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We present the first realization of a solitonic atom interferometer. A Bose-Einstein condensate of 1 x 10*
atoms of rubidium-85 is loaded into a horizontal optical waveguide. Through the use of a Feshbach
resonance, the s-wave scattering length of the 85Rb atoms is tuned to a small negative value. This attractive
atomic interaction then balances the inherent matter-wave dispersion, creating a bright solitonic matter
wave. A Mach-Zehnder interferometer is constructed by driving Bragg transitions with the use of an optical
lattice colinear with the waveguide. Matter-wave propagation and interferometric fringe visibility are
compared across a range of s-wave scattering values including repulsive, attractive and noninteracting
values. The solitonic matter wave is found to significantly increase fringe visibility even compared with a

noninteracting cloud.
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A soliton is a single wave which propagates without
dispersion. Solitons can arise in a system which is described
by a weakly nonlinear dispersive partial differential equa-
tion when the nonlinear and dispersive effects cancel out.
Their formation, stability, and dynamics form an enormous
field of rich and diverse study [1] with applications to
nonlinear optical systems [2], oceanography [3], magnetic
materials [4,5], financial markets [6], and biological sys-
tems [7] among others. Depending upon whether the
solitary propagating wave is a crest or a trough, it is known
as a bright or a dark soliton, respectively.

In cold atoms, experimental studies have been done on
dark solitons as a dip in the density profile of a Bose-
Einstein condensate (BEC) [8-10], as well as systems of
dark-bright soliton pairs [11,12]. On the contrary, studies of
bright matter-wave solitons have been relatively few,
despite offering similarly nuanced and interesting physics
to dark solitons. Early work observed the breakup of
attractive ‘Li and 5Rb condensates into soliton trains
[13—15]. A single 6000-atom "Li bright soliton in an optical
waveguide was created in 2002 [16], and, recently, a pair of
neighboring 100-atom ’Li bright solitons were formed in a
magnetic waveguide [17]. A 2000-atom ®Rb soliton has
been studied while colliding with a repulsive barrier [18].
Among many possible applications, a bright-soliton-based
matter-wave interferometer has been proposed as a method
to test the fine details of atom surface interactions [19], and
soliton collisions have been suggested as a mechanism for
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creating Bell-type entangled states [20]. Additionally,
bright-solitonic atom interferometers hold great promise
for precision measurements [21,22], including measure-
ments of gravity [23-27], rotations and magnetic field
gradients [28,29], and tests of the weak equivalence
principle [30-33].

In this work, a bright solitonic matter wave of 1 x 10*
85Rb atoms is produced in a horizontal optical waveguide.
Matter-wave propagation is investigated in the waveguide,
and the performance of a Mach-Zehnder matter-wave
interferometer is compared across a range of s-wave
scattering lengths. It is found that there is a sharp optimum
at negative s-wave scattering length that maximizes inter-
ference fringe visibility in the interferometer. The data
indicate that a soliton-based interferometer dramatically
outperforms its noninteracting counterpart, even at inter-
ferometer times as short as 1 ms. Prospects for future
experiments in this system are discussed with regards to
both precision measurement and fundamental physics.

The experimental apparatus used here has previously
been described in detail [34,35]. Briefly, using hybrid
magnetic and optical trapping [36,37] and sympathetic
cooling with 3"Rb [38], we produce samples of 3.5 x 107
85Rb at close to 1 uK in a crossed optical dipole trap. A
magnetic bias field is then ramped on over 50 ms to
~140 G and then rapidly jumped through the 155-G
Feshbach resonance to 165.75 G, zeroing the s-wave
scattering of %Rb and minimizing three-body loss
[39,40]. Over a further 3.5 s, the dipole trap intensity is
smoothly ramped down, driving sympathetic evaporative
cooling. The final values give an optical trap with radial and
axial trapping frequencies of ®, =2z x 70(5) Hz and
w, = 2m x 3(2) Hz, respectively. Careful control of the
sequence is required to ensure that there is no observable
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87Rb coolant remaining at this point. In the last 0.5 s of this @ 1 %’c JaN
ramp, the magnetic bias field is tuned to give a ¥Rb s-wave . onk W ~ Conk
scattering length of 300a,, where the Bohr radius ETE N\ N\ X
ap = 5.29 x 107" m. In this way, pure BECs of 1 x 10* a N
8Rb atoms are evaporatively formed in the crossed 2T+ N\ o phaseo
dipole trap.
The remaining atom cloud is transferred into a single
beam dipole trap, effectively forming a waveguide for the T 165.78F 1
atoms [41]. The loading sequence follows our previous = 16576}
technique [25], with the addition that, after forming the = 5. 7)1 109
Rb condensate, the scattering length is ramped to 5a, 5 1g579] " 11
over 100 ms, followed by a small ramp up in the optical 2 ¢ s . . ‘ ’
= 1.5 2.0 2.5 3.0 3.5 4.0

power of the waveguide over 200 ms. The weaker cross
beam is then switched off suddenly, releasing the cloud into
the guide, in which it is free to move longitudinally. This
is the initial condition for all waveguide experiments
described in this Letter.

The Feshbach resonance used to manipulate the s-wave
scattering length of the |F =2, my; = —2) state in %Rb
is controlled by an external magnetic bias field. The reso-
nance is well characterized by the equation a = a,,(1—(A/
B—By)), relating the s-wave scattering length a to the
magnetic field B through the background scattering length
apy = —443a,, the width of the Feshbach resonance
A =10.71 G, and the center of the resonance By =
155.041 G [39,40]. Because the waveguide is extended in
space, it is critically important to precisely characterize the
bias field change along the waveguide. Radio-frequency (rf)
transitions on an extended matter-wave source are used to
achieve this. A 1-uK sample of ¥’ Rb atomsis released into the
waveguide and allowed to expand over a second. A 10-ms
burstofrfcouplesthe |[F =1,mpy=—1)and |F = 1,m; = 0)
internal Zeeman states over a narrow frequency range
according to the relation Aws = pgAmpgrB, where ug is
the Bohr magneton, g is the Landé g factor for 8’Rb, and the
magnetic bias field is held at B = 165.776 G at the trap
center. The bias field is then turned off, and the resulting
magnetic species are separated by a 2-ms Stern-Gerlach
pulse from the quadrupole coils. The locations at which
each frequency couples the two internal states map our
magnetic field along the waveguide, and this is shown in
Fig. 1(b). A parabolic fit to these data yields a magnetic
field curvature of (0*B/8z?) = —103(1) mG/mm?. This
curvature provides the dominant longitudinal potential
for our ®Rb atoms which, according to the relation
w? = (pupgpmp/mgspy)(0*B/0z%) (Where mgsg, is the mass
of 3Rb) gives an inverted harmonic potential along the
waveguide with (anti)trapping frequency @, = 2xi x 3 Hz,
where [ = \/:T The experiments described here occur
slightly to the left of the central region of the guide as
indicated in blue in the figure, where we calculate a maximum
magnetic field deviation due to both curvature and fluctuation
of 4 mG, allowing precise control of the s-wave scattering
length of 85Rb.

Position along waveguide, z (mm)

FIG. 1 (Color online) (color online). (a) Schematic of a
Mach-Zehnder matter-wave interferometer constructed by using
optical Bragg transitions. (b) Measurement of the magnetic field
curvature in the waveguide via rf spectroscopy. The magnetic
field at each position is determined from the frequency required to
drive inter-my transitions on an extended cloud of atoms in the
guide. The red line is a parabolic fit to the data, indicating a
repulsive harmonic potential with frequency w, = 27i x 3 Hz
along the waveguide. The interferometer and soliton expansion
occurs in the region shaded in blue, slightly to the left of the
maximum in the potential.
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FIG. 2 (Color online) (color online). (a) Longitudinal width
of a matter wave as a function of scattering length, measured after
90 ms of free expansion in the guide. Green dashed lines are to
guide the eye. The soliton parameter of a, = —30q, is seen to
minimize this expansion. (b) Comparison of longitudinal
expansion along the guide for three different scattering lengths:
the repulsive self-interaction of a = 260q, the low interaction
case of a = 5ay, and the soliton parameter of a;, = —30a,. The
dashed lines are parabolic fits to extract the acceleration of cloud
width. For a = a, this acceleration is consistent with zero. Error
bars shown in both (a) and (b) are statistical.

013002-2



week ending

PRL 113, 013002 (2014) PHYSICAL REVIEW LETTERS 4 JULY 2014

After the 3Rb BEC is released into the waveguide, the ~ Bragg transitions is applied to the guided matter wave.
scattering length is jumped to a value a in order to study  The optical lattice used to effect Bragg transitions consists
the expansion of the cloud over time. In Fig. 2(a),  of up to 50 mW in each of two counterpropagating beams,
the longitudinal width of the guided matter wave after  precisely aligned to be collinear with the waveguide
90 ms of propagation in the waveguide is plotted as a  optical trap by means of dichroic mirrors [47,48]. The
function of scattering length a. There is a clear, sharp lattice beams are collimated with a full width of 1.85 mm
minimum in width of the expanded cloud at a;, = —30qy, and detuned ~100 GHz to the blue from the D2
which we denote as ay, the “soliton parameter” for our  |F =2) — |F’ = 3) transition of 3°Rb. Arbitrary, indepen-

system. In Fig. 2(b), we compare the longitudinal expan-  dent control of the frequency, phase, and amplitude of each
sion of a weakly interacting matter wave (where @ = 5ay,  beam is achieved by using a two-channel direct digital
green circles) [42,43], a repulsive matter wave with @ =  synthesizer (DDS) driving two separate acousto-optic
260a, (red squares), and a condensate with attractive  modulators. We use a standard three-pulse z/2 — 7 —
interactions set to the soliton parameter of a; = —30a;,  z/2 configuration with a total separation time of 27, as

(blue triangles) clearly showing the absence of dispersion, illustrated in Fig. 1(a). The first #/2 pulse splits the matter
characteristic of a solitonic matter wave [44]. The dashed wave into two momentum states separated by Ap = 2hak. A
lines are parabolic fits to extract the acceleration of the  time T later, we apply a 7 pulse to swap the momenta of the
cloud width (d?c,/dr?) for each scattering length, which  two states, allowing them to reconverge. After a further
were found to be 67.5(6), 22(1), and —0.2(5) mm/s?,  time T, the two momentum states are overlapped again, and
respectively, for the 260a, 5ay, and =304 clouds in this ~ we recombine them with a final z/2 pulse. After allowing
repulsive potential. Previous experimental realizations of ~ some time for the clouds to physically separate, atom
solitons in the quasi-1D regime [13-17] in which the  numbers N| and N, in the momentum state output ports
interaction parameter |a| = N|a|\/mw,/h < 1 differ from Ok and 27k of the interferometer are measured by using
this work where |a| ~ 12 & 2, which is in the 3D regime.  absorption imaging, and the relative fraction of atoms in the
Solitons have previously been observed in a weak axial trap ~ 0%k output state Ny = N;/(N; + N;) is calculated for
in the 3D regime for |a| ~ 3 [18]. The existence of a soliton each run. Interferometric fringes in N, are obtained by
in the parameter regime of this system in the presence of a  scanning the optical phase ¢ of the final Bragg z/2 pulse
weakly repulsive potential is consistent with previous  using the DDS. An example fringe is show in Fig. 3(a). A
theoretical calculations [44] as detailed in Supplemental  function N = (V/2)cos(¢p + @) + ¢ is fit to obtain the
Material [45]. This is supported by numerical simulation of  visibility )V and interferometric phase ® of the fringe. For

both the 1D and 3D Gross-Pitaevski equations [46] con- the interferometer times presented here, there is significant
firming that dispersionless matter-wave propagation is  spatial overlap of the density of the two momentum states
possible in this regime. for the duration of the interferometer.

In order to investigate the properties of the soliton in this Figure 3(b) shows the fringe visibility of a 7 =1 ms

system, a Mach-Zehnder atom interferometer based on ~ Mach-Zehnder interferometer as a function of the s-wave
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FIG. 3 (Color online) (color online). (a) Each interferometric fringe is fitted to a function N,; = (V/2) cos(¢ + ®) + ¢ to extract the
fringe visibility V' and interferometric phase ®. The data shown here are the interference fringe for a soliton, with a = ay. (b) Fringe
visibility (open circles) as a function of s-wave scattering length a fora T = 1 ms Mach-Zehnder atom interferometer. Red dashed lines
are to guide the eye. A dramatic increase in the fringe visibility is seen at the soliton parameter a; ~ —30a, for our system. Inset: The
interferometric phase ® for various a. (c) Fringe visibility as a function of the interferometer time 7. Results for a noninteracting
interferometer with a = 0 (filled green squares) and the soliton interferometer with a = a; = —30a, (open circles) are shown. Gaussian
fits provide half-maximum decay times of 0.9 (green dashed line) and 2.3 ms (solid purple line), respectively. The solitonic matter wave
optimizes the fringe visibility at all times we have tested. Inset: Measured interferometric phase ¢ for the soliton interferometer as a
function of 7. All uncertainties in (b) and (c) are 1o confidence intervals of the fit to each interferometric fringe.
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scattering length a during the interferometer sequence. The
scattering length was abruptly changed from 0.4 ms before
the first z/2 pulse and back to 0.4 ms after the last z/2
pulse. No significant systematic loss of atoms is measured
over the range of s-wave scattering length observed. The
sharp peak in the interferometer visibility occurs exactly at
a,, the soliton parameter identified from the expansion
data in Fig. 2, which therefore shows a solitonic matter
wave very clearly outperforming a noninteracting cloud.
We attribute the increase in fringe visibility seen around
a = a, to the lack of spatial dispersion as seen in Fig. 2(b).
Reduced longitudinal momentum width has been shown to
increase visibility in atom interferometers in general due to
the frequency dependance of the Bragg transition [49], and
in our system, in particular, reduced spatial dispersion
has also been shown to increase mode matching and
therefore fringe visibility in the context of delta-kick
cooling [Fig. 3(e) of Ref. [25]]. Here, a more striking
visibility peak due to the jump in scattering length from
zero to the s-wave soliton parameter is also due to
effectively freezing out the matter-wave dispersion during
the interferometer, increasing mode matching in both
position and momentum by conserving the phase-space
density of each atom cloud. We hypothesize that this causes
the interference to be more robust against visibility deg-
radation due to any spatial inhomogeneity of the confining
potential. Fringe visibility enhancement is also predicted
for a solitonic interferometer due to collisional many-body
entanglement [50], which has already been demonstrated
for the case of an optical soliton interferometer [51].

To verify that the soliton parameter a, optimizes fringe
visibility for all 7', the data in Fig. 3(b) were retaken for
different interferometer times 7". At all measured values of
the interferometer time 7', the system’s soliton parameter that
optimizes fringe visibility has remained constant at
a, = —30a,. In Fig. 3(c), the fringe visibility as a function
of T is plotted for both a noninteracting BEC with @ = 0 and
a soliton with a = a,. The coherence of the soliton inter-
ferometer has a half-maximum decay time ~2.5 times as long
as the noninteracting interferometer (as measured by a
Gaussian first-order coherence function [35,52]), again
showing the clear advantage afforded by the solitonic matter
wave. The inset in Fig. 3(c) shows the interferometric phase
measured as a function of interferometer time 7" for the
soliton interferometer. The repulsion observed previously
[13,14,53] between solitons with a phase difference of 7 is
not seen here. Reference [54] suggests that this behavior is
observed only for low relative velocities (Av < 1 mm/s)
whereas in our interferometer Av =2hk/mgsg, = 12 mm/s.

In conclusion, we have demonstrated that a solitonic
matter wave optimizes the performance of a Mach-Zehnder
atom interferometer. A sharp optimum is evident in the
peak in visibility of the interferometer fringes. This new
system offers an intriguing array of both fundamental
and applied future research directions. Studies of soliton

collision dynamics in a system with an interferometric
probe offer the possibility to look for many-body entan-
glement [50]. It will also be possible to look for breather
solitons [55] and yet more complicated solitonlike oscil-
lations [56]. Applications to precision measurement will
require an in-depth study of the phase evolution of the
solitons as a function of density and scattering length. The
experiment is also suitable for studying polaritonic solitons,
in which a BEC with zero s-wave scattering length can be
made to self-interact via an applied optical lattice [57].
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