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Atomic motion in the magneto-optical trap consisting of
partially spatially coherent laser™
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Rb atom motion in a magneto—optical trap (MOT) consisting of a partially spatially coherent laser (PSCL) is investi-
gated theoretically. The spatial coherence of the laser is controlled by the electro—optic crystal. The instantaneous spatial
distribution of the dissipative force induced by the PSCL on an Rb atom is varying with time stochastically. The simulated
results indicate that compared with a fully coherent laser, the spatial coherent laser has effects on the atomic trajectories;
however, the capture velocity and the escape velocity are kept the same. The main reason is that the spatial coherence of the
laser fluctuates temporally and spatially, but the average photon scattering rate varies little, which makes the total number

of atoms and the atomic density distribution unchanged.
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1. Introduction

Because of the ability to slow, focus, and trap atoms,
laser cooling is attracting more and more attention in
practical applications, including atom lithography,!!! atom
clocks, > atom interferometer,>~7! precision measurements
of fundamental constants,®°! and atom optics.!'%!!] With the
study going on, various ideas and experimental technologies
for atom cooling are proposed and developed.!'>!3] These
can make the temperature of an atomic cloud decrease to
nanokelvin, meanwhile the coherence of an atom wave will
be enhanced. So the reflection, focusing, interference, and
diffraction of an atom beam can be realized.[!*

The basic principle of laser cooling is the momentum
exchange between the atoms and the laser light, and the
light should be at or near the resonance frequency of atomic
transition.!'¥ In order to accomplish this process, there are
some techniques, such as laser frequency sweeping, varying
the atomic resonant frequency with a magnetic or electric field,
varying the Doppler shift by diffuse light and broadband light.
These techniques all focus on the temporal coherence of laser.
However, due to the effect of randomness of the spontaneous
emission inside the laser, all the amplitudes of electric field,
frequency, and phase will be irregular-fluctuated.!!>-1%1 So the
coherence will be disturbed by these fluctuations. So it is inter-
esting to explore the interaction between the partially coherent
laser and the atoms.!!”l However, up to now, all studies about
laser cooling have focused on the temporal coherence since
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the first achievement of laser cooling. Yet, the influence of the
spatial coherence of the cooling laser on the atoms has been
investigated little.

In this paper, the characteristics of dissipative force de-
duced from the spatially partially coherent laser, the capture,
and escape of Rb atoms in the MOT are investigated theoreti-
cally. A semiclassical numerical model is established to sim-
ulate the atomic behavior in the MOT. In the simulations, an
atom 1is represented as a two-level system, and the induced
dipole electric forces and collision losses are ignored. The
atom is considered as a point particle whose motion is de-
scribed by Newton’s laws. The simplified model results from
the fact that the temperature in the MOT is not low enough
to highlight the effects of an atomic de Broglie wave.!'#! This
model allows the calculation of the atomic trajectories and the
understanding of the detailed dynamics of the atom cooled by
PSCL.

2. Dissipative force by PSCL

In Ref. [17] the authors proposed a scheme to achieve the
partially spatially coherent laser (PSCL) with the electro—optic
phase modulation of LiNbO3 (LN) crystal. When a high ac
voltage is applied to the crystal along the laser axis, the refrac-
tive index of the crystal will be changed. Thereafter, the laser
beam can acquire an additional phase ¢ (written by Eq. (1))
that is proportional to the external electric field intensity. This
dependents on both the spatial position and time, which are
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written by Egs. (2) and Eq. (3), respectively.[!7:18]

¢ = nonzl ¥ (xy)e(), (D

where [ is the length of the LN crystal, 15, and ng are the
electro—optic coefficient and refractive index of the LN crystal,
respectively, and A4 is the wavelength of the laser beam.
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where ¢ is the time.
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where C is the cross-section electric capacity between the elec-
trodes, U is instantaneous electric potential on the two elec-
trodes, 2a is the distance between the two electrodes, b is the
width of the electrode, and € is the dielectric constant of the
crystal.

The dissipative force is written as!!4]

s
F = hk—
2 1+s

where I'is the nature linewidth of a Rb atom, k is the wave
vector, and 7 is the Planck constant divided by 2z. Here the
saturation parameter s is given by

“4)
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where I(r) is the laser intensity, 7 is the position vector, I is
the atom saturation intensity, and A is the effective detuning
given by

A=08.+06,+0+00, (6)

where 0L is the laser frequency detuning, §, is the Doppler
shift due to the atomic motion, 8p is the magnetic Zeeman
shift, and d; ¢ is variable shift by the random phase.

For the magneto—optical trap, the total scattering force on
the atoms is the sum of the six laser beams, and can be written
as

r
FMOT_th 21+Sn. (7

With Eq. (7), we can calculate the scattering forces on the
Rb atom under different physical conditions. Some calculated
parameters are shown in Table 1. The unit 1 Gs=10"*T.

Table 1. Some calculated parameters.

Transition of 8’Rb

D;:5%8) )y, F =2 — 5Py, F' =2

Laser wave length: A 780.24 nm
Natural line-width: I" 27w x6.06 MHz
Saturation parameters: /g 16 W/m?
Mass of Rb: m 86.9 g/mol
Laser intensity: / 32 W/m?
Laser frequency detuning: A —-3r
Radius of the laser beam 2.5 mm
Length of the LN: / 80 mm
Parameter a 5 mm
Parameter b 5 mm
Instantaneous electric potentials

on the two electrodes: U 3.4kV
The magnetic field gradient

in the center of the trapping zone: A 10 Gs/cm

Considering the equivalence of the three mutually orthog-
onal counter-propagating laser beams, we only do the simula-
tions in the x direction. In addition, here we use “with modu-
lation” and “without modulation” to describe the “PSCL” and
“coherent laser”, respectively.
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Fig. 1. (color online) Dissipative forces on a Rb atom under different
conditions.
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Figures 1(a) and 1(b) show the instantaneous spatial dis-
tributions of the dissipative force within the plane of x = 0,
with modulation and without modulation, respectively. The
laser axis is perpendicular to the paper surface at the point
(y,2) = (0,0). Figure 1(c) shows the profiles of the force in
the y direction, varying with interaction time. The curves in
the direction of the arrow, from upper to lower are for dif-
ferent conditions: without modulation, and with modulations
for instantaneous times of 5, 100, 0, 25, and 50 ps, respec-
tively. In these figures, the forces are in units of 7kI", equal
t0 3.2306 x 1072 N for the 3Rb transition 5% 5, F =2 —
52p, /2. F " = 3; the parameter x = 0; the atomic velocity is
1 m/s in all the three directions.

Figures 1(a) and 1(b) show clearly the differences in force
distribution between the laser with modulation and the laser
without modulation. It can be seen that close to the laser axis,
in the case with modulation, (Fig. 1(a)), the distribution of the
force features concentric circles, the same as the distribution
of the force in the case without modulation shown in Fig. 1(b),
but it has a higher force gradient. Moreover, off the laser axis,
the concentric circles will be disturbed due to the modulation.
The distributions between the y direction and the z direction
are different, which are the directions parallel and perpendic-
ular to the direction of the connection line between electrodes
located on the LN crystal, respectively. From Fig. 1(c), we can
see that for a fixed position, the force with modulation is vary-
ing with time stochastically; the absolute value with modula-
tion is larger than that without modulation. This results from
the ac modulation of LN.

3. Atomic trajectories by PSCL

According to the dissipative force, we can compute the
equation of motion for each atom to obtain atomic trajectories
under different conditions. The motion equation is written as

dP; = Fyord? + d Pjrecoils ®

where j means one coordinate axis, x or y or z; dP; is the
atom momentum, and d P;.recoi is the atom momentum due to
the random nature of the absorption and spontaneous emission
of the photons.

The motion equation (8) is integrated by employing an
adaptive step size, fourth-order Runge—Kutta type algorithm
by Matlab. The initial positions and velocities of each atom
are chosen as shown in the following figures. The integrating
time is set to be 50 ms. The curves of simulated atomic trajec-
tories can show the variations of the velocity and position of a
Rb atom in the MOT. Here we will focus on the capture and
escape process of the atoms.

Figures 2(a) and 2(b) show the trajectories of atoms in
the escape process under lasers with modulation and without
modulation, respectively. For the curves in the direction of the

arrow, from lower to upper, the initial velocities in the x direc-
tion are 18, 18.25, 18.5, 18.75, 19, and 19.25 m/s. The initial
position of each atom is assumed to be in the trap’s center and
the velocities in y and z directions are both zero.
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Fig. 2. Trajectories of the atoms in the escape process in the cases (a)
with and (b) without modulation.

From Fig. 2, it can be seen that the atom trajectories
trapped in the lasers with modulation are similar to those with-
out modulation. The atoms with the initial velocity smaller
than 18.75 m/s can be trapped to the center again. Figure 3
shows the detailed differences between trajectories of atoms
with a velocity of 18.5 m/s. It indicates that the atom trajec-
tory in the MOT with modulation is closer to the trap’s center
than that without modulation.

The phenomenon in Fig. 3 confirms the results in
Ref. [14]. The escape velocity mainly depends on the colli-
sion between the cold atoms and the hot atoms. So it feels the
unnoticeable effect of the modulation term d,¢. However, due
to the phase modulation, the absolute value of instantaneous
scattering force with modulation is bigger than that without
modulation. So the atomic trajectory will twist more to the
trap center for the beam with modulation.
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Fig. 3. Trajectories of atoms with a velocity of 18.5 m/s in the escape
process for the cases with and without modulation.

Figure 4 shows the trajectories of the atoms in the capture
process. For curves in the direction of the arrow, from lower
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to upper, the initial velocities in the x direction are 3, 3.25,
3.5, 3.75, and 4 m/s. The initial position of each atom is as-
sumed to be at the trap’s edge and the velocities in the y and z
directions are both zero.
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Fig. 4. Trajectories of the atoms in the capture process for the cases (a)
with and (b) without modulation.

From Fig. 4, it can be seen that the trajectories of the
atoms in the MOT with modulation are similar to those with-
out modulation. The atoms with the initial velocity smaller
than 3.75 m/s will be trapped to the center again. Figure 5
shows the detailed differences in atom trajectory of an atom
with a velocity of 3.5 m/s between the cases with and without
modulation. It indicates that the trajectories of the atoms in
the MOT with and without modulation are very close to each
other. When moving, they can crossover or even overlap each

other.
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Fig. 5. Trajectories of an atom with a velocity of 3.5 m/s in the capture
process in the cases with and without modulation.

The phenomenon in Fig. 5 confirms the results in
Ref. [17]. The capture velocity depends on the photon scatter-
ing rate, which is proportional to the scattering force, and de-
pendent on the term d;¢. Because the average scattering rate
does not vary with the phase modulation, the capture veloc-
ity has an unnoticeable change for the PSCL. Like the escape
velocity, due to the phase modulation, the absolute value of
instantaneous scattering force is larger than that without mod-
ulation. So the atom will be subjected to a larger force with

modulation. Then its trajectory will twist more to the trap cen-
ter.

4. Conclusions

The above simulations indicate that due to the modula-
tion with the electro—optic crystal, the instantaneous spatial
distribution of dissipative force induced by the PSCL on a Rb
atom is varying with time stochastically. Although the PSCL
can disturb the atomic trajectory in the MOT, it can still cool
and trap the atoms in the MOT. Moreover, the capture velocity
and the escape velocity remain the same for the fully spatially
coherent and PSCL. As is well known, the capture velocity
determines the number of MOT atoms, so it can be directly
concluded that the spatial coherence of a laser has little in-
fluence on the total number of atoms, and the long enough
loading time can ensure a constant number of atoms. In ad-
dition, the average photon scattering rate does not vary with
the spatial coherence of the laser, and the atomic density is
mainly limited by the photon scattering, so, the atomic density
distribution changes little for the partially spatially coherent
laser cooling. Further work will be done to produce a steady
velocity distribution of the atoms and deduce the equilibrium
temperature by calculating the root-mean-square velocity of
the atoms.
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