A. 

Sincee we chose a ir  polarized pump field tuned to the F = 1 —» F' = 1 transition 
off  the Di line we only need to consider 2 potentials, as discussed in paragraph 
7.3.1.. The potential > is the repulsive potential encountered by the falling 
atomss in the F = 1 ground state and U\2  is the trapping potential for atoms 
inn the F — 2 ground state, depicted by the thick curves in Figs. 7.5(c) and 7.5(a) 
respectively.. Whether the plus or the minus signs apply depends on whether a a+ 

orr a a~ polarized trap site is considered; the potential shape is the same for both 
cases. . 

Forr each height z we can calculate the remaining energy E(z) of an atom that 
endss up in the \Fm) = |2, ) state 

E(z)E(z) = mg((t0) - U\ {z) + U\2 2){z), (7.9) 

withh mg((t0) the initial potential energy of the atom, with m the mass of the atom, 
gg the gravitational acceleration constant, and C(*o) the initial height of the atoms 
abovee the surface. This energy should be smaller than the trap height Uita.p in order 
forr the particle to be trapped. When the turning point of the falling atoms is within 
thee trapping region, there is a time tx for which E{Q(tx)) = £/trap. For -tx < t < tu 

^(C(*))) < ^trap holds. The total trapping fraction can be calculated by integrating 
overr the absolute scattering rate between times -tx and ty. This integral has to 
bee multiplied by two factors in order to yield the scattering contribution /s to the 
trappingg fraction in the center of the trap. The first is the probability that the 
excitedd state will decay to the trapped state, P2AP2+P3+P4) as discussed in section 
7.3.2.. This is equal to | | for our pump geometry. The second is a correction factor 
ppp to take into account whether a polarized or an unpolarized sample is considered, 
equall  to \ in our case for an unpolarized sample of atoms. Both factors are already 
explainedd in section 7.3.1. The scattering contribution to the trapping fraction is 
thus s 

Thee trapping fraction /s determines the density increase of the trapped atoms 
withh respect to the falling atoms, whereas fx only influences the number of trapped 
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Figur ee 7.6: Determination of the scattering rate 70 and the trapping fractions fs and fx for (a) varying 

detuningg <5, (b) varying beam waist w, and (c, d) varying angles of incidence ÖTM and ÖJE Unless 

specifiedd otherwise the parameters are taken as #TM = öc + 20 mrad, 6TE = öc + 450 /xrad, P = 1 W, 

ww = 300 (im, ( ( t 0 ) = 4.2 mm, and an unpolarized sample of falling atoms. The detuning <5 (the initial 

heightt ((to) for (a)) and the distribution of power between the TE and TM polarized components is 

variedd for each point in order to overlap the turning point with the trap minimum and to have the trap 

maximumm closest and further from the surface at the same height. These optimized values are shown 

inn (e, f, g, h). 
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atoms,, but has no influence on the density. Therefore we wil l optimize the trap 
parameterss for maximum / s in the next section. 

7.4.44 Parameter optimization 

Forr a wide range of combinations of angles of incidence of the TE and the TM 
beams,, denoted #TE and #TM respectively, there is a combination of detuning 5 and 
powerr distribution between the TM and the TE polarization for which a confining 
potentiall  is present. By changing the power distribution, the symmetry of the trap 
cann be adjusted. The maximum closest to the surface can be increased by using a 
largerr fraction of the power in the beam with the shorter decay length, because there 
iss more power available to counteract the Van der Waals potential. The maximum 
farthestt from the surface wil l consequently decrease. For a larger fraction of the 
powerr in the beam with the longer decay length, the reverse wil l happen. When 
thee potential maxima closest to and farthest from the prism are equal the trap is 
maximallyy deep. By changing the detuning, the turning point of the falling atoms 
cann be overlapped with the trap minimum. Mainly the amplitude of the F — 1 
potentiall  is changed, while the trap position is only shifted slightly. Using this 
parameterr the loading can be optimized for every initial height of the atoms. 

Figs.. 7.6(a, b, c, d) show the optimized trap fractions fx and /s as discussed in the 
previouss section, and the scattering rate 70 of thee lowest vibrational state for varying 
detuningg Ö, beam waist w and angles of incidence of the TM and TE polarized beams 
#TMM  a nd #TE respectively. Unless specified otherwise, the parameters are taken as: 
initiall  height of the atoms ((^0) = 4.2 mm, the total laser power P = 1 W, beam 
waistt w = 300 /im, and the angles of incidence $TM = #c+20 mrad, and 0TE = #c+450 
firad.firad. Figs. 7.6(e, f, g, h) show the optimized values for the detuning (initial height 
off  the atoms in case of Fig. 7.6(e)) and the fraction of power in the TE polarized 
beam. . 

Inn Fig. 7.6(a) the detuning 6 is varied and for several values of 6 the fall height 
forr which the atoms turning point overlaps with the trap minimum is determined. 
Thiss graph shows that both the scattering rate decreases and the loaded fraction / s 

increasess when the atoms are initiall y closer to the surface. In the experiment the 
MOTT is at 4.2 mm above the surface, which is as close to the surface as experimen-
tallyy possible. We come to the same conclusions for other choices for the angles of 
incidencee for the TE and TM polarized beam. 

Fig.. 7.6(b) shows the trapped fraction and the scattering rate for different values 
off  the beam waist. The graph shows that the trapped fraction increases slightly and 
thee scattering rate decreases rapidly for decreasing beam waist, mainly because a 
largerr detuning S can be used. Similar results have been obtained for other values 
forr the angles of incidence of the TE and TM polarized beams. Since the detected 
signall  wil l be the sum over all trap sites, choosing a larger waist wil l result in more 
signal.. We choose a waist of 300 /mi as an intermediate. 

Althoughh we are free to choose whether TM or TE has the shorter or longer 
decayy length, power considerations convinced us to choose the TM polarization to 
havee the shorter decay length, since this is the higher power beam and the transmis-
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sivityy into the EW is highest for this polarization. The smallest angle of incidence 
shouldd be further away from critical than its divergence angle, so that the EW can 
bee approximated with an exponential decay in order to simplify the potential cal-
culations,, and to avoid propagating light. The largest possible angle of incidence is 
00CC + 50 mrad, which is limited by the size of the last mirror SM. 

Figs.. 7.6(c) and 7.6(d) show the results for varying the angles of incidence 0TM 
andd 0TE. The influence of a variation of 9TE on especially the scattering rate is 
veryy moderate. Choosing a very small value for #TE increases the trapped fraction 
relativelyy more than the scattering rate and thus seems to be a good choice. The 
scatteringg rate is strongly influenced by a change of #TM> whereas the trap fraction 
/ ss is more or less independent of this parameter. We wil l use a value of 20 mrad, 
forr which the scattering rate is at an appropriate level. 

7.4.55 Consequences for the experiment 

Thee "optimum'" t rap parameters for a total laser power of 1 W and an initial height 
off  the atoms of 4.2 mm are thus #TE — 450 /irad, #TM = 20 mrad, w — 300 ^ra, 
88 = 23.8 x 103 T and the fraction of power in the TE polarized beam is 27.4%. 
Cross-sectionss through the center of the resulting potential are shown in Fig. 7.5. 
Thee trap depth is approximately 0.2 HT corresponding to 57 fj,K. The trap frequency 
perpendicularr to the surface is 25.6 kHz. This leads to an estimate of 45 vibrational 
levelss in the trap. This justifies the classical treatment for determining the trapped 
fractionn as mentioned in section 7.4.3. 

Thiss t rap is deep compared to the spread in initial kinetic energies of < 10 fiK, 
butt shallow compared to the spread in initial potential energies of 0.18 hT due to the 
finit ee width of the typically 1 mm l/y/ë diameter of the atomic cloud. However this 
distributionn in incident energies results only in a very moderate spread of turning 
pointss due to the steepness of the |1, ) potential as shown by the dotted lines in 
Figs.. 7.5(a, c). 

Whenn the EWs are created by Gaussian incident beams, the intensity decreases 
towardss the edges. Since the Van der Waals potential is constant over the surface, 
thee main effect is a decrease of the potential maximum closest to the surface. In 
orderr to increase the area of the trap i t is necessary to have an asymmetrical trapping 
potentiall  in the center of the trap, with the potential maximum closest to the surface 
higherr than the potential maximum furthest from the surface. 

Duee to the last two effects, energy spread of the falling atoms and EWs created 
byy a Gaussian beam, the calculated optimum trap fraction /s of 10% in the center 
off  the t rap for monochromatic incident atoms has to be treated as a maximum 
value.. The ratio of the width of the initial cloud of atoms and the height of the EW 
trap,, scaled with the trap fraction / s yields an upper limi t to the expected density 
increase.. This yields a density increase of < 130 with respect to the MOT density. 
Whenn the temperature of the atoms trapped in the EW trap is estimated by half 
thee trap depth the phase-space density could be increased by a factor < 75. 

Thee ground-state lif e time of the EW trap is the inverse of the scattering rate 70, 
givenn by Eq. (7.7). For our parameters this yields 70 ~ 1.7 s_ 1, which corresponds 
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too a life time for atoms in the vibrational ground state of 590 ms. However, this life 
timee decreases rapidly for atoms in excited vibrational states. For realistic initial 
temperaturess in the trap the trap lifetime decreases to a few times 10 ms. E.g. the 
lif ee time for atoms in the 20th excited state is equal to the value of 14.3 ms that 
wass obtained for the SW trap, that was discussed in the previous chapter and [15]. 
Hence,, the use of a dark-state trap does not lead to the intended trap life time 
increase.. This is probably because for a dark-state trap, scattering a photon leads 
too the atom being lost from the trap with a probability of almost 1. This in contrast 
too the case of the SW trap, for which scattering a photon only results in a slight 
heatingg of the trapped atom. 

7.55 Probing considerations 

Thiss section deals with the problem of detecting atoms in the trap, since the evanes-
centt probing method of chapter 6 is not straightforwardly applicable anymore. The 
firstfirst part of this section discusses some adjustments that have to be made that en-
ableable us to use the in-situ evanescent-probing technique. The second part of this 
sectionn discusses the option to launch the atoms away from the surface and detect 
themm in free space. 

7.5.11 In-situ detection 

Detectingg the atoms in these traps is more challenging than detecting atoms in 
thee standing-wave trap of chapter 6. Detecting when the atoms are trapped is 
aa challenge since only one magnetic sub-state is trapped. Using the EW probe 
describedd in chapter 6 requires every atom to scatter many photons in order to have 
aa detectable absorption. However, scattering only a single probe photon (linearly 
polarized)) will almost certainly result in losing the atom from the EW dark-state 
trapp that is analyzed in this chapter. 

AA way to prevent this loss is to use a a  polarized EW probe. The probe 
wil ll  excite the |2, ) state to the |3, ) excited state of the D2 line, which can 
onlyy decay back to the trapped state. The a+ and a~ polarized trap sites can be 
detectedd independently by choosing either a a+ or a a~ polarized probe. However, as 
alreadyy discussed in section 7.3.1, making a circularly polarized EW is very difficult. 
Moreoverr the probe has to be a  polarized with respect to the quantization axis of 
thee trapped atoms. 

Another,, perhaps more realistic possibility is to split the magnetic sub-levels by 
addingg a small magnetic field parallel to the quantization axis of the trapped atoms. 
Thee closed transition |2, ) —• |3, ) on the £>2 line c a n n o w De addressed inde
pendentlyy from transitions to other magnetic sub-states by choosing the appropriate 
probee detuning. Also this probing scheme allows independent detection of the a+ 

andd a~ polarized trapping sites. 
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7.5.22 Time of flight detection 

Anotherr possibility is to release the atoms from the trap and detect them in free 
spacee during their flight. This can be done by e.g. pumping them back to the F = 1 
groundd state with a laser pulse tuned to the F = 2 —> F' — 1 or F' — 2 transition. 
Itt is also possible to slightly change the trap parameters, e.g. the distribution of 
thee power between the TE and TM polarizations, to remove the trap and have the 
atomss roll down the potential gradient. 

Thee detection can be performed using absorption imaging. However since the 
expectedd signal, especially during first attempts, wil l be low, one has to use a sensi-
tivee probing technique. We used a probe beam parallel to the prism surface which 
iss focused with a cylindrical lens. This "flat" probe is very thin, so that it has a 
goodd time resolution for vertically moving atoms, but is also wide so that all atoms 
wil ll  be detected. The detection is done by measuring the difference signal between 
thiss probe beam and an extra reference beam of equal power that originates from 
thee same laser. Although the probe is very weak in order to avoid saturation, we 
aree able to detect absorption down to a level of 10~4 [16]. 

7.66 Experimental set-back: prism roughness 

Inn practice we encountered experimental problems that prevented us from perform-
ingg the experiment. The amount of stray light originating from the prism surface 
provedd to be too much. Due to this problem the pump beam causes the atoms to be 
pumpedd to F — 2 before they enter the region of the EW field. This was apparent 
byy trying to optimize the pump beam intensity using a "'flat" probe as described in 
sectionn 7.5, approximately 0.5 - 1 mm above the surface. In order to optimize the 
fractionn of atoms that are pumped to the F — 2 state after the bounce, as described 
inn section 7.3.2. we gradually increased the power of the pump beam. We observed, 
however,, that falling atoms would already be pumped to the F = 2 state before 
reachingg the prism surface. Loading of the dark-state trap is impossible while this 
problemm exists. 

Wee eliminated the possibility that stray beams cause this effect. We checked 
thee system thoroughly for stray beams and eliminated them all until no more were 
present.. Moreover all three entrance facets of the prism were tried to transmit the 
pumpp beam to further diminish the possibility of the scattering being caused by a 
strayy reflection. This untimely pumping effect was persistent for different angles of 
incidencee and the precise location and orientation of the beam on the prism surface. 

Alsoo the off-resonant repulsive EW caused atoms to be pumped over before 
reachingg the prism surface. For parameters similar to the values used in [46] we 
weree not able to observe atoms bouncing inelastically. Al l the atoms bounced from 
thee surface with velocities expected for an elastic bounce. Pulsing the repulsive EW 
andd decreasing the duration of the pulse did not improve the result. 

Wee measured the amount of stray light wdth a calibrated CCD camera. It was 
calibratedd without imaging optics using a beam of known power. By placing the 
cameraa above the prism we can determine the amount of scattered light in the solid 



7.66 Exper imental set-back: pr ism roughness 93 

1.2 2 

1. . 

.22 0.8 

£ 0 . 6 6 

^ 0 . 4 4 
ft, ft, 

0.2 2 

0 0 

""  c 11 l l l l ( 1 
4TMM i ' M n 

1 1 

1. . 

0.8 8 
c c 
o o 88 0.6 

(NN 0.4 
II I 

ft, ft, 
0.2 2 

0 0 

""  B 

--
. . » » 

1 ' ' 

' ' 

y/ y/ 
SS A* 

DA-DA-
 **' A ^ s * 

*r*r s " 

'" " 

100 15 
time(ms) time(ms) 

1. . 

0.8 8 

33 0.6 

(NN 0.4 
II I 

ft, ft, 
0.2 2 

0 0 

""  D 

--

" " 
--

,y ,y 
s's' SX * 

I'l^fJ'' 1 1 

s'*^i'' s'*^i'' 
jC^**-jC^**-  " 

^ ^ 

00 5 10 15 20 
time(ms) time(ms) 

00 5 10 15 
time(ms) time(ms) 

Figur ee 7.7: Atoms falling down in the F = 1 ground state are being pumped to the F = 2 ground 

statee by stray light from a resonant pump beam with powers (a) 12.9 / iW, (b, d) 19.4 / iW (c) 401 

^tW,, tuned to the F = 1 —> F' = 2 transition of the Dx line. The black squares are measurements of 

thee fraction of atoms that is pumped to the F = 2 ground state and the error bars correspond to an 

uncertaintyy of 10% in the atom number. The solid line is a calculation based on the measured fraction 

off stray light 9(3) x 10~5 srad"1 , with the dashed lines calculations for the 1/e uncertainty limits of 

thiss value. In (d) the same data is shown as in (b), but for the calculated curves an initial fraction of 

10%% of the atoms in F = 2 is assumed, resulting in an even better agreement between measurement 

andd theory. 

anglee of the imaging optics in front of the camera. This leads to a scattered fractional 
brightnesss of 9(3) x 10~5 s rad- 1 with respect to the power incident on the prism. 
Withinn the measurement accuracy we observed no difference in scattering between 
TEE or TM polarized incident light. From the image of the CCD camera, the waist 
off  the beam at the prism surface was determined to be 1.0(1) mm. This measured 
fractionall  brightness is approximately 10 times higher than the fraction measured 
withh the prism in the former setup that is described in section 4.3.1. For this setup 
D.. Voigt reported a fraction of 5 x 10"6 in a solid angle of 5% [130]. 

Wit hh this information we can determine the rate at which atoms make a spon-
taneouss Raman transition from F = 1 to F = 2 due to the scattered light at a 
certainn height above the prism surface. Fig. 7.7 shows measurements of atoms 
preparedd in F = 1 being pumped to F = 2 during their fall. The TM polarized 
pumpp beam was switched on 5 ms after the release of the atoms and was tuned to 
thee F — 1 —• F' = 2 transition of the Dx line. The measurement was performed 
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forr 12.9 tiW (Fig. 7.7(a)), 19.4 //W (Fig. 7.7(b)), and 401 /iW (Fig. 7.7(c)) pump 
beamm power. The error bars of the measurements correspond to a realistic uncer-
taintyy of 10% in the measurement of the number of atoms. The lines in the graphs 
aree calculations using the fractional brightness. The source of the stray light is 
assumedd to be a point source. The solid lines are calculations for the mean value 
off  the fractional brightness, the dashed lines correspond to a fractional brightness 
onee standard deviation away from the measured fractional brightness. The mea-
surementss are in perfect agreement with the calculations, indicating that the stray 
lightt from the surface is indeed the cause of the problem. The offset between the 
measurementt and the theory curve in Fig. 7.7(b) suggests that the sample of atoms 
wass not produced purely in the F = 1 state. Taking this into account results in an 
evenn better agreement as shown in Fig. 7.7(d). 

Afterr disassembling the prism from the vacuum setup, a visual inspection of 
itss surface using an optical microscope showed point and line shaped structures. 
Thesee features could not be cleaned, so that we have to assume that these are dents 
andd scratches. The actual cause of these features cannot be determined anymore. 
AA possibility is that the original commercial prism did not meet its specifications. 
However,, since we did not encounter problems with an equal prism we used previ-
ously,, we expect the polishing procedure of the extra optical surfaces on the prism, 
thatt are described in section 4.3.2, to be the cause. In order for these surfaces to 
bee large enough for polishing, extra substrates of the same material were adhesively 
gluedd to the prism. After the polishing was finished these substrates were removed 
andd the remaining glue was removed by cleaning with acetone and subsequent clean-
ingg with methanol. Any hard particles in this glue might have caused the observed 
damagee to the prism surface. 

7.77 Conclusions 

Wee have performed a numerical analysis of the loading of an evanescent-wave dark-
statee trap in order to find a set of suitable experimental parameters. Several trap 
geometriess and their (dis)advantages were discussed. The analysis was performed 
forr a geometry in which the two beams that create the evanescent dark-state trap 
aree nearly copropagating. This trap is loaded from atoms that are transferred to the 
trappedd state during their reflection from an evanescent-wave mirror. We derived 
that,, independent of the trajectory of the atoms and the spatial distribution of 
thee pump field, a fraction 1 - e^2 of the atoms should be transferred during a 
fulll  reflection in order for the pump rate at the turning point of the atoms to be 
maximum. . 

Byy systematically varying the experimental parameters within the experimental 
limits,, we found a set of optimized parameters for which the trapping fraction was 
maximumm and the scattering rate was minimal. This resulted in a trap that was 57 
/iKK deep with a t rap frequency in the tightest direction of 25.6 kHz. We estimated 
thatt 10% of the atoms that fall onto a t rap region can actually be trapped. A density 
increasee of a factor 130 and a phase-space density increase with a factor 75 with 
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respectt to the MOT values should be possible. 
Thee life time is limited by the fact that scattering a photon leads to an almost 

immediatee loss of the atom from the trap. Even though the trap life time for atoms 
inn the lowest vibrational state can be as long as 600 ms, the expected life time 
forr samples with realistic initial temperatures is comparable to the values that were 
achievedd with the red detuned standing-wave trap that was discussed in the previous 
chapter. . 

Wee have found experimentally that the experiment poses very stringent require-
mentss on the prism surface quality. The insufficient surface quality of our prism 
preventedd the atoms from reaching the surface in F — 1, and thus from being 
loadedd into the dark state trap. It should be expected that the surface quality will 
alsoo be a limiting factor for the lifetime of atoms trapped in the EW dark state trap. 
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