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Using coupled Gross—Pitaevksii (GP) equations, we simulate the output of one-dimensional pulsed atom laser in
space station. We get two atom laser pulses propagating in opposite directions with one pulsed RF coupling. Compared
with atom laser under gravity, the laser pulse in microgravity shows much slower moving speed, which is suitable to be
used for long-term investigations. We also simulate the output flux at different coupling strengths.
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1. Introduction

Recently, the Bose—FEinstein condensation (BEC) is cre-
ated in space station for the first time.!!! In the other experi-
ment, an atomic clock is running in space station.?! Under mi-
crogravity environment in space station, longer investigation
time and colder atom clouds can be achieved, which are crucial
for precision measurements and quantum physics studies.!!=¢!
The subnanokelvin BEC with one second free expansion time
has been realized in microgravity.!'¥l In an Earth-orbiting
research laboratory, one group performed manipulation of
multi-components BEC experiment in the flight.[*] Theories
and simulations in microgravity have been studied too. The
simulation of three-dimensional (3D) atom laser in micro-
gravity with isotropic output density distribution has been

explored.!”) BECs in bubble geometry,!® sphere surface,”!

10.11] have been proposed.

and shell geometry!

The invention of optical laser has great impact on science
and technology. However, the diffraction limit hinders the ap-
plication of laser in precision measurements. Shorter wave-
length of matter wave compared with photon means atom laser
can go beyond the diffraction limit of light. BEC under ultra
low temperature makes realization of atom laser possible. In
1997, the MIT group first realized atom laser.['”) The team
transferred atoms from a trapped state into an untrapped state
by use of a short radio frequency (RF) pulse in spinor BEC.

[13,14]

Later, properties about the intensity fluctuation, outcou-

pled rate,!"! divergence of the beam, '] spatial and temporal

[17-22

coherenc 1 of atom laser have been analyzed. Like op-

tical lasers, atom lasers have great application potential in the

field of precision measurements. >

DOI: 10.1088/1674-1056/abft25

Temperature and coherence time are the critical factors
limit the measurement precision.!'3] Due to gravity, the out-
put velocity is too fast and the coherence time of atom laser is
less than one second. Several groups performed experiments
with cancellation of gravity> or mimic the environment of
free fall[>> although the investigation time are not able to be
as long as in space.
different
properties between 3D and one-dimension (1D). One-

Particularly, ~many-body system shows
dimensional interacting boson system in Tonks—Girardeau
(TG) regime?®?7! in which the interaction energy is much
larger than the kinetic energy, the two bosons could not oc-
cupy the same position just like fermions. In TG regime,
the wavefunction of interacting bosons is the same with the
non-interacting fermions. The prediction about TG gas in
equilibrium and its fermionization behavior has been realized
by use of ultracold atoms in optical lattices.?’! Recently, the
dynamical fermionization and the bosonic—fermionic oscilla-
tion of TG gas are observed in experiments.!?®! Besides, the
collision experiment of one-dimensional interacting bosons
reveals the invalid of ergodic hypothesis in many-body sys-
tem. This phenomenon is called quantum Newton’s cradle.*’!
Thus, novel behaviors may occur in one-dimensional spinor
BEC is one of our motivations to explore atom laser in one
dimension.

In this paper, we study one-dimensional pulsed atom laser
in microgravity. Three properties have been found. (i) The
atom laser evolves in both directions in microgravity in con-
trast to the one direction propagation of atom laser in gravity.

(i) Compared with atom laser in gravity, the moving veloc-
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ity of output beam is drastically reduced. (iii) The coupling
strengths has the same effect both in gravity and in micrograv-
ity. The output atoms population changes drastically as the
coupling strength changes. Our study is able to give a guide
for the future experiments in space station.

2. Model for atom laser

We consider the system of 8’Rb F = 2 manifold cou-
pled by RF field.[>3% In weak magnetic field, the energy
level splitting is equal. The Zeeman sublevels are coupled
when RF pulse is applied. The magnetically trapped states
are |F =2,mp =2) and |F = 2,mp = 1). The anti-trapped
states are |[F =2,mp = —1) and |[F = 2,mp = —2). Atoms in
anti-trapped states are repelled by magnetic potential. The un-
trapped state is |F = 2,mp = 0). Untrapped state feels only
gravitational potential and mean field interaction. RF field
couples all of these sublevels so usually the anti-trapped states
are weakly populated. For the main results in this paper, the
sum of the occupation atom number of anti-trapped states is
negligible. Under gravity, the potential minimum of trapped
states are shifted. In microgravity, trapped states have the same
equilibrium positions.

The Gross—Pitaevksii (GP) equation is suitable for inves-
tigating pulsed atom laser.['>3%] It captures all the main re-
sults of atom laser. We use the effective one-dimensional GP
model.['33% The GP model is given by

o 1 92
iy, = (—zay2+y2+2A—Gy+U|WIIZ)%HQWI,

= (—12 1o g +U|y|P
Vi = 29y 7Y y Vilm |
+2Qur+V6Q
o = (—2 2~y UliP
Yo = 29y Y Vi~ | Wo
+V6Qu +V6Qy 4,
- 102 1, )
o = 292 2 —A—=Gy+U|lyl]" |y

+2Qy_,+V6Q,

. 1 02
iy, = <_2ay2— 2—2A—Gy+U||1//||2)1//2
+2Qvy_y, (1)

2 m=-2,-1,0, 1, 2 are the mag-

2
2
where [[y]|" = ¥ |y
m=-2
netic quantum numbers. The dimensionless two-body interac-

tion coefficient

g 2( @\ (15Nag 3/5\m /s
=3 o1y ary trap >

derived by requiring that the three-dimensional chemical po-

tential equals the one-dimensional one within Thomas Fermi

approximation. N is the total atom number, and @y, is the
trapping frequency along gravity direction of |F =2,mp = 1).
ayy = \/FW, where M is the mass of atom 8’Rb. ag =
110apon; is s-wave scattering length, where apon, is Bohr ra-
dius. The dimensionless gravity G = (Mg/hoy,)(h/Moy,)'/?,
where g is the gravitational acceleration. A is the detuning of
the RF field from the resonant transition frequency at the cen-
ter of the trap, and (2 is the Rabi frequency. The units of time,
spatial coordinates, interaction strengths, and the wavefunc-
tions are 1/@yy, (h/Many)'/?, (o)~ (i/May,) /2, and
(h/Mayy)~'/4, respectively.

For simulations in microgravity, G is zero. We use Gross—
Pitaevskii Equation Laboratory (GPELab)3!! for our calcula-
tion with the Strang Alternate Direction Implicit-Time Split-
ting pseudo-Spectral (ADI-TSSP) scheme for dynamic evolu-
tion and spatial discretization/pseudo-spectral scheme (BESP)

for ground state searching.

3. Results

Our simulation parameters are the same as those in
Ref. [14]. The frequency of the trapped state |F = 2,mp = 2)
is @) =27 x 225 Hz and @, = 27 x 20 Hz. The offset mag-
netic field Vogig = 1.5 Gs (1 Gs = 10~* T). Totally 5 x 10* atoms
are in |F = 2,mp = 2) at the beginning. The RF pulse duration

is 24 ps.
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Fig. 1. The out-coupling process of pulsed atom laser in microgravity. Cou-
pling strengths Q = 1.5 x 10* Hz. The densities of mr = 1, mp = 2, and
mp = 0 states are shown. From top to bottom are density profiles at O ms,
4 ms, 8 ms, 12 ms respectively. The density profile in the center is the sum
of density of mr = 1, mp = 2 states. The two symmetrical pulses are the
output of atom lasers in mr = 0 state.

In Fig. 1 we plot the density profiles before the 24-us RF

pulse, and after the RF pulse at moments 4 ms, 8 ms, 12 ms.
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With g = 0, the gravitation sag is zero, thus the condensate’s
center is the magnetic trap center. Magnetically trapped states
are oscillating around the equilibrium point after the RF pulse.
The center peak in Fig. 1 is the sum of density of trapped
states |F = 2,mp = 2) and |F = 2,mp = 1). The two sym-
metrical peaks are the atom laser output of untrapped state
|F = 2,mp = 0). The output atoms move in opposite direc-
tions due to the isotropic mean field repulsive interaction.!”!
Without gravity, we can still see the cloud moving out due
to the repelling force of the mean field interaction at the be-
ginning. In contrast to the situation under gravity, where the
gravity is asymmetric, the output atoms only move along the

(18197 in Fig. 1. Since

gravity. We can see interference pattern
the size of the pattern is several micrometers, these patterns are
possible to be observed in experiments. From Fig. 1 we can
get the velocity of atomic diffusion and the velocity of cloud
center are about 5 x 10™* m/s and 3 x 1073 m/s, respectively.

In Fig. 2(a), the figures are density distribution profiles in
microgravity at 0 ms, 2.5 ms, and 5 ms. In Fig. 2(b), the figures
are density distribution profiles under gravity at 0 ms, 2.5 ms,
and 5 ms respectively. Under gravity, the gravitation sag of
trapped states is Z = g/ (|m|(012}) while in microgravity there
is no such sag. Here we shift the center of atom cloud to the
same position in plots for comparison purpose. The untrapped
state moves slowly in microgravity solely due to the repulsive
interaction. The output laser pulse moves with a constant ve-
locity after leaving the initial cloud. In contrast, output atoms
move faster and faster in gravity due to gravity acceleration in
Fig. 2(b). Note that all figures have the same scale in horizon-
tal axis in Fig. 2. Slow output velocity means long interference
time which is critical for precision measurements.

In Fig. 3, the evolution of trapped and untrapped states
of atom laser after RF pulse at O ms, 3 ms, 6 ms, 9 ms,
12 ms are shown. The first row, second row, and third row are

0.02} t=0 ms Ig:O
0.01
0
g 0 0 50 100
'(% 0.02fF t=2.5ms
7 . .
g 0 50 100
9 0.02f t=5ms
0.01
AN .
0 50 100

Position (pm)

the density distribution of |[F =2,mp = 2), |[F =2,mp = 1),
and |F = 2,mp = 0) respectively. The width of output beam
is increasing with time due to the mean field interaction ef-
fect. Besides, the state |F = 2,mp = 1) has the same equi-
librium position with the state |F = 2,mp = 2). We can
see the trapped states are oscillating around the center of the
trap. The |F = 2,mp = 1) state has larger oscillation ampli-
tude due to smaller trapping frequency compared with state
|F =2,mp =2). Most atoms are still in |F =2,mp = 2) state
in our simulations. The profile of atoms in |F = 2,mp = 2)
does not change dramatically because the interaction strength
from other states is small. For atoms in |F = 2,mp = 1) state,
they always feel a strong interaction from |F = 2,mp = 2) state
in the central region. Although there are complicated dynam-

ics for trapped atoms, |F =2, mp = 0) atoms just freely expand
after they leave the central region.

Output flux can be adjusted by varying the coupling
strengths. Too strong coupling strengths would shut down
atom laser!3?>=3*! due to the existence of the stationary bound
mode. For weak coupling, the output flux increases as cou-

(35361 As can be seen in Fig. 4, the

pling strengths increases.
coupling strengths are 2 x 103 Hz, 7 x 10° Hz, 9 x 10° Hz,
1.5 x 10* Hz from top to bottom. The peak density of un-
trapped state increases drastically as the coupling strengths
increases. For relatively weak coupling strengths the distri-
bution profiles are almost the same. The slight difference at
different coupling strengths is due to the different interaction
strengths which is a function of atom numbers. The stronger
coupling strength makes the atom number in trapped states
smaller, which makes the repulsive potential smaller. This is
the reason why the output pulse goes a shorter distance for
stronger coupling. In stronger coupling case, the atom laser
pulse is broader due to larger repulsive interaction of itself.

0.02} t=0 ms g:9.8m/52'
0.01}
=
E 0 L L L
g 0 50 100
‘;33 0.02} ¢t=2.5 ms
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2
i A .
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Fig. 2. The comparison of atom laser outputs between in microgravity and in gravity, 2 = 1.5 x 10* Hz. (a) The out-coupling process in microgravity
when g = 0. From top to bottom the density profiles are at 0 ms, 2.5 ms, and 5 ms respectively. (b) The out-coupling process under gravity when
g = 9.8 m/s%. The density profiles are at the same moments as in panel (a). Note that all figures have the same scale in horizontal axis.
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Fig. 3. Out-coupling process of pulse atom laser in microgravity, 2 = 1.5 x 10* Hz. From left to right the density profiles at 0 ms, 3 ms, 6 ms, 9 ms, and
12 ms are shown. The rows from top to bottom represent mr = 2, mrg = 1, and mr = 0 components. Other parameters are the same as those in Fig. 1.
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Fig. 4. The out-coupling with different coupling strengths. The density dis-
tribution of mr = 0 state at 9 ms are shown with different coupling strengths.
From top to bottom the coupling strengths Q are 2 x 10 Hz, 7 x 10’ Hz,
9 x 103 Hz, and 1.5 x 10* Hz respectively. Other parameters are the same
as those in Fig. 1.

The atom number and trapping frequency of the simu-
lations in this work are close to the experimental parameters
in the space lab.!! Totally 1.3 x 10° atoms including thermal
clouds can be created at the final cooling stage in Ref. [1].
We use 5 x 10* atoms in the simulations. The typical trap-
ping frequencies are 27 x (310, 1450,1570) Hz in Ref. [1],
and the frequencies can be adjusted in large range.!') We use
27 x 225 Hz along the 1D direction. Our experience is that the
simulations will not change qualitatively within a large range
of parameters.

4. Conclusion and perspectives

In conclusion, we have simulated the dynamics of the
pulsed atom laser of the F = 2 manifold both in micrograv-
ity and under gravity in one dimension. One distinct property

of 1D atom laser in microgravity is double pulses output in

opposite directions after a single RF pulse coupling. The other

property is the slow moving velocity of atom laser. The slow

moving velocity leads to long interference time which is im-

portant for precision measurements. The output flux changes

drastically as the coupling strength changes, with which one

can manipulate atom laser population in microgravity.
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