
ABSTRACT 
Theoretical study and computer simulation results for stochastic dynamics of two atoms trapped in an optical dipole 
trap under action of a probe resonant radiation are presented. The radiation force correlations resulting from our 
model lead, in addition to cold collisions, to a tendency for atoms escape in pairs from the trap. 

1. INTRODUCTION 
Cold collisions between atoms in an atomic trap (magneto-optical trap or optical dipole trap) are thought to be 
one of the key mechanisms for atomic losses from the trap.' As it has been recently shown experimentally, this 
mechanism could result to a tendency for atoms escape in pairs (Fig. 1).23 At the same time, another fundamental 
mechanism, long-range resonant dipole-dipole interactions (long-distance RDDI), also results in correlations between 
interacting atoms and therefore to the same tendency for atoms escape in pairs.4 In this paper, we discuss this second 
mechanism. 

Figure 1 . Excerpt from a typical fluorescence signal from a magneto-optical trap observed with an avalanche 
photodiode. Five isolated cold collisions (two-atoms losses) are indicated by arrows. (Picture is taken from Ref. 1.) 

In our model, we consider dynamics of atoms in a red-detuned optical dipole trap.57 To clarify a role of long- 
distance RDDI correlations we shine the atoms additionally by a probe (weak) resonant laser filed. This additional 
field enhances significantly interactions between atoms via jointly emitted photons and reveals in increasing cor- 
relations of stochastic radiation forces acting on atoms. For simulation of atomic dynamics we use quasiclassical 
approximation for the emission radiation force. 

In computer simulation, we analyze the atomic dynamics in the trap and the corresponding atomic losses by 
varying the frequency detuning of the probe laser field and its intensity. 
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Figure 2. Scheme of a standing-wave optical dipole trap (a) and potential energy of the trap in radial and axial 
directions (b) . The potential surface shows a regular pattern of micropotential holes. 

2. MODEL OF OPTICAL DIPOLE TRAP 
An optical dipole trap for neutral atoms can be made of a tightly focused powerful laser beam frequency of which is 
far-detuned from the working transition of trapped atoms. One can then easily show that interaction of the induced 
dipole moments of atoms in the trap with the inhomogeneous electric field along the beam profile lead to the restoring 
force, which "traps" the atoms inside the beam.5 Surely, the described trapping mechanism works only for atoms 
with low energies (at temperatures of about mK) because the potential of the dipole trap is shallow. Therefore, 
atoms should be cooled down, for example in a magneto-optical trap, before loading into the optical dipole trap.3'6'7 

In an experiment, for controlling positions of atoms in the trap it could be advantageous to keep single atoms 
in micropotential holes. Such a regular pattern of micropotential holes in the optical dipole trap potential can be 
formed with the use of counter-propagating laser beams, which form necessary structure due to the interferience. A 
scheme of a standing-wave optical dipole trap formed with the counter-propagating laser beams is shown in Fig. 2a. 
It uses only one laser beam, which interferes with the beam reflected from the mirror that preserves the wave front 
and the polarization.8 The potential of the trap is shown in Fig. 2b. 

Parameters of the optical dipole trap we used in our model for numerical simulations have been taken similar to 
the parameters of the experimental setup of Refs. 6,7 Namely, we consider the optical dipole trap formed by focusing 
2.5 W Nd:YAG laser beam (1.063 1am) with linear polarization along x-axis into an area with diameter of about 
5 m. Cesium atoms trapped in the optical dipole trap we assume two-level atoms with the lifetime of the excited 
state l/'-y = 3.07 x 108 and the dipole moment of the working transition d = 8.01 x 1O_18 CGSE. Frequencies of 
atomic oscillations in radial and axial directions are equal to Wr 60 kllz and w 1.5 MHz, respectively. 

In the following, we will consider the red-detuned optical dipole trap configuration. Such a trap is formed by a 
laser beam tuned far below the atomic resonance frequency. We will also assume that the laser beam with power P 
forming the trap has the Gaussian intensity profile: 

I(r,z) = 
w2(z) 

exp (_2)) cos2(kz), (1) 

where r is the radial coordinate and the half-waist beam diameter w(z) depends on the axial coordinate z as 

w(z) = 
wo1 

+ ()2 (2) 

Here w0 is the beam waist diameter and ZR = irw/A is the Rayleigh length. 
As we mentioned earlier, the thermal energy kBT of the atomic ensemble should be much smaller than the 

potential depth of the trap and, therefore, movement of the trapped atoms in radial direction is reasonably small 
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compared to the beam waist diameter and in the axial direction movement of atoms is smaller than the Rayleigh 
length. In this case, the optical potential of the trap can be approximated as:5 

Ud(r,z) = —Uocos2(kz) 
[i 

— 2 (r)2 (z)2] 
. (3) 

The oscillation frequencies of the trapped atoms are equal to Wr (4Uo/mw)'I2 in radial direction and w = 
k(2U0/m)'/2 in axial direction, so that the potential energy reads then as 

(n1 — n2)'irc2y I 2 1 '\ 
Ud(r, z) = 

2w i—) I(r, z), (4) 

where (ni — fl2) is the difference between population of the low and upper atom levels, Z2 = w(P312 2 S112) and 
z1 = w(P112 2 S112) are the transition frequencies. 

3. MODEL FOR THE LONG-RANGE RESONANT DIPOLE-DIPOLE INTERACTIONS 
We assume that interaction of atoms trapped in the trap is the long-range RDDI, which is governed by stochastic 
process that leads, in its turn, to a stochastic radiation force between atoms. Then, we suppose that the laser detuning z << w0 and atoms are located at a distance of the order of laser wavelength, R12 A. With these assumptions, 
we can calculate the spectrum of atomic radiation force, keeping in mind that the dipole radiation of atoms for this 
purpose can be approximated with a white noise. Spectra N11 and N22 of the interaction force fluctuations between 
two atoms are equal and spectrum of single atom fluctuations takes the form: 

tiwd2 _ 
N11 = N22 = 

2irc5 (LcT1 )Iii, (5) 

hwd2 _ 
N12 N21 = 

2irc5 (Zcr1 2 )112, (6) 

where d = 1"2 the transition dipole moment and &± are the atomic transition operators. For the case 
of dipole moments parallel to each other and orthogonal to the vector of displacement we have 

(Ii p O\ (jg 0 

I127I 0 12 0 , Iii=rrl 0 0 , (7) 
\o 0 13) o o J 

where 

- 
— 4(9 — Pi2) cos (p12 4(9 — 42) sin P12 '1— 4 

— 
5 , (8) 

P12 P12 
- 4(3 — 2) cos col2 4(3 — 2p2) sin 
12— 4 

— 
5 , (9) 

P12 
- —4(12 — 3Pi2) cos P12 4(9 — 12co2 + Pi2) sin Ol2 13— 4 + 5 (10) 

(P12 

(zoj Lo) is the correlation function of the transition operator that reads 

(aLcT)= —4gL4(1+482) 
. (11) 

[(1 + g)2 + 4( + 52) + 4(1 + g)252 + 4(g2 + 252)212 

Here g = gL/F is the dimensionless Rabi frequency, gj. = Ed/h is the Rabi frequency, S = z/F is the dimensionless 
laser detuning, and 

3 p12 cos(P12 — sin (P12 + (P12 sin Pl2 
3 

(P12 
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The correlation function for fluctuations of a single atom in the trap, (ajza), can be written as 

= 2g4 [1 + 2(g2 + 52)2 + g2(1 + 452)] 
2 (13) 

[(1 + g)2 + 4(g2 + 52) + 4(1 + g)262 + 4( + 262)2] 

To clarify the role of the long-range RDDI we suggest to shine atoms in the optical dipole trap with an additional 
weak laser field tuned into the resonance with the atomic transition. This will increase the RDDI between atoms 
and, therefore, lead to the increase in fluctuation amplitude of each atom in the trap. Varying the laser detuning 6 
of the weak laser field and its intensity we can control the radiation force between atoms. 

4. MODELING OF ATOMS DYNAMICS IN THE TRAP 
Motion of atoms in the trap is governed by the following equation: 

..(k) dip -'-F -'-F k— 1 2 14 — 
Dr 

' cool ' RDDI' ' ' 

where index k numbers the atoms in the trap, Udj 5 the trapping potential, F1 is the cooling force (linear friction), 
and FDI 5 the fluctuation force due to the RDDI. The cooling force can be written as9 

Fcoo1 —moi, (15) 

where 
— 2hw2 I 26/'yo a— 

mc2 Io[1+(2ö/o)2]2' 
I is the intensity of the weak laser field used to enhance the RDDI interactions in the trap, and I is the saturation 
intensity of the atomic transition. 

The fluctuation force FRDDI can be modeled with a white noise because the correlation time, determined by the 
radiation decay rates, is small in comparison with all other time scales of atom's dynamics in the trap. The joint 
correlation matrix for the fluctuating force FRDDI has the form: 

N—i' N11 —N12'\ 
L TtT TtT I 
\\ 1V12 11 J 

where N11 and N12 are determined by Eqs. (5), (6). In accordance with Eq. (7), the only correlated projections in 
this matrix are because of the N12 matrix element. The corresponding correlated pair of random values x1, x2 can 
be determined then as ____________ ____________ 

/6(Nii + N12) /6(N11 — N12) 
zt Lt 

/6(N11 + N12) /6(N11 — N12) 
X2V zt 1+\ 

where Lt is the time step in the course of computer simulation. Here i, 2 are the independent random variables 
uniformly distributed in the range (—1/2, 1/2), 50 that we can simply replace x/�t with the integral f x(t)dt, which 

gives us correct dispersion Nt for the white noise. 
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Figure 4. Spectra of fluctuations of a single atom (a) and one of the two atoms in the trap (b) along z-axis. 
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Figure 5. a) Temporal dependence of the axial coordinate of a single atom (solid line) and two atoms in the trap 
(dotted and dashed lines for each atom, respectively) with the same initial conditions. b) Temporal dependence of 
the axial projection R12 of the distance between two atoms in the optical dipole trap. 

spectrum is shown in Fig. 4a. Having fluctuation forces depending on both atoms coordinates (see Eqs. (6), (11)), we 

get an essential modifications of their dynamics. Interaction via common photons emitted by the two atoms provides 
both correlation of their dynamics and its modification. Actually, the effect of a correlated escape of atoms in pairs 
from the trap shown in Fig. 5 can be associated with the nonzero fluctuation spectrum intensity at zero frequency, 
keeping in mind that the latter can correspond to the presence of zero center-of-mass velocity contribution in the 
total spectrum of an atom. 

Fluctuations of a single atom also lead to the escaping of atom from the trap. That is why for the studying 
of fluctuation power of interaction between atoms it is necessary to compare the dynamics of two atoms with the 
dynamics of single atom with the same initial conditions. As a result, we can determine how one atom affects the 
dynamics of another atom. For this purpose, we model the dynamics of a single atom and two atoms in the trap 
with the same initial conditions and with the same fluctuation statistics of a single atom (Fig. 5). Analyzing atoms 
dynamics in the trap, we can see that both atoms leave the trap simultaneously (Fig. 5a). 

Simulating the dynamics of two atoms in the trap we can quantitatively and qualitatively compare the trajectories 
of a single atom and one of the two atoms in the trap at any moment of time. This enables us to analyze the interaction 
between atoms long before the atoms escape from the trap. Analyzing, for example, temporal dependency of total 
energy of a single atom and one of the two atoms in the trap (Fig. 6) one can conclude that the increase of energy 
of one of the two interacting via RDDI atoms in the trap by contrast with more or less a monotonous dependency of 
a single atom in the trap is a sign of escaping atoms from the trap. Surely, decreasing time along which we observe 
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Figure 6. Temporal dependency of total energy of a single atom (dotted line) and one of the two atoms (solid line) 
in the trap. Initial conditions for the atoms are the same. 

the atoms dynamics in a computer experiment, we decrease the accuracy of of our resulting conclusions. Therefore, 
special efforts have been made in our computer simulations towards selection of optimal parameters, namely the 
number of iterations in time, the time interval, an others. 

6. CONCLUSIONS 
In conclusion, theoretical study and computer simulation results for stochastic dynamics of two atoms trapped in an 
optical dipole trap under the action of a probe resonant radiation are presented. It is shown that interaction of atoms 
via common emitted photons reveals in an essential modification of the atoms dynamics. This modification leads 
to the enriched spectrum of atoms fluctuation dynamics and pair-correlated radiative escape. The model discussed 
here can be successfully used for analyzing atoms dynamics in optical dipole traps. 
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