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Space continuous atom laser in one dimension
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Cold atom physics in space station arouses a lot of interest of scientists. We investigate the dynamical output process
of the space continuous atom laser by solving nonlinear Gross—Pitaevksii equations numerically. Slow-moving continuous
atom beams in two directions are observed simultaneously. The slow-moving coherent atom beams can be used as a source
of atom interferometer to realize long-time measurements. We also control the output of space atom laser by adjusting the

output coupling strength.
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1. Introduction

For elementary physics experiments, the space station is
an important platform. In 2020, NASA realized Bose—Einstein
condensation in space and observed that the condensate of
atom has long expansion time up to one second with an ef-
fective temperature of about pK.!!! Besides, the running of an
atomic clock in space station proves the stability of experi-
ments in space.!?l Low temperature can lead to new physics
and new techniques, which is important for quantum physics
study. In order to reduce the temperature of cold atoms to
a pK scale, various experiments have been performed.!>*l
However, the tilted magnetic trap due to gravity prevents the
trap frequency from further decreasing. Thus, ultra-cold ex-
periments have been performed in drop towers,! flights, 6]

[1.2,8]

rockets,!”! and the space station to reach lower tempera-

ture. Among these schemes, the experiment in space station
is the most stable one. Based on microgravity environment

provided by the space, Bose-Einstein condensates (BEC) in

bubble geometry,!! sphere surface,!'” shell geometry,!!!!2]

and three-dimensional (3D) isotropic atom laser!!3 have been
proposed.

The atom laser was realized first by Mewes et
al. in 1997.1'41" Since then, this novel phenomenon has

been studied extensively both experimentally>!>-3!1 and

[32-39

theoretically. I Properties about coherence,!!*?") beam

21,22

profiles,?1-??! brightness,!*®! intensity fluctuations,?>*%1 and

outcoupled rate[*! have been studied. Generally, a magnet-

ically insensitive untrapped state is transferred from a mag-

netically trapped state by radio frequency (RF) fields,[!*1827]

28,29

microwave fields!?®?1 or Raman lasers,!!73%3!1 forming an

atom laser. Atom lasers could be used for measuring the grav-

4244

ity acceleration, | I the earth’s gravity gradient,*>*¢! and
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rotation. [47:48]

Manybody systems show many novel properties in re-
duced dimensions.[*>3°! Petrov et al. proved that the Tonks—
Girardeau (TG) gas can be found in one-dimensional (1D)
Bose gas.[’!! The fermionization behavior has been observed
experimentally.>>>3] More interesting phenomena like dy-
namical fermionization®* and dynamical evolution without

(55

thermalization>>! have also been explored. Moreover, dynam-

ical fermionization behavior of the 1D spinor quantum gas has
also been discovered in theory.°!

In this work, the continuous atom laser confined in one
dimension is studied in microgravity. We reveal three interest-
ing properties. (i) The continuous laser beams move along two
sides with identical density profiles in microgravity, while the
beam propagates unidirectionally under gravity. (ii) Compared
with continuous atom beams under gravity, atom beams at zero
gravity move more slowly and outputs more efficiently. (iii)
Varying the strengths of coupling, the output shape and den-
sity of the atom laser change drastically. This research might
instruct the space station atom laser experiments in the future.

2. Theoretical model for space atom laser system

The five-state 8Rb F = 2 manifold is
considered. 3*#!1 When the magnetic bias is small enough, the

system

second order Zeeman effect can be neglected and the energy
level splittings are equal. In the case of RF field, the Zeeman
sublevels are coupled. The state |F =2,mp =0) is mag-
netically insensitive, also called untrapped state. The states
|F =2,mp = 1,2) are the high magnetic field seeking magnet-
ically trapped states, which are trapped in the harmonic trap.
The low magnetic field seeking states |F =2,mp = —1,—2)
feel the acceleration of magnetic field. For convenience, we
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only use magnetic quantum number mp to represent these
states. Note that the potential of different sublevels are re-
lated to magnetic quantum number by V,,. = y*mp/2. The
untrapped state feels no magnetic field, which is only affected
by the gravity and repulsive mean field interaction. What is
worthy to be mentioned is that the equilibrium positions of
trapped states are shifted to different positions due to different
potential minimums under gravity.

We investigate continuous atom laser by the well-known
Gross—Pitaevksii (GP) equation. Within mean field approxi-

mation, our model is given by3%#!]

192
(—+y2+2A —Gy+U|1V||2) v +2Q,

1y 39y

iy, = 1‘9—2+1 24+A—Gy+U||y|P
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+2Qy_;. (1
Here ||y|[*=Y2_ ,|W.|? is the total density of all compo-
nents. m is the index of different components. A is the dif-
ference in energy between the energy splittings of different
Zeeman sublevels under low magnetic bias field and the en-
ergy quanta of the RF field. Q represents the Rabi coupling
strength,determined by the amplitude of the RF field. U is
the interaction strength between any two components, and
the interation strengths between two of all components are
equal.?! The details can be found in our previous work.>’]
G = (Mg/hoyy)(h/Maoyy)'/? is the gravitational potential of
atom on the earth with acceleration g. The component (F = 2,
mr = 1) of 8’Rb with mass M is trapped with frequency 1y
The harmonic oscillator unit is used, namely, the unit of time
is 1/w;y, and the unit of length is (77/Myy)'/?. Accordingly,
the unit of wavefunction is (i/Ma;,)~"/* and the unit of the
interaction strength is (ha,) ! (h/May,)~'/2.

We use the well-developed open package GPELab[>%°!
written in Matlab to obtain the ground state of trapped compo-
nent mp = 2 and the dynamics of output beams after turning
in the RF field. For simulations in microgravity, we set G = 0.
Setting G = ( is reasonable because the gravity in space station

[60

is less than 107> g.[% The numerical study of 3D space atom

laser!3! also uses G = 0.1'3! The imaginary absorption poten-

tial method!®!! is used to avoid reflections of the anti-trapped
states.

3. Main results

The initial state is mr = 2 component and the initial con-
densate is trapped in a magnetic trap with axial frequency
1y = 27 x 225 Hz and radial frequency @, = 27 x 20 Hz.
The low magnetic bias field is a fixed value Vo = 1.5 Gs
(1 Gs=10"*T). Totally N = 5 x 10* atoms are in state my =2
at the beginning before turning on the RF field. For a contin-
uous atom laser, the RF field is always turned on. Our model
parameters are easy to realize experimentally, which are close
to those used in the space laboratory.!! Besides, the effective
1D trap can be realized by using optical guide technique.[%?!
By applying an RF field to the BEC in the 1D optical trap in
space laboratory, the results in this work can be realized ex-

perimentally.
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Fig. 1. Output density profiles of continuous atom laser in 12 ms in time
steps of 4 ms in microgravity. The density sum of mp =2, mg =0, and
mp = 1 components are shown in each moment. The density around
the center is the density sum of state mp = 1 and state mp = 2. The
output beam of state mr = 0 resides on two sides. For clear distribution
of each component in the output process, please see Fig. 3. Coupling
strengths 2 =35 Hz, A =0.

In order to study the dynamical output process of contin-
uous atom laser at zero gravity, we calculate the dynamical
evolution when the coupling strength 2 = 35 Hz and the de-
tuning A = 0. The density of initial state mrg = 2 is shown in
Fig. 1 att = 0 ms. When ¢ > 0, the RF coupling turns on and
the atom laser begins to output. Because the resonant point is

in the trap center and the coupling strength is weak enough, the
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output density at = 4 ms is still small. As the output process
goes on, larger density of output beam at state mp = 0 begins
to appear at t = 8 ms. The density profile appears more clearly
att = 12 ms and the density decays monotonically from center
to each side. Owing to the interaction between atoms, the atom
beam outputs even without gravity. The density is symmetric
with respect to the center due to the isotropic repulsive inter-
actions. Note that we plot the full density of the initial state
mp = 2 att = 0 ms and use different scales at other moments
to show the output beam clearly.

To study the difference between the output behavior of
continuous atom laser in microgravity and under gravity, we
extract the density profiles at = 1 ms, f =2 ms, and r = 3 ms
when the coupling strength is £ =35 Hz and A = 0. Un-
der zero gravity the equilibrium positions of trapped states
are at zero position and the peak of output beam density is
in the center. However, the equilibrium position under grav-
ity is at Z,, = g/ (|m|a)12}) So, the equilibrium positions are
slightly different. Note that we have translated the density of
output beam for comparison . As shown in Fig. 2(a), the den-
sity of atoms is localized in the initial condensate center and
moves slowly to each side with time. As shown in Fig. 2(b),
the atoms move along the gravity, and move faster with time.
The moving speed of output beams are 2.71 x 1073 m/s and
1.45 x 1072 m/s in microgravity and under gravity respec-
tively. Under gravity, the atom laser is accelerated by the
gravity, thus the moving speed is very fast. However, in mi-
crogravity, the moving speed is mainly due to the mean-field
repulsive interaction, thus the moving speed is much slower.
The slower moving velocity means a longer interrogation time.
Thus, it is beneficial to atom interferometer and precision mea-
surements. The gravity determines a unique direction, thus
the output beam moves along the direction of gravity. How-
ever, the output beams move in both directions and the den-
sity profiles are symmetrical at any time under microgravity.
Another difference is that the density of the output beam un-
der microgravity is much higher than under gravity with the
same coupling strength, which is about two orders of magni-
tude larger than that at 3 ms in our case. Under gravity, the
resonant point is located at the center of initial state mp = 2
and the trapped state mp = 2 is transferred to mr = 1 before
reaching the untrapped state mp = 0. But the atoms of state
mp = 1 are dragged way from this point due to the gravity
sag. Thus, the density of state mg = 1 at the resonant point
is reduced, which leads to the reduction of the effective out-
coupling rate. For atom laser under microgravity, achieving a
high out-coupling rate with a small coupling strength means
being easy to achieve experimentally.

We plot the dynamical evolutions of continuous atom
laser in a time range from O ms to 12 ms in Fig. 3. The first

row to the last row corresponds to state mp = 2, mp = 1, and
mp = 0. The first column to the fifth column corresponds to
density profiles three components of slices at different times.
Because the coupling strength is weak, the density of state
mp = 2 does not change much. The trapping frequency of
statemp = 1is 1/ /2 of that of state mp = 2. Thus, the atoms
transfer to state mp = 1 by RF field oscillating in the trap and
show drastically density fluctuations. Besides, states mp = 1
and mp = 2 have the same equilibrium positions and oscillate
around the center of the trap. Thus, state mr = 1 would os-
cillate around the center. Therefore, the density fluctuation of
this state around the center is large. The peaks of untrapped
state and the density fluctuation of trapped state mr = 1 occur
synchronously, which indicates that the dynamics of trapped
state has a great influence on the output process. The trapped
state mr = 2 has to pass through state mp = 1 to reach the
mp = 0 state. This state-changing process causes unavoidable

5.1%01 The two trapped states have different

classical fluctuation
trapping potentials due to the different magnetic trapping fre-
quencies. Thus, the trapped state mp = 1 will be excited and
oscillates around its equilibrium position, which leads mr =0
component to change drastically around the trap center. Al-
though dynamics in the center is complicated, the atoms in
untrapped state are not affected after moving away from the

center.
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Fig. 2. Dynamical output process of continuous atom laser within 3 ms in
microgravity and under gravity. (a) Density profiles at t = 1 ms, = 2 ms,
and t = 3 ms for g = 0 corresponding to atom laser output in microgravity. (b)
Density profiles at = 1 ms, t = 2 ms, and t = 3 ms are plotted. Q = 35 Hz,
A=0forg=9.8m/ $2 corresponding to atom laser output under gravity.

Output flux and beam shape change dramatically at differ-
ent coupling strengths, and the complicated dynamical outcou-
pling process is observed. The bound state will shut down the
output when the outcoupling strength is too strong.[%3] When
the coupling strength is in the weak regime, the output flux
becomes higher as the coupling strength increases.!!%%4 In
Fig. 4, from top to bottom, we show the dynamical process
with coupling strengths at 25 Hz, 35 Hz, and 75 Hz. Density

profiles of untrapped state decay smoothly from center to both
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sides for small coupling strength, which shows steady output
coupling process. For 75-Hz coupling strength, the density
distribution shows symmetrical peaks on each side. At 3 ms
the density fluctuation occurs and becomes even stronger at
6 ms, 9 ms, and 12 ms at corresponding coupling strengths.
When the frequency of coupling strength is 75 Hz, strong den-
sity fluctuations occur around the trapped region after 6 ms.

The velocity of output beam is almost the same for different
coupling strengths. This is because the kinetic energy mainly
comes from the mean field interaction of atoms, which slightly
changes for various coupling strengths. Density fluctuations
versus different coupling strengths in microgravity of contin-
uous atom laser are similar to the density fluctuations of con-
tinuous atom laser under gravity %! qualitatively.

t =0 ms t=23 ms t =06 ms t=9 ms t=12 ms
x10-1 x10—1 x10~1 x10~1 X101

z | N | ] o h e
= 0 0 0 0
g 4o 0 40 —40 0 40 —40 0 40 —40 0 40 —40 0 40
= X102 X102 X102 X102 X102
3 4 4
z 2 2 2 s 2 A 2 “ mp=1
£ "—do 0 0 00 0 oo 0 a0 U7 0
5 — 0 0 — —40 0 40 —40 0 40
A X104 X104 X10—4 X104 X10—4

4 4 4 4 4 mp=

0 0 0 e 0 ‘L 0

—40 0 40 —40 0 40 —40 0 40 —40 0 40 —40 0 40

Position (pm)

Fig. 3. Dynamical evolutions of mr = 2, mp = 1, mp = 0 states from t = 0 ms to = 12 ms in time steps of 3 ms. The first column to the last column
corresponds to density profiles at different times of three components. The first row to the last row correspond to state mr = 2, mp = 1, mg = 0. Other

parameter is A = 0.
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Fig. 4. Dynamical evolutions of state mr = 0 with different strengths of output coupling in microgravity. From top to bottom are coupling strengths with
Q =25 Hz, Q =35 Hz, and 2 = 75 Hz, respectively. The first column to the fourth column correspond to density profiles of # =3 ms to = 12 ms in time

steps of 3ms. A =0.

4. Conclusions and perspectives

We have studied the dynamical output process of one-
dimensional continuous atom laser with zero gravity. In mi-
crogravity, we obtain two continuous atom beams in two di-
rections simultaneously. The output beam is very slow and
its output velocity is about one order of magnitude smaller
than the output velocity under gravity in our case. A coher-
ent, and slowly-moving atom laser could be used as the source
of atom interferometer to increase its interrogation time. Out-
put coupling strengths also have great influence on the flux
and output shape of the continuous atom laser. Thus, we can
adjust the outcoupling strength to manipulate the continuous
atom laser. Our simulation is only limited to zero temperature

within mean field approximation. That is to say, we have ne-

glected the temperature effect and quantum fluctuations. 03671

Density fluctuations and phase fluctuations due to collisions
between condensate and high energy lying atoms at finite tem-
perature will be considered in the future studies. For the truly
continuous atom laser, the repumping mechanism should be

considered, [06:68.09] which will be done in future studies.
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