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Chapter 6 

Quasi two-dimensional trapping of 
cold atoms 

6.1 Introduction 

Far detuned optical atom traps were first realized in 1986 by Chu and eo-workers [60], 
and has become a standard tool to confine atoms. They used a single, strongly focused 
Gaussian laser beam which was far off-resonance to the red side of an atomic transi
tion. Recently an extremely far off-resonance trap has been used to reach Bose Einstein 
condensation, using forced evaporation by lowering the beam intensity [61]. 

In optical lattices, cold atoms are trapped by dipole forces in periodic potentials cre
ated by interfering laser beams. They are used in a variety of studies of atom tunneling 
[62], Bloch oscillations [63], Wannier-Stark ladders [64] and quantum chaos [65]. A red 
detuned standing wave (SW) configuration has proven to be a good system for Raman-
sideband cooling to the lowest levels of the trap, where over 90% occupation of the lowest 
ground vibrational ground state of the potential has been reported [66, 67]. However the 
atoms were distributed over many anti-nodes of the SW, and the atomic density remains 
low. 

The ultimate goal of our experiment is to increase the density by loading atoms from a 
three dimensional configuration (MOT) into a single anti-node of a SW potential. Such a 
low dimensional optical trap will suppress heating due to reabsorption of scattered photons 
[17]. Loading of the SW trap cannot be done simply by overlapping the molasses. To 
address a single anti-node one needs an extreme spatially selective loading mechanism. 

A promising tool to do this is an evanescent wave (EW) [5]. The SW must then be 
created by the reflection of a laser beam at the same position as the EW. When atoms are 
dropped on the EW, they are slowed down and reflected. The spatially selective Raman 
scattering occurs preferentially around the turning point of the atomic motion. Therefore 
the atom is transferred into a (single) potential minimum created by the SW. The distance 
to the surface of trapped atoms will be roughly 0.5 fim. 
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Two effects are of interest in such a loading scheme. First, when the phase-space 
coordinates of the transfer to the trapped state are calculated, one finds that the phase 
space density can increase three orders of magnitude [5]. A second feature is the bosonic 
nature of the atoms [20]. The occupation of the quantum states of the SW potential is 
determined by the quantum statistics of the atoms. Transfer into the trapped states can 
be stimulated by the presence of identical bosonic atoms in the final state. This leads to 
a preferential further occupation of the most populated vibrational level of the SW trap. 
Whereas cooling methods usually produce samples in thermal equilibrium, such laser-like 
behavior yields non-thermal ensembles. As with all optical cooling methods, also here 
spontaneous photons remove entropy, necessary for phase space compression. 

In 1998, loading of a SW by an EW was realized for Ar* atoms [21]. This experiment 
showed the predominant loading of atoms into a single well, and measured lifetimes of up 
to 150 ms. The metastable character of the atoms allows for efficient and high-resolution 
detection of the trapped atoms. However a disadvantage of using metastable noble gas 
atoms is the limited density due to Penning ionization. Therefore in principle alkali atoms 
seem better candidates for reaching the limit of quantum degeneracy although BEC in 
He* has recently been achieved by evaporative cooling [22]. 

Here we present the first results of measurements we performed on loading Rb atoms 
into a SW trap. First we present the generic scheme and explore a new method of probing 
the atoms close to the surface by a grazing resonant probe. We prove that atoms are 
optically trapped, and investigate the number of atoms and lifetime of the trap. We 
compare the experimental results with classical models. Finally we give an outlook to 
a new trapping potential making use of dark states, and propose an improved detection 
mechanism. 
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6.2 Generic scheme 
We start by briefly reviewing the generic idea of loading an optical trap by a Raman 
transition. The original concept described in [20] is based on a A-type configuration of a 
three-level atom. In the experiments presented here the lower levels are the two hyperfine 
ground states Fg = 1,2 of 8 'Rb . and je) is an excited state. The atoms are prepared in 
the initial untrapped state Fg = 1, and transferred by a spontaneous Raman transition 
via |e) to the trapped state, Fg = 2, see Fig. 6.1a. 

The optical trap is created by an optical standing wave (SW) see Fig. 6.1b. which is 
far off resonance on the red side of either the Dx or D> line. The maxima of such an 
interference pattern then act as potential minima for the atoms. Our goal is to transfer 
a large number of atoms into a single anti-node of the SW. Therefore extreme spatially 
selective transfer of atoms is needed. In Chapter 5 we showed that this can be realized by 
the inelastic reflection of an evanescent wave (EW). The typical extension of such a wave 
is of the order of the optical wavelength of the light, and the process of inelastic reflection 
involves a spontaneous Raman transition. We showed the preferential probability to 
transfer the atoms around the motional turning point inside the EW. When the turning 
point of the EW coincides with a potential minimum, a maximum number of atoms will 
be trapped. 

6.3 Experimental setup 

The experimental configuration is an extension of the configuration used in the inelastic 
reflection experiment. We create a magneto-optical trap (MOT) of 8 'Rb atoms 6 mm 
above the BK7 glass prism. After loading the atoms into the MOT. we cool the cloud 
to 5 ixK and release it by shutting off the molasses beams. A part of the atomic cloud is 
guided towards the prism by a red-detuned optical guide, as described in Chapter 4. At 
the prism surface an EW creates a repulsive potential. This EW is switched on and off 
by a mechanical shutter (Uniblitz, LS3) for a duration TEW, typically 4 ms. The timing 
is chosen such that a maximum number of atoms is reflected within this time window. 
The end of this time window we define as t = 0. Together with the EW, the SW is also 
switched on. However after the EW is shut off. the SW remains on. and after time t the 
atoms are probed. 

The laser light for the SW is produced by a Ti:Sapplhre laser (MBR 100. described 
in Chapter 3) operating at 1 W. The 1/e2 radius of the beam at the prism surface was 
measured to be 0.6 mm. The standing wave was created by reflecting this beam at the 
surface of the prism, as can be seen in Fig.'6.1 and Fig.'6.2. In the latter picture the 
laser has been set to an atomic resonance in order to make the beam path visible by 
din ireseence of Rb background gas. Only I'A of the laser light w reflected at the surface. 
Multiple reflections at several surfaces of the prism and the vacuum cell are also visible. 
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a) b) 

Figure 6.1: a) Potentials for the reflecting and trapping states, Fg = 1,2. The evanescent 
wave reflects the falling atoms and transfers them, into the standing wave potential by a 
spontaneous Raman transition. Note that these potentials are idealized, i.e. there is no 
"cross talk" between the reflecting potential and the trapping potential, b) Geometry of 
the main laser beams in our trapping experiment. 

Such stray beams may give rise to unwanted photon scattering, producing heating and 

radiation pressure. 

6.3.1 Probing the atoms in the standing wave potential 

When the atoms are trapped in the SW, it is impossible to image them onto the CCD 

camera from the side due to limited resolution, and due to stray light which blinds the 

camera. For imaging the atoms from above the optical density is too low. 

Therefore we designed a new configuration of the probe, grazing just above the surface 

of the prism. In this way the apparent thickness of the sample along the direction of 

probe propagation is larger, and thus the optical density is increased. A Gaussian shaped 

resonant probe beam is aligned such that it overlaps the laser beam that creates the EW, 

but this probe beam is in opposite direction. When the reflection angle is just below the 

critical angle, a fraction of the probe beam propagates into the vacuum, just above the 

prism surface where the trapped atoms are located. Fig. 6.2 shows a photograph of the 

prism with the probe beam drawn in. When the probe beam leaves the vacuum cell it 

i> measured by a power-meter ',S1SST. Newport) placed 70 cm away from tin1 vacuum 
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Figure 6.2: Photograph of the vacuum cell with the prism, showing the configuration of 
the standing wave and the probe beam. The standing wave is created by a high power laser 
reflecting on the prism surface. It is made visible by tuning its frequency on resonance 
with the background Rb vapor. Clearly visible are the residual light beams, which arise 
from several reflections at surfaces of the prism and the vacuum cell. Also drawn is the 
probe beam, which is partially transmitted at the surface, at grazing exit angle. Its power-
is measured outside the vacuum cell. 

cell to reduce the amount of stray light from the SW. This signal is read out by a PC 
via an oscilloscope (TDS 220,Tektronix), after averaging over many shots. The intensity 
resolution was measured to be 0.7 % 0 of the probe intensity, limited by the digitizing 
resolution of the oscilloscope. To check the quality of this probing method, we measured 
the time of flight absorption signal of the atomic cloud, falling from the MOT onto the 
prism, with neither the EW nor the SW present. The result is shown in Fig. 6.3a. where 
the probe beam is switched on 30 ms after releasing the atoms from the molasses. This is 
just before the center of the atomic cloud reaches the prism. The time of flight absorption 
signal is a Gaussian with a r.m.s. width of 9 ms. This time of flight measurement shows 
a particular feature in the first 200 fis: initially the absorption increases, but then falls 
off to a constant level where it remains constant. This behaviour can be understood from 
radiation pressure by the probe beam, which is slightly blue-detuned from resonance. 
The atoms are accelerated by the probe, and due to their increasing velocity are shifted 
through resonance. The Doppler shift determines the rate of absorption and thus also the 
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Figure 6.3: a) Time of flight absorption signal of falling atoms, measured by the grazing 
probe, b) The first millisecond of the signal for three values of the detuning showing 
the effect of radiation pressure by the probe beam. The atoms are accelerated through 
resonance, and the velocity dependent Doppler shift affects the absorption. 

acceleration due to radiation pressure. We calculate the time-dependent acceleration v(t) 

of an atom interacting with the probe beam described by the detuning 5 and intensity / , 

by solving the differential equation 

v(t) = 
I/h (6.1) 

: 2 1 + 4 (5-2m. ' (£ ) /A) 2 / r 2 

where we assume the atoms to be initially at rest. The (analytical) solution of Eq. 6.1 is 

then used to calculate the time dependence of the absorption signal. The optical density 

V(t) is determined by the velocity through the Doppler shift 

V(t) = naw-
1 (6.2) 

T + 4(<5-2m>(i)/A)2 /r2 

where n and a^ are the 2-D atomic density and the absorption cross-section for 7r-polarized 

light respectively (Ch. 3). We measured the time of flight signals for three detunings, 

5 = 0. 0.3 and 0.6 T shown in Fig. 6.3b by the triangles, circles and squares, respectively. 

The solid curves are the result of Eq. 6.2 where we assumed the atomic density and probe 

intensity to be constant: 0.2J.S. The peak position of the measurements agree well with the 

result of the calculation. For the highest detuning, the peak is flattened due to additional 

atoms from the tail of the falling cloud, entering the probe region. This peaked structure 
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helps us to identify atoms in following experiments where fluctuations of background light 
(by the standing wave trap) make it difficult to determine the number of trapped atoms. 

6.4 Optical potentials 

The standing wave in our experiment is created by the reflection of a laser beam from the 
prism surface, which is uncoated. Despite the small reflection coefficient R = 0.04, the 
intensity distribution above the prism surface has an appreciable modulation 

I{z) = Jo [ (1 - SR]2 + 4\/R sin2(kz) } = I0[ 0.64 + 0.8 sin2(fc2) (6.3) 

In the limit of far detuning (with respect to the D<i line) and linear polarization the optical 
potential is a linear function of the local intensity I(z): 

U{z)/hT 
12 j / r 

(6.4) 

When the laser is tuned near the D\ line, the prefactor 1/12 reduces to 1/24. Note that 
in order to calculate the photon scattering from the SW also the position independent 
offset has to be taken into account. A typical potential, at the center of the EW, is 
plotted in Fig. 6.4. Atoms arrive at the surface with energy Ein = 2.27ir, indicated 
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Figure 6.4: Optical potential for the Fg = 1.2 states, created by the EW and the SW. 
Different curves are for different rrip sublevels. The dashed horizontal line indicates the 
energy of the atoms arriving at the surface. The EW is described by K ~ ' = 1.2A. intensity 
IEW = 104/ s and detuning öi = WOT. The SW potential is created by a beam with 
intensity Isw = 1 1 x 105 / s and Ó/2TT = - 7 2 GHz (D2 line). 
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in Fig. 6.4a by the horizontal dashed line. Because this energy- is larger than the SW 

potential modulation depth, the atoms are not hindered by the SW. In this example 

most atoms will be transferred to the upper state Fg = 2 around z/X = 0.7 - 1, thus 

the turning point coincides with an anti-node of the SW. The upper state experiences 

a potential well with a depth of U « 0.38 hT. corresponding to 107 fiK. It should be 

noted that the potential gradient of the SW should be larger than the gradient of the 

EW in order to create a potential minimum. Otherwise the EW expels the atoms from 

the surface. In other words, if the SW potential is lowered, the potential well closest to 

the surface vanishes. Fig. 6.4 shows the potentials during the loading of the trap. After 

closing the EW only the SW remains on. 

6.5 Measurements of atoms in an optical standing 
wave trap 

We have imaged the atomic cloud just after the inelastic reflection, and obtained the 
vertical density distribution. These are thus the atoms which are not trapped since they 
are so high above the prism surface. The data were taken 3 ms after shutting off the 
EW. Together with the probe, the repumper is switched on in order to image all atoms 
irrespective of their hyperfine state. A typical result is shown in Fig. 6.5 where the thin 
line corresponds to the case that the SW was off, and the thick line represents the case 
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Figure 6.5: Atomic distribution of inelastically reflected atoms with and without the stand
ing wave potential, 3 ms after the reflection. The EW is described by Si = 67 T, 
P = 60 mW. The SW is described by S = - 8300 F. P = 0.5 W. The reduction of the 
slow velocity component around z = 0.5mm indicates atoms that are missing, because they 
have been trapped. 
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where the SW was on. Clearly the strong caustic peak is reduced when the trapping laser 
is on. This peak corresponds to atoms transferred around the turning point in the EW. 
The decrease of this peak suggests that these atoms are trapped by the SW. To prove 
that atoms are trapped we have also probed the atoms in situ with the grazing probe, 
introduced in Sec. 6.3.1. 

The timing of the trap experiments is depicted in Fig. 6.6. After the atoms are 
transferred into the SW trap, the EW is shut off in order to reduce photon scattering. 
This scattering can pump atoms back to the untrapped Fg — 1 state. Hyperfine changing 
scattering can still occur after the EW is off, but the total optical potential is hardly 
influenced due to the large detuning of the SW. The probe flashes on at time t where 
t = 0 is defined as the end of the EW pulse. To observe all trapped atoms, the repumper 
is switched on simultaneously with the probe. The SW remains on while the probe flashes 
on. Since light from the SW is scattered all through the cell (see the multiple transmission 
and reflection beams of the TnSapphire laser through the vacuum cell in Fig. 6.3) it is 
also detected by the power meter measuring the probe intensity. Small deviations of the 
positioning of the SW laser manifest themselves as large intensity fluctuations on the 
power meter and many accumulations are necessary. To obtain a good time of flight 
signal we measured the probe intensity with the EW present, and subtracted the signal 
without the EW present. Although typically there was a large offset between the two 
curves, trapped atoms could be identified thanks to the characteristic peak in the TOF 
signal due to radiation pressure by the probe. 

A typical time of flight absorption signal after 14 ms of trapping is shown in Fig6.7. 

Time _ 
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Figure 6.6: Schematic overview of the timing of a standing wave trapping experiment. 
After the molasses are optically guided and pumped to the lower hyperfine ground state, 
the inelastic reflection transfers the atoms into the standing wave trap. After time t the 
atoms are probed, where t=0 is defined as the time the EW is shut off. 
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Figure 6.7: Typical absorption signal of trapped atoms averaged over 40 shots, displaying 
the typical Doppler peak. To smooth the signal, each point was averaged with its 5 closest 
neighboring points. 

The typical Doppler peak is present, and the maximum absorption is 5%o in this example. 
The noise after averaging over 40 shots is a combination of intensity noise of the probe 
laser and the detection noise. The error in determining the maximal absorption is 1.4P/oo, 
which sets a limit on the smallest measurable signal. To attribute a number of atoms to 
the signal we need to estimate the shape of the probe beam at the trapping region. Given 
the shape of the probe beam at a distance of 70 cm. we estimate the probe beam to have 
an area of A = 1.4 X 0.06 mm2 (1/e2 diameters) at the position of the trapped atoms. 
Following Lambert-Beer's law in the limit of small absorption, the probe absorption equals 
the optical density: aw n = an N/A, where av is the absorption cross section for linearly 
polarized light, and N the number of atoms within the area A. An absorption of 5 %o 
then corresponds to a number of 3.1 x 103 atoms inside the trap. 

To check if the atoms are really trapped in the SW, we have made reference mea

surements to eliminate other effects. The two most likely candidates for spurious atoms 

are: 

Inelastically reflected atoms- The absorption signal could be due to atoms which 

are falling towards the prism surface after being inelastically reflected. To investigate this, 

we left the SW off. We then probed at the same time, with and without the EW pulse. 

We observed no signal. This also rules out the presence of a tail of falling atoms before 

they have bounced. 

Guided atoms- Falling atoms could be guided by the SW. or slowed down by it. To 
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check this we left the EW off. and compared the absorption signal with and without SW 
present. Again no signal is found, excluding guiding effects. 

6.6 Loading of the standing wave t r ap 

To measure the efficiency of the transfer of atoms into the SW trap, we probe 14 ms 
after shutting the EW and varied the EW parameters. The trapping potential was kept 
constant: the power was f W with a detuning of -72 GHz, with a lateral Gaussian 
distribution with 1/e2 radius of 0.6 mm. The SW potential depth at the center is then 
171 /JK. 

The transfer rate at the turning point (and thus into the trapped state) depends on 
the decay length and detuning of the EW. Fig. 6.8a shows the probe absorption as a 
function of EW detuning, where the decay length is kept constant at K^1 = 1.2A. The 
number of atoms is proportional with the amount of probe absorption. The number 
of transferred atoms clearly shows a maximum around 100 F. We attribute the decrease 
below this detuning to the fact that the lowest hyperfine state is already too much depleted 
when the atoms reach the turning point. For larger detunings the optical scattering rate 
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Figure 6.8: Measurements of probe absorption, proportional with the number of atoms 
loaded into the standing wave trap, measured 14 ms after the evanescent wave is shut off. 
The trapping potential is described by 1 W, -72 GHz. a) Number of trapped atoms when 
the detuning 5i of the EW is varied, and its decay length K^1 = 1.2A is kept constant. The 
theoretical curves results from a rate equation calculation (dotted line), combined with the 
EW spot size (solid line), b) Loading efficiency where we varied the decay length, and the 
EW detuning is kept constant, di = 100r. 
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around the turning point is too low. The transfer rate at the turning point is plotted 

as the dotted curve. Another consequence of increasing detuning is the decrease of the 

number of reflected atoms, due to the decreasing potential height [29]. When both effects 

are combined, one obtains the solid curve in Fig. 6.8a. showing good agreement with 

the experimental data. The height of the theoretical curve has been scaled to fit the 

experimental values. It shows that the detuning dependence of the loading efficiency is 

as expected. Note that the maximum transfer rate into the trapped state differs from the 

total number of transferred atoms by the EW. We showed in Chapter 5 (see Fig. 5.10) 

that the total fraction of transferred atoms always increases for smaller detuning, and 

shows no optimum. 

The calculated potentials show that in the center of the EW the turning point of the 

atoms coincides with the third potential minimum. For off center positions the first and 

second minima overlap this turning point. We thus expect atoms to be loaded into three 

layers above the surface, each loaded in a ring of trapped atoms with different radius. 

With our present method of probing the atoms we are not able to distinguish between 

these different heights. 

Keeping the detuning of the EW constant at Si = 100 T, we also varied the decay 
length K_1 between 0.8 and 2.3 A, see Fig. 6.8b. When the EW is made less steep, the 
Fg = 1 state is already too much depleted when it reaches the turning point. Therefore 
fewer atoms are pumped near the turning point as can be seen in Fig. 6.8b. When the 
potential is steeper, i.e. for larger K, more atoms will survive in the lowest state when 
they arrive near the turning point. However we observe that the atomic signal does not 
increase. The reason for this decrease is that the time that atoms spend near the turning 
point decreases. The number of transferred atoms scales with this duration of reflection. 
We scale this duration linearly with K since the EW intensity as seen by the atoms is 
proportional to sech2(KVjt). A combination of this reflection time with the transfer rate, 
results in the theoretical curve in Fig. 6.8b. Again the amplitude of the curve has been 
scaled such that it overlaps the experimental data. We see that the theoretical behavior 
agrees well with the experimental curve. 

6.7 Lifetime measurements 

An important characteristic number of the atomic trap is the lifetime. We measured this 

by measuring the number of trapped atoms as a function of time, keeping everything else 

constant (in particular the parameters determining the loading properties). We set the 

parameters of the EW such that a maximum number of atoms is loaded into the trap: 

K_1 = 1.2Aand<5! = 100 T. The result of the lifetime measurements is shown in Fig. 6.9. 

where the SW power was kept at 1 W. and the detuning is set at -72 GHz (Fig. 6.9a) 

and -194 GHz (Fig. 6.9b). When the SW has a detuning of-72 GHz. we fit a 1/e lifetime 
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Figure 6.9: Measurement of the lifetime of atoms in the standing wave trap, measured for 
fixed (optimized) loading parameters. The standing wave is described by a total power of 
1 W and a detuning of a) - 12 GHz. and b) - 194 GHz with respect to the D2 line. Note 
the different time scales. 

of r =13 ± 2 ms. For this configuration, the trap depth U0 and maximum scattering 
rate 70 at the center of the beam are respectively 167 //K and 3.1 ms"1 . An atom in the 
lowest point of the potential would take r = U0/(Urecj0) = 150 ms (where Urec is the 
recoil energy [69]) of scattering to leave the trap; much longer than the measured value. 
However a more realistic classical model presented in the next section resulted in a lifetime 
of 17 ms. The explanation for this low value of the measured lifetime is that atoms do not 
start at the bottom of the trap, but are distributed over many levels, each with a different 
lifetime. Atoms with high energy will leave the trap evidently faster than atoms in the 
lower part of the trap. Also photon scattering of (resonant) stray light, for example from 
the repumper or resonant spectral background in the EW, leads to decreasing lifetime. 
Another reason could be that we only observe the initial fast decay and that longer lived 
atoms are not visible due to the noise level. 

When we keep the power constant and increase the detuning of the SW to -194 GHz. 
we measure a lifetime r =30 ± 15 ms. This increased detuning yields a potential that is a 
factor 2.6 lower, and the optical scattering rate is lower by a factor of 8. Since the lifetime 
scales like T ~ (7/7 ~ S. it would theoretically increase by a factor of 2.6. which is within 
the error of our experimentally measured values. When we increased the detuning even 
further in order to increase the lifetime, the absorption dropped below the noise level, 
although the potential by the SW should be high enough to trap the transferred atoms. 



Transfer efficiency 

Knowing the lifetime of the SW trap, we can calculate what the initial number of atoms 

was at t = 0, i.e. directly after loading the trap. In the data where the trap loading was 

measured at 14 ms, the lifetime of the trap was 13 ms. This means that at the moment 

of probing only 34% of the initial atoms were left. This initial value of atoms inside the 

trap is then 9.1 x 103. To know the transfer efficiency of the EW, we have to estimate 

the total number of atoms falling on the EW. From previous experiments we know that 

typically 5 % from the initial atomic cloud is reflected when they are freely expanding. 

When the guide is used this number is twice as large. The time window of 4 ms selects 

20% of the atoms along the vertical direction. Assuming an initial number of 10' inside 

the MOT. the total number of atoms arriving at the EW is 2 x 105. Thus a total fraction 

of about 5 ± 3% of the initial falling atoms are loaded into the SW. 

6.8 Model 

In section 6.6 we measured the dependence of the number of atoms transferred into the 

SW. We compared this number with the transfer rate of atoms at the turning point, 

calculated with a rate equations model. This produces good agreement with the data, 

apart from an overall scaling factor that determines the absolute fraction of trapped 

atoms. 

To describe the capture efficiency and the lifetime of the trap in more detail, we 

performed a one-dimensional classical Monte-Carlo calculation where we traced the tra

jectories of 500 atoms. Apart from their time- and spatial dependence, the potentials of 

the EW and SW were both dependent on the state of the atom, Fg = 1.2. The potential 

for each state is calculated using the two-level approximation, i.e. using unity Clebsch-

Gordan coefficient. Initially, each atom falls down in the Fg = 1 state with a velocity 

of v, = -0 .34 m/s . Its motion through the light shift potentials is calculated by solving 

the classical equations of motion for each atom separately because we explicitly take into 

account the stochastic nature of photon scattering. 

This scattering is described by tracking the time evolution of the optical scattering 

rate, which is also state, time, and position dependent. We introduce the survival proba

bility r](t') as the probability that the atom has not scattered a photon. This probability 

decreases (starting at r?(0) = 1) with the time dependent optical scattering rate: T) = -777. 

A spontaneous scattering event occurs when r](t') drops below a random number e. uni

formly distributed between 0 and 1. The atom obtains a fixed recoil velocity in the 

direction of the light field from which it was absorbed. A second recoil results from the 

emitted photon, which has a random direction in 3-D and is projected onto a 1-D axis 

in our calculation. The final state Fg = 1,2 is determined by a second random number, 

compared with the branching ratio. After the scattering event rj(t') is set to unity again, 
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Figure 6.10: a) Typical trajectory of a trapped atom, where the horizontal lines show the 
SW potential maxima. The atoms arrives from large height, and is loaded into the SW 
trap around t = 35 ms. The oscillation amplitude changes each time a photon is scattered. 
After 8 ms its energy exceeds the potential maximum, i.e. it leaves the trap towards the 
prism surface, b) Calculated transfer efficiency into the SW as a function of intensity of 
the EW for fixed detuning 8\ = 100T and decay length K _ 1 = 2.5 A. When the intensity 
is such that the turning point coincides with a potential minimum of the SW, the transfer 
is maximal. The potential depth of the SW was 160 fj,K. 

and the atom continues its trajectory until the next scattering event. A typical trace of a 
trapped atom is shown in Fig. 6.10a, where the horizontal lines show the maxima of the 
SW potential. The atom oscillates in the potential on a time scale much faster than the 
plotting resolution. The increasing oscillation amplitude shows the increasing energy due 
to photon scattering. 

With this model we calculated the fraction of atoms which are loaded into the poten
tial. This calculation is repeated for different intensities of the EW. keeping the SW trap 
potential constant. U = 160 jTK. The result is plotted in Fig. 6.10b. Different EW inten
sities describe different positions inside the Gaussian profile of the EW. The maximum 
around I^w = 52 mW corresponds to atoms loaded into the fourth anti-node of the SW. 
Reducing the intensity of the EW shifts the turning point of the atoms closer to the sur
face. When the turning point coincides with a potential minimum the trapped fraction is 
maximal. The position of the maxima is distributed logarithmically. When the intensity 
drops below 15 mW. the EW potential is not sufficiently high to reflect the atoms. From 
Fig. 6.10b we conclude that atoms are loaded into the first four anti-nodes of the SW. each 
filled in a ring above the surface. The average calculated transfer efficiency is 7 %. which 
is somewhat more than we have measured experimentally (around 4.6%). Note that the 
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model is purely classical, i.e. it does not take into account the quantum mechanical finite 

size of the reflecting and trapped states, and their Franck-Condon overlap integral [70]. 

After the EW is shut off, the trapped atoms remain in the SW, and scatter photons 

from it. When the remaining number of atoms in the SW is calculated as a function of 

time, we derive the lifetime of the trap. For a standing wave created by a laser beam of 

1 W and 0.6 mm 1/e2 radius we derive a lifetime of 17 ms and 37 ms for a detuning of 

-72 GHz and -180 GHz, respectively. These values are comparable to the values we have 

measured experimentally. On the basis of trap depth and photon scattering rate for a 

detuning of-72 GHz, it takes on average 142 ms for an atom to escape the potential, when 

its initial position was exactly at the lowest point of the potential. This indicates that 

many atoms are loaded in the trap either with residual kinetic energy, or at a position 

different from the exact potential minimum which lowers their lifetime in the trap. 

6.9 Outlook 

The data presented here are the very first data which we measured on trapped atoms in 

the SW. Many things can be done in order to increase the number of atoms inside the trap 

and the detection efficiency. Here we will discuss the two most interesting improvements, 

namely a resonant evanescent probe, and a dark-state trap. 

Evanescen t p r o b e 

To make a better estimate of the number of trapped atoms inside the SW, a promising 
probing method is being investigated. A resonant EW is applied at the same position 
as the reflecting/transfer EW, and is capable of probing very locally. Due to the high 
atomic density, a few percent absorption should in principle be realized. When this is 
accomplished, better estimates can be made about the atom number and the lifetime of 
the trap. Another feature is the spatial sensitivity of such a probe. By changing the decay 
length of the probe, information may be obtained about the height of the trapped atoms, 
i.e. in which potential minimum of the SW they are located. 

Dark state trap 

Another type of a low dimensional trap using evanescent fields can be created, by making 

use of dark states. To explain such states one has to consider the internal states of 87Rb. 

in particular the Fg = mF = 2 interacting with laser light tuned to the D\ resonance 

line. If this light is a+ polarized, selection rules require an excited state with nip = 3, 

which is not available in the 5p2Pi/2 manifold. Therefore the rnF = 2 is called a dark 

state. Trapping of such a state can be realized when one creates a polarization gradient, 

where at some point the polarization is exactly a+. The same argumentation holds for 

rnF = —2 and a~ polarized light. 
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Figure 6.11: a) Configuration of a E W polarization gradient trap. Two laser beams with 
orthogonal polarization create two evanescent waves with different intensity and decay 
length, b ) Calculated potential above the prism surface. Around z = 0.6 A the polariza
tion is exactly circular, and the Fg = nip = +2 is decoupled from the field. For this state 
the potential shows a local minimum which can act as a trap. In this example both beams 
have a 1/e2 waist of 200 /im and have a detuning of 170 T. The parameters characterizing 
the s-polarized beam are: power at the reflection surface P=15 mW. K~1 — 1.66 A. The 
p-polarized beam is described by « _ 1 = 0.56 A and P = 35 mW. 

We have calculated a special type of a polarization gradient made by superposing 
two evanescent wave fields with the same detuning, but with different polarization and 
decay length. Suppose we have two laser beams, each creating an EW above the prism 
surface, see Fig. 6.11a. For each laser beam we are able to choose the polarization (s or 
p). intensity and angle of incidence (thus the decay length of its EW). 

The s-polarized laser beam yields an EW with linear polarization parallel to the sur
face, and perpendicular to the plane of incidence. The EW produced by the p-polarized 
beam, is elliptically polarized in the plane of incidence, with its long axis perpendicular 
to the prism surface. The total polarization is obtained by the coherent sum of the two 
fields. This can be realized when the two beams are derived from the same laser source. 
When the decay lengths of the two evanescent fields differ, the polarization depends on 
the distance to the prism surface. When the decay length and intensity of both E W s 
are chosen correctly, at some height above the surface the polarization is exactly circular. 
At this position, the atom-light coupling with the Fg = nip = 2 state is zero, yielding a 
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Figure 6.12: Three dimensional optical potential created by two evanescent waves. The 
polarization gradient along the vertical direction occurs due different decay length. The 
beat pattern along the x-direction results from different k-vectors in this direction. 

potential minimum. Note that only this magnetic state can be trapped by such a poten

tial. Fig. 6.11b shows the total potential for all magnetic sub- states created by such a 

superposition. 

The two EW's have different k-vector components along the prism surface, due to 

their different reflection angle. Therefore they beat along the x-direction. The potential 

shown in Fig. 6.11b is only valid when both EW's have n/2 phase difference at the surface. 

For other phase differences the minimum is less deep or even vanishes. In Fig. 6.12 the 

potential for mF = +2 is plotted as a function z and x. In between two minima along £, 

the polarization is o~ and forms a trap for the mF = —2 state. The atoms can thus be 

trapped in parallel lines above the prism surface, with alternating nip = +2 and mp = —2 

polarized atoms. 

6.10 Conclusions 

We observed the trapping of 87Rb atoms in a red detuned optical standing wave trap. The 

standing wave was created by reflection of a 1 W laser beam from a glass prism surface. 

We loaded the trap by dropping the atoms on an evanescent wave, which reflects the 

atoms inelastically. This evanescent wave first slows the atoms down and consequently 

transfers the atoms from the lower (Fg = 1) to the upper (Fg = 2) hyperfine ground state. 

The initial state is an untrapped state, whereas the latter can be trapped by the standing 

wave when the transfer takes place around the turning point and coincides with a potential 

minimum. We observed the trapped atoms by absorption of a probe beam grazing across 

the prism surface. This probe beam was slightly blue detuned which resulted in a charac-
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teristic time dependent absorption profile, due to radiation pressure which causes a time 
dependent Doppler shift. After 14 ms of trapping this probe absorption was maximally 
5 %o- corresponding to 3.1 x 103 atoms. 

We measured the loading characteristics by changing the detuning and decay length of 
the evanescent wave independently. We found an optimum for both detuning and decay 
length, which could be explained by a model based on rate equations. 

We measured a trap lifetime of 13 ins when the detuning if the standing wave was set 
SSW/2TT = -72 GHz. This lifetime increased to 30 ms for 6sw/2ir = -194 GHz. These 
values are comparable to those calculated with a classical Monte-Carlo calculation. The 
measured number of atoms loaded into the trap was 9.1 xlO3 , corresponding to a transfer 
efficiency of 5%. The calculated transfer efficiency of 7% is within the experimental error. 

Increase of signal to noise ratio is necessary to obtain a more reliable and more accurate 
number of atoms. Future experiments using dark states were discussed, where the atoms 
are trapped in a polarization gradient, created by the superposition of two evanescent 
waves. 
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