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Abstract. A weak gravity-like force detector is proposed using a novel scheme, through which the subtle
modification of a weak gravity-like force on the interference pattern can be obtained. The weak gravity-like
force creates two spatially imbalanced Bose-Einstein condensates (BECs) trapped in a symmetric double-
well and makes a shift of the interference fringes yielded after expansion of the BECs. The strength of the
weak gravity-like force is revealed by investigating the Loschmidt echo and it can be read out by analysing
the density profile of interference fringes. For the weak gravity-like force, we predict that the sensitivity

can be g ~ 107°.

1 Introduction

Atom interferometry is reaching maturity as a powerful
application to ultra-precise measurement [1]. As one of
the most important components of atom interferometry,
an “atom splitter”, which generates two separated phase
coherent atomic states, has been experimentally realised
with the hyperfine [2] or momentum state of the atom
[3]. Recently, the spatial “atom splitter” has been experi-
mentally realised with the help of radio-frequency-induced
adiabatic double-well potential on an atom chip [4-6] and
other advanced optical techniques [7,8]. In analogy with
an optical interferometer, the measuring quantity (usu-
ally a relative phase) can be observed with various tech-
niques [1], depending on how the “atom splitter” works.
Except for the “atom splitter”, the standard interferom-
etry schemes still require a dynamical process to accu-
mulate the phase difference between two atomic states,
and then coherently recombine them for us to read the
relative phase by detecting the time-dependent popula-
tion. For the spatially separated splitter, the relative phase
can be observed by directly imaging the density in posi-
tion space [4-7]. Although several wonderful schemes are
proposed to realise Mach-Zehnder interferometer (MZI)
by measuring the relative phase difference based on the
physics of two weakly-linked Bose-Einstein condensates
(BECs) [1,9-12], it is still interesting to search for alterna-
tive interferometric schemes which can be easily realised.
In this paper, a novel scheme is proposed to realise an
“atom interferometer” via interference of BECs released
from a double-well. Two sets of interference fringes, the
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Fig. 1. (Color online) The scheme for our Atom interferometer.
The Loschmidt echo (M (t)) (or Density analysis) between the
reference fringes and sample fringes are measured.

sample and reference fringes, are yielded in our scheme
(Fig. 1). The sample fringes are interference fringes of
BECs released from a symmetric double-well with the
weak gravity-like force, while the reference fringes are
ones without the weak gravity-like force. The initial states
are prepared by the ground state of the symmetrical
double-well with (sample) and without (reference) the
weak gravity-like force. The feature of the interference
actor (atoms) allows us to count the effect of the weak
gravity-like force in this way: the subtle modification of the
sample fringes induced by the weak gravity-like force con-
firmed by the Loschmidt echo [13], can be read out by sim-
ply analysing the density profile. The merit of our scheme
can be found in measuring the weak gravity-like force of
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short-range scales (around one micrometre), and overcom-
ing the short phase-accumulated time when considering
the special interference actor (atoms) and its interatomic
interaction.

2 The scheme of interferometer

As shown in Figure 1, two symmetrical double-wells are
required to prepare the initial states. One is intended
to prepare the initial state for the reference fringes, and
the other one is set for the sample fringes titled by a
weak gravity-like force. Two sets of interference fringes
are yielded through the free expansions of BECs after the
two symmetrical double-wells are turned off. The infor-
mation on the strength of the weak gravity-like force can
be extracted by density analysis in Section 4. Since the
properties of the reference fringes (symmetric case) have
been extensively investigated in [6,7,14,15], our focus is
narrowed to the properties of sample fringes. For the sam-
ple interference fringes, the initial state, a ground state
of an asymmetrical double-well, is the spatially imbal-
anced BECs. Here, we assume that the spatial imbalance
is induced only by the gravity-like external force (—mgz)
along the z direction. The symmetrical double-well can be
formed by combining one anisotropic harmonic potential
(wy =wy =w, > w,) and one Gaussian-like laser beam

Vi(z) = Vs (2) +Vy (2),
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where we have re-scaled the position space in the unit
of I, = \/h/mwz, time in unit of 1/w, and the energy
in hw,. Uy and A denote the intensity and width of the
laser field, respectively, while v = g/m/hw? represents
the strength of the gravity-like force. In the scaled form,
the one-dimension evolution of the wave function (z) is
governed by the nonlinear Shrodinger equation or Gross-
Piraevskii equation [16]

2
‘;fﬁvg () 4019 ()| ¢ (z:1), (2)

z
where the 1-D reduced nonlinear interaction is defined as
1 = a14No/(l.hw.), and a14 = 2ahw, denotes the effect
of the highly transverse-confined direction (z-y direction)
on the low axial direction z [17]. Ny is the total atomic
number and a is the 3-D s-wave scattering length and m
is the mass of the atom. We chose the parameters of the
experiment described in reference [18], where 10° atoms of
8TRb (a = 5.7 nm) are trapped by an anisotropic harmonic
potential (w; = 27 x 293 Hz , w, = 27 x 24.7 Hz). In
this case, the harmonic oscillator length is [, = 2.170 pm
and the unit of time is 6 ms. The relation between v and
the real gravity-like constant g is v = 19.129¢. And the
function of nonlinear interaction with the particle number
is m = 0.0612Nj.
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Fig. 2. (Color online) The interference pattern of imbalanced
BECs for v = 0.1. (a) n = 7.337 and (c) n = 116.285; (b) the
section of (a) at ¢ = 4 and (d) the section of (c) at the same
time with (b). The red curve denotes the free-fall law.

Figure 2 shows how two imbalanced BECs evolve ac-
cording to equation (2). The imbalanced BECs is the
ground state for BECs with asymmetrical potential V (z)
(see Eq. (1)). The consistence in the shift of interference
fringes with the free-fall law (vt2/2) (red curve in Fig. 2)
reveals the special characteristics of the atom. The density
functions |¢(z,4)|? for different nonlinear interactions are
plotted in the right column in Figure 2. Compared with
the pattern of the reference fringes (shown as black one in
Fig. 2), the gravity-like force creates the asymmetrical in-
terference pattern (see Figs. 2a—2d), while the nonlinear
interaction compensates for the effect of the gravity-like
force for both the initial state and the interference pattern
(see Figs. 2¢, 2d).

So far, we have seen that the gravity-like force works
not only on the density profile of the initial states, but
also on the shift of the interference fringes. Considering the
short phase-accumulated time (~12 ms) and weak gravity-
like force (smaller than 0.0052 m/s”), the major reason for
this shift is the free fall of the atoms due to the external
gravity-like force (see red curve in Fig. 1). This inspires
us to seek a novel readout method, with which we can
analyse these subtle differences between the sample and
reference fringes.

3 Loschmidt echo

Loschmidt echo (LE) (or Fidelity) quantifies the sen-
sitivity of quantum dynamics to perturbations of the
Hamiltonian system. Recently, LE has been extended to
the description of the dynamical properties, such as sta-
bility and phase diffusion during the dynamic evolution of
BECs [13,19]. In our case, the Loschmidt echo is defined
as M (t) = [(thy=0 (2,8) [0 (2,1))[*, where , _o(2,1)
and 1, £o(z,t) are the wave functions obtained by solv-
ing equation (2) for the symmetrical case (v = 0) and the
asymmetrical case (y # 0), respectively. Figure 3 shows
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Fig. 3. (Color online) (a) The Loschmidt echo decays with
time for v = 1 x 10™*, and four different nonlinear parame-
ters n = 29.210, n = 116.285, n = 462.941 and n = 1843.000
respectively. (b) Same as (a) but for given n = 116.285 and
four different gravity constants v = 1 x 1073, v = 2 x 1074,
v=1x10"" and v = 2 x 107°. The solid lines are Fermi-like
curves equation (3).

that the LE decays with time and this behaviour can be
described by Fermi-like law [19]

M) = (1— M) [1+eXp (tTtCﬂl M, (3)

where M, is a small number and denotes the value of
M(t) when the time is extended to infinity. t. is the
critical time, over which M(¢) is going to 1/2. T deter-
mines the speed of the decay behaviour. In the symmet-
rical case (y = 0), t. — oo and T can be a large but
finite number, therefore, its LE (M(t)) remains as one
forever as the time evolution of the symmetrical wave
function |y =o(%,t)) is chosen as our reference. While for
the asymmetrical case (y # 0), t. and T strongly depend
on the nonlinear interaction and the value of the gravity-
like force (), except that the value of My, (0.0001) is
independent of these system parameters. For the given
nonlinear interaction (n = 116.285), we find that ¢, expo-
nentially deceases from 91.392 to 18.522 and T deceases
from 9.824 to 2.933 when the strength of the gravity-like
force is increased from 2x107° to 1 x 10~3. Meanwhile,
given the gravity-like force (y = 1 x 10~%), similar be-
haviours of ¢, and T are found by increasing the nonlin-
ear interaction. This means that t. exponentially deceases
from 66.680 to 38.220 and T' deceases from 9.507 to 6.108
when the nonlinear interaction is increased from 29.210
to 1843.000. The reason is that the nonlinear interaction
increases the expansion velocity, and makes M (t) decay
at a fast speed. The results show that increasing nonlin-
ear interaction can greatly enhance the sensitivity of LE
(M(t)) to the gravity-like force (for example see Fig. 3a)
where the sensitivity can be 7 ~ 1 x 107% at t = 50 for
n = 116.285 (see Fig. 3b). This corresponds with the re-
lease of the condensates after 0.3 second, which is still
within the experimental timescale [7].

In a word, the behaviour of LE shows that there
is a distinguishable difference between the sample and
reference interference fringes, and that the effect of the
weak gravity-like force on the interference fringes can
be enhanced by increasing the strength of the nonlinear
interaction. In principle, LE (M(¢)) can be measured
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Fig. 4. (Color online) (a) The linear behaviour of the extremal
contrast Ce (t) with time for v = 1 x 10™* and four different
nonlinear parameters n = 29.210, n = 116.285, n = 462.941
and 1 = 1843.000, respectively. (b) Same as (a) but for n =
116.285 and four different gravity constants v = 1 x 1073
v =2x10"% v =1x10""* and v = 2x 10~°. The dashed lines
are described by equation (4) and the error-bars are obtained
after the +£12% particle fluctuation between the sample and
the reference fringes is taken into account.

with the help of developing quantum tomography tech-
niques [20]. In order to avoid those difficult techniques and
extract the subtle difference induced by the weak gravity-
like force, one novel variable is needed. The novel variable
is expected to be sensitive to both the gravity-like force
and the nonlinear interaction. More importantly, it only
depends on the density of the interference, which is easy
to measure in the current experiments [21,22].

4 Density analysis

Based on the density of the interference, one can diag-
nose its characteristics with the help of visibility or con-
trast [23]. Considering that the space (R) between the two
light bands depends on the de Broglie wavelength of the
cold atom, we take R = 0.365, 0.364, 0.362 and 0.361, re-
spectively, for n = 29.210, 116.285, 462.941 and 1843.000
in reference fringe. To exclude the effect of the expansion,
the space has been divided by the expansion time ¢ [15].
We then plot the average contrast Ce (t) = |Cprax (8) | +
|Carin (t) | as the function of the expansion time in Fig-
ure 4, where Casaz, aMin (t) is the maximal or minimal value
of C (z,t) within R, | ...| means taking the absolute value
and the average is taken within the visibility interference
range (£ = 16, 20, 30 and 40, respectively in Fig. 4a,
and £ = 20 in Fig. 4b). C (z,t) is defined as C (z,t) =
(9120 (5:1) = py=0 (1)) (P20 (5,) + py—o (2, )) and
p(z,t) is the density profile at time ¢. The +12% density
fluctuation is assumed for the shot-to-shot measurements
of the sample interference and its effects (standard deriva-
tion) on C. (t) are shown as error-bars in Figure 4. The lin-
earity of C. (t) with ¢ can be approximately described as

Ce(t)=K xt+ B. (4)
Since the nonlinearity compensates for the effect of the
gravity-like forces (see from Figs. 2 and 4a), the slope

K first increases from 0.034 to 0.045, saturates around
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0.045 and then decreases from 0.045 to 0.032 by increas-
ing the nonlinear parameters from 29.210 to 1843.000 for
the weak gravity-like forces (y = 1 x 10™%). Meanwhile the
value of B monotonously increases from —0.119 to 1.982.
It is interesting to note that for given n, K and B are
monotonously increased with the growth of the gravity-
like force «y (see Fig. 4b). Since our initial states are BECs,
we have ignored the phase fluctuation for each BECs, but
considered the density fluctuation between the two inter-
ference sets. Figure 4 shows that the effect of the density
fluctuation is proportional to the total particle number for
the gravity-like force (see Fig. 4a), but this is an inverse
proportional to the gravity-like force for the given total
number (see Fig. 4b).

5 Further considerations

As shown in Figure 2, the weak gravity-like force cre-
ates a fraction of density distribution, which has been
suggested to measure the gravity field constant with pre-
cise dg/g = 2 x 107 [5]. As increasing the total num-
ber of the trapped atoms compensates the fraction of
density distribution induced by the gravity-like field (see
Fig. 2), it will be difficult to distinguish this fraction for
the weak gravity-like force. For example, the weak gravity-
like force v = 10~ induces the fraction (0N/N = 0.42%)
of density between the two wells for n = 116.285, and
ON/N = 0.15% for n = 1843.000. In light of the real ex-
perimental conditions [18], this means we are supposed to
be able to count a few (8 or 46) atoms. Owing to the par-
ticle fluctuation, this requires even more advanced tech-
niques. In contrast, for the attractive BECs, the situation
can be drastically changed. As for “Li with the same con-
dition, even a weak gravity-like force (y ~ 7 x 1076) can
make a huge fraction (almost 100%) of density distribu-
tion with n = —0.02. Therefore, the counting of the frac-
tional atom distribution may be applied to measuring the
weak gravity-like force with the attractive BECs ("Li).
For repulsive BECs (37Rb), our scheme can be a better
alternative. For v ~ 1 x 10~* (that is 6g ~ 5 x 107°),
the increase of the nonlinear interaction from 116.285 to
1843.000 makes LE (M(50)) decrease from 0.7 to 0.1, and
more importantly makes the measurable C.(t) increase by
almost 50% (Fig. 4a) even after the +12% particle fluctu-
ation is taken into account.

6 Experimental realisation

Current experimental techniques, such as the atom
chip [5,6] and optical methods [7], guarantee the real-
isation of the symmetrical double-well. In practice, the
reference fringes can be yielded by the reference double-
well, and its symmetry can be checked by flipping the
double-well (means from V(z) to V(—2))' [5,24] and

! The fllipping of the double-well from v(z) to v(—z) could
be experimentally realised by rotating the polarised direction
of two independent orthogonal RF fields shown in [24]; or ad-
justing the electron currents in [5].
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comparing their interference fringes at small nonlinear in-
teraction. In this case the sample fringes can be located
along the gravity-like field direction and the reference
fringes will be vertical to the sample fringes. The turning-
off of the double-well and the yield of the interference
fringes have been done by many experimental groups [5-7].
With regard to the challenge of measuring LE [20], the
density analysis method can be easily realised with the
help of in situ measurement techniques, which have been
experimentally applied to the study of the quantum dy-
namics in BECs [21,22]. Furthermore, in our scheme, the
unavoidable density fluctuation between sample and ref-
erence fringes does not negatively affect the measurable
variables C.(t) (see Fig. 4).

7 Conclusions

We have proposed a novel scheme to realise an atomic
interferometry, through which the weak gravity-like force
in short-range can be measured. The compensatory effect
(shown in Fig. 2) and the feature of the interference actor
(atoms) enables our scheme to measure the weak gravity-
like force. The size (3—80 pm) of the experimentally re-
alised double-well [6] ensures that the scheme works well
for the short-range force. The highly developed in situ
density measurement techniques [21,22] and density fluc-
tuation investigation (Fig. 4) lead us to believe that our
scheme will be realised in the near future.
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