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Abstract: We review light assisted collisions in a high-density far-off resonant optical
trap (FORT). By tuning the parameters of the light that induces the collisions, the effects
of the collisions can be controlled. Trap loss can be suppressed even at high atomic
densities, allowing us to count the atoms using fluorescence detection. When only two
atoms are trapped, individual loss events reveal new information about the process, and
the simplicity of the system allows for a numerical simulation of the dynamics. By
optimizing the experimental parameters, we implement an efficient method to prepare single
atoms in the FORT. Our methods can be extended to load quantum registers for quantum
information processing.
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1. Motivation

Over the past few decades, scientists have developed a wide range of tools to control and manipulate
microscopic systems [1–6]. A major motivation factor driving this development is the potential use of
such systems for quantum information processing [7–12]. The level of control of systems consisting of
individual or small sets of charged ions or neutral atoms is impressive, and quantum computing beyond
the limitations of classical computation now appears to be a realistic goal [13–21].
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The advancement in experimental capabilities revitalizes long standing questions in physics. This
happens in part as a consequence of their relevance to quantum information processing, but also because
the new technologies may be able to facilitate answers to these questions. For example, the process
of thermalization in an isolated system is not fully understood despite it being fundamentally important [22].
Answers to questions, such as how, when and why do isolated few-body and many-body systems
thermally equilibrate, remain incomplete, despite these being a subject of study since the establishment
of statistical physics [23]. Alongside theoretical advances [24–27], experiments are now addressing
such questions. Demonstrations of systems that do not thermally equilibrate [28], the occurrence of
prethermalization in an isolated system [29] and the nonequilibrium dynamics of fermions in an optical
lattice [30] have been reported in recent years.

The dynamics in the few-body regime is of particular interest. Studying few-body systems of
increasing complexity may enable the understanding of many-body phenomena [31–36]. Additionally,
explorations in this regime allow for the observation of individual dynamical events and fluctuations
away from the equilibrium, which often lead to discoveries of phenomena that are hidden in ensemble
measurements [6,37–41].

Optically trapped neutral atoms provide an exciting platform for studying few-body dynamics. The
atoms are nearly perfectly shielded from their environment, and a wide range of the system parameters
can be configured in a short timescale [42,43]. For the same reasons, they are also favorable candidates
for qubits in a quantum logic device [9,12,44,45].

In this review, we will describe our progress towards developing some of the tools necessary to realize
the full potential of this platform. We will focus on two key issues: firstly, fluorescence imaging and the
counting of atoms at high peak densities in a far-off resonant trap (FORT) and, secondly, the deterministic
loading of a single atom into a FORT. For both issues, light assisted collisions play a crucial role.
By implementing the idealized collision experiment where only two atoms are involved, we gain detailed
insight into the dynamics of the processes. Such experiments enable the observation of individual atom
loss events. A numerical model of the experiments allows us to interpret the ongoing dynamics of
the processes.

This review paper is structured as follows: Section 2 provides the physics behind light assisted
collisions between two neutral atoms and discusses how atoms release energy upon collisions. Section 3

gives a comprehensive account of our experimental methods to prepare a small number of atoms in
a FORT and how to count them. Section 4 presents the study of atomic collisional events between
two atoms and presents a numerical model and a simulation of the process. Section 5 describes our
method for deterministically preparing a single atom inside a FORT. Section 6 discusses the potential
applications and the future outlook of our system. Section 7 is a summary of the paper.

2. Light Induced Interactions between Two Atoms

In this section, we introduce the model of light assisted collisions that we employ to interpret our
experiments. We use the semi-classical approach developed in [46–48]. Figure 1 shows a schematic
description of a collision between two 85Rb atoms in the presence of a light field. Ug(R) and
Ue(R) represent the ground and excited-state molecular potentials, respectively, which depend on the
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inter-nuclear separation, R. In the large R limit, the atom-atom interaction can be neglected, and the
ground state is simply two 85Rb atoms in their ground state (denoted |S + S〉). Similarly, the first
excited state is a ground and an excited state atom (denoted |S + P 〉). The ground and the excited
states are separated by the free atom excitation energy, hν0. At intermediate R, the relatively short range
of the ground state interaction potential (its long-range asymptote is C6/R

6 with C6 a constant) ensures
that we can consider it to be independent of R. Due to a resonant dipole interaction [47,49], the excited
state has an interaction potential of a much longer range, which, for intermediateR, can be approximated
by its C3/R

3 asymptote, where C3 is a constant [50]. Depending on the relative phase of the interacting
dipoles, the excited state can either be attractive or repulsive.

Figure 1. Simple one-dimensional model of light assisted collisions: interaction potentials
as a function of inter-nuclear separation. Red arrows represent the process of excitation of
an atom pair to an attractive potential. Blue arrows represent the process of excitation of an
atom pair to a repulsive potential.

In the presence of light with frequency νL (detuned by ∆ = νL−ν0 from a free atom), the ground and
excited states can be optically coupled. The optical transition frequency changes as two atoms approach
each other in a collision. The Condon point, Rc, is the inter-nuclear separation, where the atom pair is
in resonance with the light field (Ug(Rc)− Ue(Rc) = hνL). When the light is red-detuned (negative ∆),
it becomes resonant with transitions to the attractive excited potential, whereas blue-detuned light
(positive ∆) becomes resonant with transitions to the repulsive excited potential.

The probability for the atom pair to get excited at Rc =
(
C3

h∆

)1/3 (note that Rc is always a positive
value, as both ∆ and C3 are positive values for blue-detuned light and negative for red-detuned light)
can be determined by using the Landau–Zener (LZ) formalism in the dressed state picture [47], where
the excited state energy is offset by photon energy (see Figure 2). The optical coupling causes the two
dressed states to form an avoided crossing at Rc. When the atom pair pass Rc, they may go through
one of two different processes: a Landau–Zener (LZ) transition to the other dressed state, or they can
move adiabatically through the coupling region while remaining in the same dressed state (adiabatic
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following). The probability that the two approaching atoms undergo an LZ transition to the other dressed
state is given by [47]:

PLZ = exp

(
−2π~Ω2R4

c

3|C3|v

)
(1)

where Ω is the on-resonance Rabi frequency and v is the relative radial speed of the atom pair at Rc.
Consequently, the probability of the atoms undergoing adiabatic following is PA = 1− PLZ .

Figure 2. One-dimensional dressed-state picture of light assisted collisions with blue-detuned

light (atoms approach the ground state and get excited to the repulsive excited state). The
asymptotic states are the atom-field states, with n being the total number of photons in
the light field. The dressed states will cross each other at Rc in the absence of coupling
by the light as a result of resonance dependence on inter-atomic distance. The optical
coupling forms a Landau–Zener avoided crossing. The black arrow represents an atom pair
approaching each other.

2.1. Collisions Induced by Blue-Detuned Light

For a blue-detuned optical field, the atom pair in the ground state may get transferred to the repulsive
excited state atRc. In a collision, a pair of atoms crossRc twice: when the atoms come together and again
when they move away from each other. As we will see, the resulting collision may be elastic or inelastic.
An elastic light assisted collision occurs when an atom pair starts and ends on the |S + S, n〉 state
(represented by the red arrow in Figure 2). This happens when the atoms undergo adiabatic followings
or LZ-transitions at both crossings of Rc. An inelastic light assisted collision occurs when an atom pair
starts on the |S + S, n〉 state and ends on the |S + P, n− 1〉 state (blue arrow). For this to happen, the
atoms must undergo an adiabatic following (dotted black arrow) and then an LZ transiti on (green arrow),
or the other way round (dotted green arrow). The probability that an occurring collision is inelastic
is thus:

PI = 2PLZ (1− PLZ) (2)

By combining Equations (1) and (2), we can deduce that PI is dependent on Ω in a way such that PI in-
creases with Ω for low values of Ω up to a maximum probability and then decreases for high values of Ω,



Entropy 2014, 16 586

which gives rise to optical shielding [51]. At high Ω regime, the probability of elastic collisions increases
with Ω. However, our experiments are operated in the low Ω regime, where PI increases with Ω. During
the inelastic collision, if no spontaneous emission occurs, then the atom pair will gain the maximal
amount of energy given by h∆, which is the energy difference between the dressed states at largeR. The
atom pair will gain some amount of energy less than h∆, should spontaneous emission occur at some
point during the inelastic collision. Consequently, by controlling the frequency of the blue-detuned light,
we can choose the energy released in each induced inelastic collision.

2.2. Collisions Induced by Red-Detuned Light

In the presence of red-detuned light, two atoms in the Ug state that cross Rc can undergo a transition
to the attractive Ue state. In this state, the atoms attract and accelerate towards each other, gaining
kinetic energy. During the acceleration, there is a probability of spontaneous emission to the ground
state. When this occurs, the pair will have gained a kinetic energy, Kr, given by the difference between
the excited state interaction energy at Rc and at the inter-nuclear separation at which the spontaneous
emission happened (Rs) (see Figure 1). This means that there is no precise control over the amount of
energy released in an inelastic collision induced by red-detuned light.

3. Experimental Setup

In our experiments, we use atoms trapped in an 828 nm FORT [52] and study collisions induced by
an optical field. The first step of the experiments is to prepare a sample of atoms that we load into the
FORT from a magneto-optical trap (MOT). We have the ability to measure the number of atoms inside
the FORT from zero to 200 by using fluorescence detection of the trapped atoms. This allows as to
determine the average number of atoms at any stage of the experiment.

3.1. Loading Atoms into a Microscopic Dipole Trap

A drawing of our experiment is shown in Figure 3. The experiment takes place inside an ultra-high

vacuum chamber, where the vacuum-limited lifetime of a trapped atom is about 60 s. The experiment
chamber is connected to a source chamber containing a Rubidium (Rb) reservoir. This provides
controllable constant flux of Rb into the experiment chamber. To prepare a small number of atoms,
a MOT is used to cool and trap a cloud of 85Rb atoms. The MOT, which operates on the F = 3 to
F ′ = 4 transition of the D2 line, consists of three pairs of counter propagating beams with 6.4 mm
diameter. Since the MOT beams may excite atoms from the F = 3 ground state to the F ′ = 3 excited
state, the atoms may decay to the F = 2 ground state through spontaneous emission events. A repump
beam is included to optically pump atoms from the F = 2 ground state back to the transition used for
the MOT. Up to about 105 atoms are loaded into the MOT. Then, a 150 ms compressed MOT (CMOT)
phase increases the sample density and overlaps the center of the CMOT cloud with a FORT. The FORT
is on during the CMOT and subsequent stages. The atoms are further cooled through a 5 ms polarization
gradient cooling stage, and up to 200 atoms can be loaded into the FORT. The number of atoms loaded
can be decreased by reducing the MOT loading time. The FORT is a Gaussian beam with a wavelength
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of 828 nm focused by a high numerical aperture (NA = 0.55) lens to a spot size of w0 = 1.8 µm,
which is verified by Gaussian fitting to the cross sections of a magnified charge coupled device
(CCD) camera image of the focused beam and further confirmed by trap depth measurement from
fluorescence spectroscopy of single atoms. The beam power is 30 mW, corresponding to a trap depth of
U0 = h× 85 MHz.

Figure 3. Schematic of the experimental setup. Bright red lines represent the pathway of the
fluorescent light from the atomic sample to the electron-multiplying charge coupled device
(EMCCD) camera. FORT, far-off resonant optical trap (FORT); NA, numerical aperture;
MOT, magneto-optical trap.

With 200 atoms, the peak density of our microtrap is about 3.5 × 1014 cm−3. High peak densities
inside a FORT are usually prohibited, due to limiting factors, such as light assisted collisions, which
lead to rapid atom loss from the trap [53,54]. A peak density on the order of 1014 cm−3 is high for a
FORT without forced evaporative cooling. We achieve this density because the MOT beams efficiently
pump the atoms at the center of the trap to the F = 2 hyperfine ground state during the loading of the
FORT. This occurs because the FORT induces light shifts [55] that drive the MOT beams close to the
F = 3 to F ′ = 3 transition at the center of the trap (the light shift is 109 MHz). At the same time,
the FORT also shifts the repump transition by 109 MHz away from resonance, so it cannot efficiently
pump the atoms at the center of the trap back to the MOT transition. The atoms accumulated in the
F = 2 hyperfine ground state are about 3 GHz off resonance with the MOT light. This prevents the
MOT light from inducing light assisted collisions and, hence, allows higher peak densities. High-density
traps are conducive for the exploration of light controlled atom-atom interactions, since the atoms are
close enough to each other, such that light assisted collisions occur on short timescales.
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3.2. Detection and Counting of Atoms

For some atomic physics experiments, it is necessary to have the ability to detect and count atoms
inside a FORT. A standard technique is to collect fluorescence emitted from the atoms when they
are exposed to red-detuned cooling light [56,57]. However, the red-detuned light drives light assisted
collisions that cause rapid atom loss at high densities. This prohibits the counting of more than one
trapped atom [45,56].

In our experiments, we induce the atoms to fluoresce with an imaging beam close to the D1 line at
795 nm. The use of the D1 line is motivated by the fact that the light shifts in the D1 transitions are
independent of m-states, such that we can have well-defined detunings in our experiments. By using
near resonant blue-detuned light, we limit the energy released in each inelastic light assisted collision
to less than the FORT potential depth. However, a blue detuned probe beam may cause the atoms to
preferentially pick up the recoil momentum of the absorbed photons along the direction they move,
causing Doppler heating and subsequent atom loss. To counteract Doppler heating, the beam is retro-reflected

to form an optical standing wave. The resulting spatial intensity modulation of the imaging beam leads
to a form of Sisyphus cooling that counteracts the Doppler heating [58]. As a result, atom loss is
reduced, allowing us to accurately count several atoms in the FORT. Our probe beam has a Gaussian
intensity profile with a peak intensity of 142 mW/cm2 (unless otherwise stated) and is blue detuned
from the D1 F = 2 to F ′ = 3 transition for an atom at the center of the FORT. Since there is no cycling
transition on the D1 line, an excited atom can decay to either of the two ground states (F = 2 and
F = 3). To ensure that the atoms are always optically pumped back to the F = 2 ground state, some
of the light in the probe beam is shifted by about 3 GHz, such that it is resonant with the D1 F = 3

to F ′ = 3 transition. In addition, during detection, we use the six cooling beams (also used during the
MOT and molasses stages) slightly detuned from the D2 F = 3 to F ′ = 3 transition to return atoms at
the center of the trap to the F = 2 ground state. We denote the combination of the probe beam and the
six cooling beams as the imaging light.

The fluorescent light from the atomic sample is collected by the high numerical aperture (high NA)
lens used to focus the FORT laser beam (see Figure 3). Afterwards, it is reflected by a polarizing
beam splitter. It then passes through optical filters (used to remove stray light) and a second infinity
corrected lens of a focal length of 200 mm that causes it to form an image on an electron-multiplying
charge coupled device (EMCCD) camera. The high NA lens collects 10% of the fluorescent light, which
combined with the total transmission of 37% of the optics and a measured quantum efficiency of the
EMCCD camera of 60%, gives a total photon detection efficiency of 2.3%.

To determine the number of trapped atoms, we expose them to a 10-ms rectangular pulse envelope.
The EMCCD camera collects the fluorescence from the atoms while they are exposed. The total
fluorescence detected is calculated by integrating the area of the picture where the atom is imaged.
Figure 4 shows a histogram of the integrated fluorescence signal (with the gain settings of the EMCCD
camera used in our experiment, 1 detected photon increases the signal by, on average, 21 analog-to-digital
units (adus); however, the camera cannot resolve individual photons) for 2, 000 experimental runs. The
peaks represent 0, 1, 2, 3 and 4 atoms and become more unresolved as the number of atoms,N , increases.
This is because the collision rate scales as N (N − 1). For large N , the high rate of light assisted
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collisions causes significant heating and, thereby, atom loss, prohibiting us from counting the number of
trapped atoms non-destructively.

Figure 4. Histogram of the integrated analog-to-digital units (adus) from a small number of
atoms in the far-off resonant optical trap (FORT) [59]. The red curve is a fit of five Gaussian
peaks. The picture is an image of one atom inside the trap with an exposure time of 2 s.

In order to determine the number of atoms forN larger than 4, our approach is to account for the atom
loss during the exposure to imaging light. This allows us to subsequently deduce the averaged initial and
final atom number. We proceed as follows:

The atom loss rate due to collisions and one-atom losses is described by:

dN

dt
= −βN (N − 1)− αN (3)

where β is the two-atom loss rate and α is the one-atom loss rate.
Solving Equation (3) gives:

N (t) =
e(β−α)t

β
β−αe

(β−α)t + 1
N0
− β

β−α
(4)

where N0 is the initial atom number. The amount of fluorescent light of the atomic sample that we detect
can be expressed as:

Ftot (t) =

∫ t

0

F1N(t′)dt′ (5)

where F1 is the single atom fluorescence rate and N is the number of atoms in the trap. Carrying out the
integration gives:

Ftot (t) =
F1

β
ln

[
βN0

(
e(β−α)t − 1

)
β − α

+ 1

]
(6)

Experimentally, we measure the integrated fluorescence of the atomic sample as a function of time,
averaged over several runs. After preparing an atomic sample of N0, we take several successive
fluorescence images of it, each with 1 ms exposure time, and register Ftot for each image. We then induce
light assisted collisions with another light beam to reduce the atom number down to one or zero before
taking a final fluorescence image of 10-ms exposure time to determine F1, as well as the background light
level. After that, we plot the accumulated Ftot versus exposure time, as shown in Figure 5. We measure
α by preparing a single atom and measuring its survival probability at different imaging light exposure
times. From the survival probability, we can deduce the single atom loss rate due to the imaging light.
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We then fit the data of the Ftot versus exposure time graph with Equation (6) using the measured values
of F1 and α, with the free parameters being N0 and β. Figure 5 shows an example. The gradient of the
Ftot curve decreases with the exposure time, indicating that N gradually decreases due to atom loss.

Figure 5. Ftot as a function of exposure time, taken with 16 successive images of
1-ms exposure time each, with an imaging beam power of 13 µW and 15 MHz blue detuned
from the D1 F = 2 to F ′ = 3 transition of 85Rb. Blue points are the data points, and the red
curve is a fit with F1 = 763 adu per millisecond and α = 1.2× 10−3 per millisecond, giving
N0 = 75 and β = 5.5× 10−3 per millisecond.

4. Study of Collisional Events at Individual Levels

Typically, experiments on light assisted collisions or photo-association of cold atoms are conducted
on large samples. The shortcoming of such experiments is that the trap loss will be described by
averaged parameters, such as β and α, as we did in the previous section. Studying individual events
reveals information that is not accessible in experiments using large samples. Recently, there has been
interest in observing individual photo-association events by immersing a single trapped ion into a bath of
neutral atoms [60,61].

The earliest studies of light assisted collisions at the individual event level were conducted using
small samples of atoms in a high gradient MOT [62,63], where it was reported that up to 10% of the
loss events from the MOT are collisional one-atom losses. More recent work [64] reported a surprisingly
large normalized two-body loss rate, in a study of light-assisted collisions in a microscopic dipole trap
typically loaded with three atoms.
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In this section, we investigate light assisted collisions induced by blue-detuned light by preparing
exactly two atoms in the FORT and observing their dynamics. This allows us to investigate the collisional
trap loss processes at the individual event level. We prepare the initial atom pair by starting with a low
number of atoms in the dipole trap and then count the atoms and select realizations with two atoms
present. With only two atoms taking part in the experiment, we can provide a detailed numerical model
of the process and compare it with our results.

4.1. Evolution of Two Atoms Undergoing Light Assisted Collisions Inside a FORT

Inside the U0 = h × 85 MHz deep FORT, we induce collisions between the two atoms by using
a “collision beam” blue detuned by ∆c = 85 MHz from the D1 F = 2 to F ′ = 3 transition at the
center of the trap. It has a power of 11 µW and a waist of w0 = 150 µm at the position of the atoms.
Simultaneously, we include the six MOT cooling beams with reconfigured frequency and intensity to
cool the atoms between collision events. We denote the combination of collision and cooling beams,
the light assisted collision (LAC) light. Note that since the FORT light is far off-resonance, it does not
induce light assisted collisions between the atoms. This was experimentally verified by preparing a pair
of atoms and observing that they both remained trapped for typical durations of our experiments when
no other light was present.

Using the sequence illustrated in Figure 6, we have studied the evolution of two trapped atoms under
the influence of LAC light. The result is plotted in Figure 7a. We used the first detection stage to select
the realizations with two trapped atoms. We then varied the LAC light pulse duration, ∆t, to explore the
time evolution of the atoms inside the FORT. After that, we determined the number of atoms (zero, one
or two) remaining in the trap using a second detection stage. By repeating the experiment 180 times, we
measured the probabilities of obtaining zero, one or two atoms. The fitted curve in Figure 7a yields a
pair decay time of 70 ms. We can see that the most probable outcome of a trap loss event is that only one
of the two atoms is lost (2–1 decay) for the LAC light parameters used.

Figure 6. Experimental timeline: After loading an atomic sample, we image it to verify
if there are two atoms in the trap, and then, we do the experiments with them. A second
detection stage is to measure the outcome of the experiment.

We define our potential, such that U(0) = −U0 and U(x) = 0 far from the trap (x is where the
collision happens). An atom is lost once its kinetic energy exceeds |U (x)|. For 2–1 decay to dominate,
as observed in Figure 7a, an inelastic collision needs to release enough energy for one, but not for both,
of the atoms to escape from the FORT. Both atoms will be lost (2–0 decay) when a collision gives out
sufficient energy, such that the subsequent individual kinetic energies (K1 and K2) both exceed |U (x)|.
This scenario can be suppressed when using blue-detuned light by the appropriate choice of ∆
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(see Section 2.1). The atom pair will most likely gain an amount of energy h∆ and have pair kinetic
energy Kp = K1 +K2 above |U (x)| after colliding, but this does not guarantee that an atom will escape
from the FORT, since K1 and K2 can both be lower than |U (x)| when Kp < 2 |U (x)|. For only one
atom to be lost as a result of a collision, the pair of atoms must have a center of mass momentum prior
to the collision, such that the atoms will share the Kp unevenly. In this way, one of the atoms can have a
kinetic energy higher than |U (x)| and get lost, leaving behind only one atom in the FORT. For collisions
where the atom pair share Kp, such that K1, K2 < |U (x)| (neither is lost), there is a probability that
a second inelastic collision will give both atoms enough energy to escape from the FORT altogether.
This scenario can be avoided by using the cooling beams to remove some of the Kp between inelastic
collisions. Each of the cooling beams has a power of 0.64 mW, and they are 4 MHz red detuned from
the D2 F = 3 to F ′ = 3 transition for atoms at the center of the FORT. Since the atomic density drops
with increasing Kp, at high Kp, the collision rate decreases. The cooling beams will then have time to
lower the energy of the pairs between collisions. This mechanism decreases the chance of 2–0 decay.

Figure 7. (a) Two-atom evolution as a function of ∆t under the influence of blue-detuned
light with ∆c = 85 MHz and 11 µW of collision beam power. Green circles are the survival
probability of the two atoms. The blue squares and red triangles are the probabilities of
obtaining one and zero atoms, respectively. Error bars represent a statistical confidence of
68.3%. The solid lines are the fit of the experimental data. Dotted lines are the simulation of the

evolution [65]. (b) The same as (a), but with ∆c = 185 MHz and 7 µW of collision beam
power. LAC, light assisted collision.

4.2. Pair Dynamics Simulation

Since we are performing our collision experiments with a system consisting of only two atoms, the
dynamics of the process can be modeled numerically. This can be used to verify our explanation of the
physics behind the experimental data. The numerical simulation is based on three essential elements: the
initial selection of two atoms from a Maxwell–Boltzmann distribution, the calculation of the trajectories
of two atoms inside the FORT while undergoing laser cooling and the determination of the probability
of two atoms undergoing an inelastic collision event (PI) when they reach Rc.

The initial temperature of the atom pairs in the experiment is measured by using a release
and recapture method [66]. Figure 8 shows the measurement alongside a Monte Carlo simulation
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corresponding to a temperature of T = 280 µK. The pair dynamics simulation starts by randomly
selecting two atoms from a Maxwell–Boltzmann distribution with this temperature. Afterwards, we
determine the motion of the atoms in the FORT, which is treated as a Gaussian potential. This involves
the computation of the classical trajectories of the atoms using a 4th order Runge–Kutta algorithm and the
simulation of the effect of laser cooling on the atoms. For this, we determine the momentum change of an
atom if it, in a time step, scatters a photon from any of the six laser cooling beams. The photon scattering
probability is given by the two-level Doppler shifted absorption rate [67]. In order to determine suitable
detuning and intensity for the Doppler cooling model, we experimentally measured the temperature
evolution of an atom under the influence of the LAC light. This was done by heating up the atom and
measuring its temperature after it had been cooled by the LAC light for different pulse durations. The
parameters of the model are adjusted, such that the temperature evolution of a simulated single atom
agrees with the measured temperature evolution. In Figure 9, we show an example of the results of the
experiment and the adjusted Doppler cooling model, which corresponds to an exponential decay with
time a constant of 5 ms to an equilibrium temperature of 250 µK.

Figure 8. Release and recapture temperature measurement of two atoms in the FORT. The
black circles are the experimental data fitted by a release and recapture simulation curve with
temperature T = 280 µK.

Each time the two atoms reach Rc, an inelastic collision will happen with probability PI (see
Equation (2)). A quantity of energy equal to h∆ is then transferred to the atom pair, such that the
center of mass momentum is conserved and the change in the individual atoms’ momentum is along
their inter-nuclear axis. Since collisions are most likely to happen at the center of the trap, we assume
that the atoms are in the F = 2 ground state when computing PI , and so, we use ∆c for calculating Rc.
When an atom has gained a kinetic energy higher than |U (x)|, it is considered lost.

To quantitatively compare the model to our experimental data, we generated the probabilities for
obtaining zero, one or two atoms as a function of time by averaging over 500 simulation runs. The
simulated results are exhibited alongside the experimental data in Figure 7a, showing good agreement.
In order to compensate for the simplicity of the two-level molecular model in predicting PI , we adjusted
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the Rabi frequency, Ω, in PLZ , such that the two-atom decay time in the simulation is consistent with
the experiment. Figure 7b shows a similar set of data and simulation using different collision beam
parameters (∆c = 185 MHz and 7 µW of the collision beam power). Again, there is good agreement,
and the adjustment factor for the Rabi-frequency matched that of Figure 7a within 7.5%.

Figure 9. Temperature evolution of an atom under the influence of the light assisted collision
(LAC) light as a function of time. The red circles are the measurement, and the black line is
the simulation.

5. Deterministic Preparation of Single Atoms

The efficient preparation of a single atom has been a subject of interest in recent years. The loading
of degenerate gases to an optical lattice followed by a quantum phase transition to a Mott-insulator
state efficiently loads single atoms into each of the optical lattice sites [40,57]. Light assisted collisions
have been used to redistribute atoms in an array of traps [68] and to isolate single atoms in an optical
microtrap [52,56,69,70].

In this section, we will explain how we can prepare single atoms in a FORT with an efficiency of
91%. We will also investigate the roles of each beam parameter used during the process and explain how
these parameters affect the single atom loading efficiency.

Our target is to find a deterministic way to prepare exactly one atom in a FORT. The stages of the
experiment are illustrated in Figure 10. First, we load enough atoms from the CMOT into the FORT,
such that the probability of starting with zero atoms inside the FORT is almost zero (we typically load
about 20 atoms into the FORT). We then apply the LAC light on the atoms. The LAC light induces light
assisted collisions in which the atoms can gain energy and get lost from the trap one by one through
the 2–1 decay channel described in the previous section. Once there is only one atom left in the trap,
no more collisions will happen, and the final atom remains. Finally, we determine the number of atoms
left in the trap. To achieve high single atom loading efficiency, two different processes that can cause a
zero-trapped atom outcome have to be minimized: processes where a single atom is loaded before the
end of the LAC pulse duration, but is lost before the imaging stage, and processes where the final pair of
atoms in the trap is lost upon a collision. As we will see below, the first can be minimized by having a
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long single atom lifetime, while the latter can be minimized by choosing appropriate parameters for the
LAC light.

Figure 10. Stages of the single atom loading experiment: (1) About 20 atoms are loaded into
the FORT from the compressed magneto-optical trap (CMOT); (2) the LAC light induces
light assisted collisions between atoms during the collision stage; (3) the imaging light (see
Section 3.2) induces fluorescence on the atoms to determine the number of atoms left in
the FORT.

5.1. Dependence on Collision Beam Detuning

The single atom loading efficiency depends on the energy released due to the light assisted
collisions. To study this, we repeated the experiment for different collision beam frequencies in the
range 15 MHz< ∆c < 185 MHz. In this experiment, we fix the cooling beam power to 0.64 mW
and the duration of the collision pulse to 385 ms. The collision beam power has been adjusted at
each ∆c in order to maximize the probability of loading a single atom in the FORT. In Figure 11,
we have plotted the single atom loading efficiency, as well as the probabilities of obtaining zero or
two atoms for different values of ∆c. We observe that the single atom loading efficiency increases
with ∆c, until it peaks at ∆c = 85 MHz, and drops after that. As stated before, a long single atom
lifetime is important in order to avoid losing an atom before its detection. To monitor this lifetime,
we prepare a single atom and measure the probability that it remains trapped (survival probability)
after being exposed to a fixed LAC pulse duration of 3.5 s. The result is shown in Figure 12. The
LAC pulse duration of 3.5 s was chosen to reveal when the single atom lifetime significantly affects
the loading of single atoms. In Figure 12, we observe that the single atom survival probability, and,
thereby, the single atom lifetime, decreases with ∆c. This is due to the stronger radiation pressure
exerted on the atoms by the collision beam as it is tuned closer to resonance, causing increased heating
on the atoms and leading to a higher equilibrium temperature. An atom that visits the high energy
tail of the thermal distribution will escape from the trap after it has been prepared. This explains the
reduced single atom loading probability at small ∆c observed in Figure 11. The reduction observed
at ∆c > 85 MHz is due to the higher energy released in each collision event (h∆c), which enhances
the chance for both atoms to have enough energy to escape from the trap. To verify this, we measured
the two-atom evolution under collision beam parameters identical to those of the ∆c = 185 MHz
point in Figure 11. We observed that there was a significant increase of 2–0 decay (pair losses) when



Entropy 2014, 16 596

compared to the results of Figure 7a (in which the parameters corresponded to the ∆c = 85 MHz point).
Hence, the peak loading efficiency at ∆c = 85 MHz occurs as a compromise between the single
atom loss at small detunings and pair loss due to increased energy released upon collisions at larger detunings.

Figure 11. Probabilities of obtaining zero, one and two atoms versus the detuning of the
collision beam (∆c) [65].

Figure 12. Single atom survival probability as a function of ∆c with a fixed pulse duration
of 3.5 s [65].

5.2. Dependence on Collision Beam Power

To study how the single atom loading efficiency depends on the collision beam power, we first fixed
the detuning of the collision beam to ∆c = 85 MHz. Next, we varied the collision beam power and
measured the single atom loading probability for different durations of the collision pulse. Both the
inelastic collision rate and the single atom lifetime change significantly when we change the collision
beam power. The collision pulse duration that yields the maximal probability for loading one atom
will therefore vary with the collision beam power. For each collision beam power, we varied the pulse
duration to optimize the probability for obtaining one atom at the end of the collision pulse. The left axis
of Figure 13a shows the probabilities of loading zero, one or two atoms versus the collision beam power
for the optimized collision pulse duration. The orange stars and orange right axis of Figure 13a show
this optimized duration of the collision pulse at each power. The largest single atom loading probability
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occurs at a collision beam power of 11 µW with a pulse duration of 385 ms. In Figure 13b, we show
the single atom survival probability after a collision pulse of a duration of 3.5 s for each collision beam
power (a similar method as in Figure 12). As expected, at high collision powers, the single atom survival
probability is reduced, due to the increased heating from radiation pressure.

Figure 13. (a) Loading probabilities as a function of the collision beam power [65]. Blue
squares, red triangles and green circles are probabilities of loading one, zero and two atoms,
respectively. (b) Single atom survival probability after a collision pulse of a duration of 3.5 s.
The lines are a guide for the eye.

The high single atom survival probability at a collision beam power of 1 µW (lifetime of 63 s)
does not ensure a higher single atom loading probability. This is because the optimized duration of
the collision pulse at this power is 2.75 s, which is long enough for the cooling beams to induce light
assisted collisions. The cooling beams are about 3 GHz red-detuned from the D2 line for atoms colliding
in the F = 2 ground state. The gradient of Ue(Rc) increases with the detuning for intermediate Rc (see
Figure 2). A large detuning will therefore lead to the rapid gain of kinetic energy, making it probable
that an atom pair after an inelastic collision has enough energy for both atoms to escape from the trap
(the 2–0 decay channel dominates). This impedes a high single atom loading efficiency. By measuring
the two-atom evolution in the presence of the cooling beams only, we find a pair decay time of 4 s with
2–0 decay dominating. This decay time is comparable to the collision pulse duration at 1 µW of collision
beam power. The pair decay induced by the cooling beams thereby explains the decrease of the single
atom loading efficiency at the lowest collision beam powers observed in Figure 13.

5.3. Dependence on the Cooling Beam Power

We investigate the effect of the cooling beams power on the single atom loading efficiency. We fix the
collision beam power to 11 µW and the pulse duration to 385 ms. Figure 14a shows the probability of
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loading one atom in the trap as a function of the cooling beams power (per beam). The peak probability
is found at 0.64 mW. We monitor the single atom survival probability after a pulse of a duration of 3.5 s at
each power and show it on the left axis of Figure 14b. At low powers, the cooling effect provided by the
cooling beams is not enough to compensate for the heating generated by the collision beam. This causes
low atom survival probability and, thus, reduces the single atom loading efficiency, as a single atom
may be prepared, but be lost prior to detection. At high powers, the cooling beams are responsible
(by the mechanisms described in Section 5.2) for pair losses that again hinder higher single atom
loading efficiency.

Figure 14. (a) Loading probabilities as a function of cooling beam power (per beam) during
the collision stage. Blue squares, red triangles and green circles are probabilities of loading
one, zero and two atoms, respectively. The lines are a guide for the eye. The thick pink
continuous line is the result of the loading simulation. (b) Left-axis: the single atom survival
probability after a cooling light pulse of a duration of 3.5 s, fitted with a black curve. Right-
axis: the pair decay time due to the cooling beams as a function of cooling beams power,
fitted with an orange dotted line.

To verify the explanation given above, we run a simple simulation of the single atom loading
experiment and show the result as the pink thick line alongside the experimental data in Figure 14a. The
loading simulation is based on the rates of the different trap loss mechanisms and starts with N = 20

atoms in the trap and evolves with discrete time steps. In each time step, dt, the atom number can remain
the same, decrease by one with probability αNdt, due to single-atom loss processes, or it can decrease
by one or two atoms, due to collisional loss processes with a probability given by βN (N − 1) dt. To
obtain α, we measure the survival probability of a single prepared atom after a 3.5-s exposure to LAC
light. The data is shown in Figure 14b alongside a fitted curve from which α is determined, by assuming
that the survival probability is e(−α3.5 s). Since a light assisted collision can be induced by the collision
beam or the cooling light, both of these contribute to β. The low intensity of the laser beams allows
us to assume that β is the sum of the contributions from the cooling light and the collision beam. To
find the contribution from the cooling light, we measure pair decay curves, such as those in Figure 7,
without a collision beam for different cooling beam powers. The time constant for the pair decay is
plotted using the right axis of Figure 14b. Next, we assume that the contribution to the two-body loss
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rate from the collision beam is independent on the cooling beam power. We determine it from the pair
decay time of the results in Figure 7a, by adjusting it for the finite α and the loss induced by the cooling
beams. In time steps where a two-body loss event occurs, we need to determine whether one or both
atoms are lost. To find the relative probabilities for these outcomes as a function of cooling beam power,
we assume that collisions induced by the cooling light always lead to both atoms being lost, while the
relative probabilities for an event induced by the collision beam are deduced from Figure 7a. Figure 14a
shows that the simulation captures the main experimental features. We hence conclude that an optimal
value of the cooling beam power of 0.64 mW occurs as a compromise between the short single atom
lifetime (large α) for low cooling beam power and the increasing rate of light assisted collisions induced
by the cooling beams at high powers. Recall that the single atom lifetime is dependent on the balance
between the cooling provided by the cooling beams and the heating caused by the collision beam.

5.4. Loading Efficiency and Limiting Factors

To obtain a precise measurement of the optimized loading probability, we run the single atom loading
experiment illustrated in Figure 10 3, 200 times using the LAC light parameters of Figure 7a. Figure 15
is a histogram of the results. The large peak corresponds to a single trapped atom and indicates a loading
efficiency of 91% (with error less than 1%) of a single atom in our FORT [65]. The total single atom
preparation time is 542 ms, which includes the optimized time of 157 ms to load, on average, 19 atoms
into the FORT (50 ms MOT time, 102 ms CMOT time and 5 ms polarization gradient cooling stage; see
Section 3.1) and a 385-ms collision pulse duration.

Figure 15. Histogram of the integrated fluorescence for 3, 200 realizations of the
experiment [65]. The large peak represents the 91% of experimental runs resulting in a
single atom in the trap.

In order to further improve the single atom loading efficiency, it is important to identify the factors
limiting it. Nine percent of the unsuccessful realizations can be accounted for in the following way. The
measured 99.5% single atom detection efficiency means that in 0.5% of the realizations, there is a single
atom loaded, but it goes undetected. One point five percent are attributed to the single atom loss from
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the imperfect vacuum and finite single atom temperature. We determined this contribution by running
the single atom loading simulation described in Section 5.3 using the measured single atom lifetime of
22 s (see Figure 16). The remaining 7% is due to pair losses. Of this, we estimate that 1.7% is due to the
inelastic collisions induced by the cooling beams during the collision stage (the estimate is based on the
4-s two-atom decay time caused by the cooling beams only). The pair dynamics simulation in Figure 7a
predicts that 3.6% is due to Kp before a collision is sufficiently high, such that both atoms are lost as
a result of it. The remaining 1.7% could be due to inelastic collisions that cause atoms to change their
hyperfine states, resulting in the release of high enough energy for two colliding atoms to escape from
the trap.

Figure 16. Single atom lifetime when the LAC light used for Figure 15 is on. The black
circles are the survival probability of a single atom. The blue curve is a fitted decay curve,
which gives a decay time of 22 s.

6. Potential Applications and Future Directions

A high loading efficiency of a single neutral atom is an important step to realize a scalable quantum
information processing device based on single atoms that can be addressed individually [10,56,71,72].
According to the DiVincenzo criteria, the physical realization of quantum information processing
requires a string of qubits that are able to interact with each other, but have long relevant coherence
times [73,74]. These criteria can be fulfilled by neutral atoms trapped by light [10,70,75], and a working
arrangement could be atoms stored in an array of microtraps formed by laser beams [76–78]. For the
limitations of classical computing to be surpassed by quantum computing, a minimum of 30 qubits
needs to be prepared at once [79]. If one assumes 91% single atom loading efficiency per site, then the
probability of successfully occupying all 30 sites with a single atom at the same time is 0.9130 ≈ 6%.
Assuming our preparation time of 542 ms, one can expect an instance in which all 30 sites are occupied
with a single atom to happen once in every 10 s. Note that the scaling of the probability for successful
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loading of an array predicts that it will be improved considerably by a small increase in the single atom
loading efficiency.

In the future, it would be interesting to investigate the surprisingly high two-body loss rate reported
in [64]. In the present experiments, we did not investigate the high two-body loss rate limit, but our
different experimental parameters and the ability to do idealized two atom collision experiments may
allow us to shed additional light on the issue.

Our system provides us with a platform to initialize the number of atoms from one to 200 in a near-
isolated environment. The high atomic densities that we can prepare in our system yield high collision
rates with only a few atoms present. This will allow for the study of dissipation processes in a near-
isolated few-body system, which may facilitate an increased understanding of the onset of many-body
phenomena, such as thermalization. With additional developments that will allow us to prepare few-atom
systems in particular quantum states, we can envisage studying their non-equilibrium dynamics and the
emergence of thermalization processes as we increase the atom number. Thermalization in a few-atom
regime could give us additional insights as to how microscopic theories lead to statistical dynamics. A
system with only a few atoms has the advantage that its dynamics can be modeled theoretically and
compared to experimental results with minimum approximations.

7. Summary

In summary, we have presented the results of light-assisted collisions of atoms in a high-density
FORT. We described both the theoretical and experimental aspects of it. We demonstrated a method
to image and measure the number of atoms ranging from zero to 200 inside the FORT by using
fluorescence detection. Furthermore, we showed that by doing light-assisted collision experiments with
only two atoms in a shielded environment, we can model the detailed dynamics of the process using
a semi-classical approach, thereby revealing information that is not accessible in experiments that use
large samples. The improved understanding of the dynamics of atom loss from light-assisted collisions
allowed us to address the issue of the efficient delivery of a single atom. By optimizing the duration,
detuning and power of the light pulses during the loading of a single atom inside the FORT, we achieved
a 91% loading efficiency with sub-second loading time. Alongside potential applications on quantum
information processing, our system may be a good platform to study various dynamical phenomena at
different physical regimes.
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