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We investigate interference properties of a trapped atom interferometer where two symmetric optical dipole traps
(ODTs) act as the atomic wave-packets splitter and combiner with internal state labelling. After the preparation of initial
superposition states, the atomic wave-packet is adiabatically split and moves into two spatially separate asymmetric ODTs.
The atomic wave-packets in two ODTs are then adiabatically recombined after a duration of free evolving in traps, complet-
ing the interference cycle of this atom interferometer. We show that the interferogram exhibits a series of periodic revivals
in interference visibility. Furthermore, the revival period decreases as the asymmetry of two dipole potentials increases. By
introducing an echo sequence to the interferometer, we show that while the echo effect is not influenced by the asymmetry
of the two ODTs, the onset of periodic revivals changes by the echo sequence. Our study provides an effective method to
cancel or compensate the phase shift caused by position and time correlated force.

Keywords: atom interferometer, optical dipole traps, revival, echo sequence

PACS: 37.25.+k, 34.80.Pa, 42.50.Gy, 42.60.—v

1. Introduction

Nowadays, atom interferometer has become one of
the most powerful techniques with applications in preci-
sion measurements,!'3! inertial sensing and navigation,*!
gravitational-wave observatory,>~7! testing fundamental laws

of physics,[3-13]

etc. It is capable of measuring accelera-
tion, rotation,!'*! inclination, time-dependent or gradient dis-
tributed force with a high precision. Compared with atom in-
terferometers in free space,>~!7 trapped-atom interferome-
ters (TAIs)['8-2% have some advantages such as interrogation
time independent of the atom’s flight!>!! and prospect of com-
pactness and portability.[??! It is especially promising for ap-
plications because of its compactness and portability.[?>4] In-
tegrated on a chip, waveguide or other micro-fabricated struc-
tures, it can be used to study atom-surface interactions, 2%
two-body collision?®! and Josephson phenomena, *7! etc.

In a typical atom interference process, matter waves are
first coherently split followed by free flight phase where the
influence of the external field is imprinted to the flying atom
clouds. The atom clouds are then recombined and information

on external environment is extracted. In the past few decades,

DOI: 10.1088/1674-1056/aba9¢c9

techniques of precise manipulation of trapped atoms have ex-
perienced a remarkable progress.!*®! The dynamical evolu-
tion of a quantum system in a double-well potential has been
studied extensively.!**32] Atoms can be transported or guided

[33-36] For example, the Bloch vector evolution

adiabatically.
of a single atom interferometry (SAI) in asymmetric double-
well potential has been investigated.”””) An SAI based on 2D
spatial adiabatic passage process using a system consisting of
three identical harmonic traps in a triangular geometry is stud-
ied theoretically.3”) A digital SAT on a discretized space-time
geometry is also experimentally performed in optical lattice to

s132! with a precision of 5 x 10~

measure potential gradient
in units of gravitational acceleration g. Now the coherent
controlled splitting and spin-state-dependent transportation of
atomic wave-packets have been experimentally demonstrated

in many physical systems such as diploe trap, !

trapped-ions
in a linear Paul trap, *3 BEC,!1%-3%-2] peutral atoms in 1D op-
tical lattice[*3*! and atom chip.[***°! At the same time, some
techniques utilized to split and combine atomic wave-packets
like spin-dependent light force,>*>!! guiding potential,3%33!

stimulated Raman adiabatic passage (STIRAP),13*! ramping
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up of a radio-frequency field,*®! shortcut to adiabaticity
(STA), 3"l internal state labelling (ISL), 3% etc, have been
developed. The splitting and recombining process of a double-
well TAI using a thermal ensemble is investigated theoreti-
cally, and it shows that the contrast and phase shift of the TAI
with ISL and STA methods have the same form."*"! In a re-
cent experiment, two wave-packets split from a single atom
is separated to create a very large Schrodinger-cat states. >8]
Later, a driven trapped-ion interferometer in one-dimensional
harmonic trap is used to measure time-dependent and spin-
dependent weak forces.>®! Most recently, two heteronuclear
atoms are precisely transferred and combined with two ODTs
to form a single molecule.[%° All of the above imply the im-
portant development and application prospects of the TAIs.

In this paper, we propose a TAI scheme in which split-
ting and recombination of atomic wave-packets are adiabati-
cally accomplished using two spatial transport symmetric op-
tical dipole traps (ODTs) with ISL. The wave-functions of two
wave-packets in each of two potential wells evolve indepen-
dently once two asymmetric optical dipole traps are separated
far enough and their phases ¢ are sensitive to their individ-
ual local environments. As a result, these two wave-functions
acquire a relative accumulated phase difference A¢, resulting
in an interferogram from which information about local envi-
ronments, i.e., asymmetric wells and others can be extracted.
The visibility of the Ramsey interference process reflects the
coherence of the atom interferometer. After the initial col-
lapse, a series of periodic revivals of the interference visibil-
ity reappear when the accumulated phase difference satisfies
A¢ =2nm (n1is an integer). The revival period decreases as the
asymmetry of two dipole potentials increases. Furthermore,
we introduce an echo sequence to the TAI with two asymmet-
ric ODTs and show a full recovery of the interference visibility
followed by the echo sequence. This indicates that the accu-
mulated phase difference A¢ caused by asymmetric ODTs can
be totally reversed by the echo effect. In addition, we show
that the inherent behavior of periodic revivals can be signifi-
cantly influenced by the echo sequence.

Specifically, two components of wave-packets created
from the dynamic splitting of the 1D system are in a phase
coherent state. The phase shift observed from the interfer-
ence patterns after the recombination of two wave-packets re-
veals the time evolution of coherence properties of TAI in
two spatially separate asymmetric ODTs. It provides a versa-
tile method for studying precision measurement,?>! phase
dynamics,#921 squeezed and entangled states, 4203641 yltra-

[60] [65] etc. Moreover, the

cold chemistry,'®! and superfluidity,
controllability of the asymmetry between two wells will be
a useful tool for atom interferometry since it can be used to
compensate for any position/time-dependent asymmetry like

the tilting potentials,[®®! the gradient due to gravity and other

inhomogeneous coupling strength in a matter-wave beam

splitter,!°1:57] or act as a phase shifter. [68:6°]

2. Ramsey atom interferometer

A typical Ramsey atom interferometric operation requires
a well-known m/2-7/2 optical pulses sequence. In this se-
quence, the first 7 /2—pulse prepares the atom into a coherent
superposition state and the second 7/2-pulse then acts as a
detector to extract the interference signal after a duration of
dynamic evolving time.

In this study, an ensemble of two-level cold atoms is ini-
tially trapped and prepared in an ODT. The wavelength of trap
laser beam is 830 nm, and it has a waist radius of 2.1 um and
a Rayleigh length of 16.7 pm. We consider an one-dimension
case of a TAI in two asymmetric ODTs. The Hamiltonian of a
TAI in two asymmetric ODTs has the form!7%-7]

H

H\|a){a|+ (H; + Enr) |b) (b|

{Pz " (:1:1)—&—1/1} ja){al

2m

2
+ [gn +Va(@2) + Enr + il} b){bl, (D
where |a) (spin down) and |b) (spin up) represent two hyper-
fine spin states of atom. Eygr = fiy is the energy level splitting
of two hyperfine spin states. Two asymmetric dipole potentialzs
are represented by Vi (x;) and Vo (), Vi(x;) = U,-ei(ﬁizl)
(i=1,2), and we assume a trap depth relation of U, = nU;
with 7 indicating the extent of asymmetry between the two
spatially separate potential wells and § being the dipole trap
width. Dissipative mechanisms such as spontaneous pho-
tons scattering of atom due to dipole laser, heating of atoms,
changes of dipole potentials, etc., affect coherence of cold
atoms in the interference process,!’? and all these factors can
be summarized as a dissipative item iA in Hamiltonian.!”]
The dissipative value A4 is set via simulating with the experi-
mental results. Compared with the asymmetry of two dipole

sl and vibration

potentials, the effects of interactions of atom
excitation are so small that can be neglected.

Figure 1 shows the schematic diagram for operating a TAI
with two asymmetric ODTs. Initially, an atom ensemble in a
symmetric ODT is prepared in state |¥) = |a) @ |y) = |a, ¥),
where |y) represents the center-of-mass part of the atomic
wave-function and can be written as

xT—x, 2 .

V)= el e, @)
where o is the statistical-averaged width of atomic wave-
packet having a Gauss distribution and k is the averaged wave
vector of the initial atomic momentum. The initial position of
the atom wave-packet is assumed as xp = 0.
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(b) 7/2-pulse (c) splitting

-
e

(f) m/2-pulse

(a) initial state

(e) recombining (d) evolving

Fig. 1. Schematic diagram of a Ramsey interferometer with a trapped
atom ensemble in two asymmetric ODTs. Time increases from (a) to
(f). White circle: atom in state |a); red circle: atom in state |b). Blue
and red arrows indicate directions of the displacements of transportation
traps respectively. (a) A trapped atom ensemble is initially prepared in
internal state |a); (b) a 7r/2-pulse puts the atoms in a coherent superpo-
sition of two internal states |a) and |b); (c) wave-packets for two inter-
nal states are removed adiabatically with two spatially separate trapping
potentials; (d) wave-packets evolve in two asymmetric ODTs separated
with a distance Ad; (e) wave-packets are adiabatically recombined into
one trap; (f) a second 7/2-pulse is applied to measure the probability of
atoms in state |b).

The Raman light scheme has been described in detail
before.[”+7! First, a /2 Raman pulse excites the atom into a
J5la, W)+ 51b, w). Then
the state-selective transport operation is performed to move

coherent superposition state |¥) =

the spin state |a) of atom adiabatically to the right (whereas
state |b) of atom moves to the left along an opposite direction).
The adiabatic spatial separated directions of wave-packets de-
pend on their internal spin states. Then two symmetric trans-
port wells are switched off simultaneously and two asymmet-
ric wells Vj(x;) and V() are turned on. Wave-packets
evolve independently under different dipole potentials. Af-
ter a duration of holding time 7, the atom state evolves as
) = L e/ Ma y) e
ric wells are switched off and two symmetric transportation

e 17/ p ), then two asymmet-

wells are turned on again. Lastly, wave-packets are recom-
bined into the original potential well and a detecting 7 /2-pulse
is applied instantly to obtain the population probabilities of
atom in different spin states. In this process, wave-packets
are split and recombined using transportation potentials that
change from a single well into two separate symmetric wells
and then come back. Both the splitting and recombination pro-
cesses are adiabatic, and the time is neglected since it is so
short as compared to the coherence time of the TALPY! The
population probability of atom lastly in state |b) can be ex-

pressed as

= 31 +Re((ylee /MmNyl (3)

The above process is similar to the Mach—Zehnder inter-
ferometer where the evolution of wave-packets in two sepa-
rated asymmetric wells is analogous to the propagation of an
optical field via two pathways. The wave-packets evolve in
different paces under two asymmetric dipole potentials, thus
it gives rise to an inhomogeneous dephasing to the TAI The
interference visibility reduces slowly due to different evolving
paths of two wave-packets. Solving the nonlinear Schrédinger
equation in a time-dependent interaction picture with Egs. (1)
and (2), we can obtain the simulated interference visibility of
the TAI in this process. As shown in Fig. 2, the visibility de-
cays totally when the accumulated phase difference A¢ of two
wave-packets is large enough, but later there are some periodic
revivals in the interference visibility. The interference visibil-
ity could be fully recovered at the integer multiples of the re-
vival period T. For U; /kg = 6 mK and 11 = 1.1, the revival
period T is 2.84 ms. We note that the collapse and revival of
the interference visibility is attributed to the phase difference
A¢ of the wave-packets evolving in double asymmetric ODTs.
It reflects the potential gradient versus time for the evolution
of TAI in a phase space diagram. The interference visibility
can also be expressed simply as

(1-7
2

P = -[1+C-cos(Agd)], “4)
where ¥ represents the dissipation due to the anharmonic of
dipole potentials V;(x;) and Va(x2), and C is the Ramsey
fringe visibility. The visibility recovers and the revival appears
when the relative phase meets A¢ = 2n7.

1.0

0.8

0.6

0.4

Probability Pr

0.2

%1 2 5 4 5 6 7 8 9 10
Time between 7/2-pulses/ms

1.0

(b)
0.8
0.6

0.4

Probability Pr

0.2

0

0 1T 2 3 4 5 6 7 8 9 10
Time between 7/2-pulses/ms

Fig. 2. Interference visibilities of a TAI in two asymmetric ODTs. The

revival of the interference visibility is periodic: (a) A =3 x 10~7U,, (b)

A =0. Other parameters are trap depth U; /kg = 6 mK, 11 = 1.1 and the

initial atom temperature 7o = 2 pK.
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3.0
2.5}
2.0
1.5¢

N

1.0t
0.5

Revival period T/ms

q.l 1..2 1..3 1..4 1..5 1..6 1..7 1..8 1..9 2.0
Asymmetry of two dipole potentials (n)
Fig. 3. The revival period T of the TAI influenced by the asymmetry
of two ODTs. T decreases sharply as the asymmetry of the dipole po-
tentials 1 increases. Other parameters are trap depth U /kg = 6 mK,
A =3 x 107U, and the initial atom temperature Tp = 2 pK. Inset: the
relation between 7' and 1) when 1) increases from 1.01 to 1.09.

In order to clearly investigate the interference properties
of the TAI influenced by the asymmetry of two ODTs, next we
neglect other dissipative effects except asymmetric trap po-
tentials. Figure 2(b) shows the Ramsey visibility of the TAI
without the dissipative effects. The dephasing induced by the
asymmetry of two ODTs is reversible, and this is the result
from the wave functions separation and periodic evolution of
wave functions in the ODTs. Figure 3 shows the relation be-
tween the revival period T of the interference visibility and
the asymmetry of two dipole potentials, 17. The result is ob-
tained by solving the nonlinear Schrodinger equation (3). As
shown in Fig. 3, the revival period decreases as the asymmetry
of two dipole potentials increases. The parabolic behavior in-
dicates the phase of wave-packet changing quickly under the
left deep trap. The revival period decreases sharply when 7
increases from an initially little value, which means that the
phase shift is very sensitive to the asymmetry of two poten-
tials, thus our scheme can be used as a sensitive way to detect

(a) initial state (b) 7/2-pulse

(j) m/2-pulse (i) recombining

(c) splitting

(h) evolving

the small changes of external potential. It can also be used
as an effective method to cancel or compensate position/time-
dependent asymmetric gradients which cause inhomogeneous
dephasing like the tilting potentials, light shift, etc. Here we
also note the initial atom temperature 7Ty affects the statistical-
averaged width « of the initial atomic wave-packet. The dis-
sipation effect of the TAI increases as Ty increases, but the
revival period T does not changes with 7p.

3. Atom interferometer with echo sequence

In order to enhance the controllability of the interference
process and attempt to reverse the inhomogeneous dephasing
of the TAI caused by two asymmetric ODTs, we applied an
echo sequence to the interference process mentioned above.

Figure 4 shows our schematic diagram for an echo se-
quence applied to a TAI in two asymmetric ODTs. An ensem-
ble of atoms in ODT is initially in state |¥) = |a, y). Firstly, a
7 /2-pulse excites the atom into a coherent superposition state
|P) = %|a, v) + %|b7 y). After two steps of the quantum
interference loop as similarly shown in Fig. 1 but with an echo
sequence inserted at time 7, i.e., the end of the first loop, two
parts of the wave-functions are then recombined in a common
optical dipole well. The second loop accumulates a phase
opposite to the first loop. Lastly, the detecting 7 /2-pulse at
t = 27 is used to obtain the population probabilities of atoms
in different spin states. The population probability of atoms
lastly in |b) is given as follows:

Py = L1 Re((yle et e tslhe sl y))| (s)

(d) evolving (e) recombining

(g) splitting (f) m-pulse

Fig. 4. Schematic diagram of an echo sequence applied to a TAI in two asymmetric ODTs. Time increases from (a) to (j). White circle: atom
in state |a); red circle: atom in state |b). Blue and red arrows indicate directions of the displacements of traps respectively. (a)-(e) The same as
those in Fig. 1. (f) A m-pulse is applied to reverse the atom state; (g) wave-packets for two internal spin states are removed adiabatically with
two spatially separate symmetric transportation potentials; (h) wave-packets evolve independently in two asymmetric ODTs separated with a
distance Ad; (i) wave-packets are adiabatically recombined again; (j) a 7t/2-pulse is used to probe the probability of atoms in state |b).

Figure 5 shows the interference visibility for a TAI in
two asymmetric ODTs with echo sequence. In order to show
the dynamical changes of the visibilities with time, here the

adding time of the detecting 7 /2-pulse is varied and not fixed

at 27. In Fig. 5(a), the echo sequence is added at time T =
0.9 ms, in which the interference visibility does not totally col-
lapse. The following echo revival appears at time 27 = 1.8 ms.
In Fig. 5(b), the echo sequence is added at time T = 1.6 ms,

123701-4
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in which the interference visibility totally collapses. The fol-
lowing echo revival appears at time 27 = 3.2 ms. This means
that the atomic wave-packets totally coincide under the echo
operation at the time of the echo revival. After that, the inter-
ference visibility starts its periodic revival which is only linked
to the asymmetry of two spatially separated dipole potentials.

—
(a)

0.8}

04 T

™

Probability Py

Y- ¥

Tlme between W/Q—pulses/ms

O |

A

o 1 2 3 4 5 6 7 8 9 10
Time between 7/2-pulses/ms

Probability Pr

Fig. 5. The echo interference visibilities of a TAI in two asymmetric ODTs.
(a) A m-pulse is added at the time of T = 0.9 ms, the echo revival appears
at 1.8 ms, i.e., double time of the 7-pulse time. After the echo revival, the
periodic revivals recover in the interference visibility of the interferometer.
(b) A m-pulse is added at the time of T = 1.6 ms, the echo revival appears at
3.2 ms. Other parameters are trap depth U; /kg =6 mK, n = 1.1, A =0 and
the initial atom temperature 7y = 2 uK.

In this echo interference process, atoms travel fully sym-
metric paths and the inhomogeneous dephasing caused by
the dipole potentials can be totally reversed by the echo se-
quence. This makes the double well interferometer scheme
suitable to measure time-controllable gradients in differen-

tial situations.!3?!

Furthermore, the echo sequence can also
be used to cancel the inhomogeneous phase shift caused by
the background gradient and study of discrete-time quantum
walks (DTQWs) which is hopeful to provide an universal com-
putational primitive and the basic building blocks of a series

of quantum algorithms.[7%!

4. Conclusion

In summary, we have investigated the interference proper-
ties of a TAI influenced by the asymmetry of two spatial sep-
arated ODTs. The interference visibility of the TAI presents
periodic revivals which are directly linked to the potential dif-
ference of two dipole traps. An echo sequence is introduced
to the TAI in two asymmetric ODTs. We find that the inhomo-
geneous dephasing caused by the asymmetric ODTs can be

totally reversed by the echo sequence. Moreover, the echo

sequence influences the beginning time of the periodic re-
vivals. Based on this, one can choose the best detection time
of the atom interferometer in order to maximize the output sig-
nal. It could be beneficial to future manufacturing of quantum
computer,!””! precision measurement, and also useful to help
us to determine the best position/time, to conduct the measure-
ment process and to obtain an optimizing signal in many fields

like atom waveguides, 37!

optical lattice, atom chips, etc.,
since the interference visibility presents a periodic revival be-
havior in this case. The asymmetric potential wells can also
be used to cancel or compensate the phase shift caused by po-
sition and time correlated force of a TAI significantly, thus it
can be used as a matter-wave beam splitter or act as a phase
shifter.

The TAI in two asymmetric ODTs will be useful in ap-
plications such as quantum cellular automata, 832! atomic

[4.83] measur-

point sources and spatially resolved detection,
ing gravity and magnetic field varying gradients, 8% mea-
surement of the spatially distributed force and time-dependent
potential, 3881 controlling collisions between neighbouring

atoms, 2089

etc. We propose our design scheme is promising
to be integrated onto many experimental systems like the atom
chip,-21 1D optical lattice,*>*1 waveguides,®*! magnetic

microtrap [°* and trapped ions in a linear Paul trap. %]
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