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In this Letter, we demonstrate magnetogravitational matter-wave lensing as a novel tool in atom-optics in
atomtronic waveguides. We collimate and focus matter waves originating from Bose-Einstein condensates
and ultracold thermal atoms in ring-shaped time-averaged adiabatic potentials. We demonstrate “delta-kick
cooling” of Bose-Einstein condensates, reducing their expansion energies by a factor of 46 down to
800 pK. The atomtronic waveguide ring has a diameter of less than one millimeter, compared to other state-
of-the-art experiments requiring zero gravity or free-flight distances of ten meters and more. This level of
control with extremely reduced spatial requirements is an important step toward atomtronic quantum

Sensors.
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Recent years have witnessed the rise of quantum
technologies from pure gedanken experiments to real
applications. One of the most striking examples is atom
interferometry, which employs the wavelike nature of
atoms to perform, among others, extremely sensitive
measurements of inertial forces such as rotation [1] and
acceleration [2], making possible novel experiments in
fundamental physics, e.g., a test of Einstein’s equivalence
principle [3] and gravitational waves detection [4]. On the
applied side it enables inertial navigation, e.g., in Global
Positioning System denied environments and the search for
minerals and oil using gravitational mapping [5].

Today state-of-the-art atom interferometers use freely
falling atoms, where the interaction time between the atoms
is limited by the height of the experimental apparatus,
leading to very large apparatuses, with heights extending to
10 m or even 100 m [6-11]. In order to achieve even longer
interaction times some experiments have to take place in
space [12-14]. Atomtronics aims at miniaturizing these
atom-optical experiments and turning them into applied
quantum technologies by using coherent matter-wave
guides to support the atoms against gravity and thus
achieve much increased interrogation times and conse-
quently much enhanced sensitivities in a much smaller
volume [15-19]. One of the key requirements of atomtronic
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interferometry is that the matter waves have to be able to
propagate along the waveguides without being disturbed.
There have been numerous attempts at producing such
waveguides using optical and magnetic potentials, e.g., in
the study of the quantization of the superfluid flux [20,21]
in ring-shaped magnetic [18,22-24] and optical [25,26]
potentials. The main challenge of decoherence-free propa-
gation of matter waves in waveguides has been resolved
recently using time-averaged adiabatic potentials (TAAPs)
as perfectly smooth waveguides, propagating condensates
over distances of tens of centimeters at hypersonic
speeds [22,27].

In this Letter, we address one of the key challenges in
atomtronics: the management of the dispersion of the
atomic wave packets during their propagation in the
waveguide. Just like in optical fibers, matter-wave
pulses traveling in the waveguides rapidly spread with
propagation distance. For Bose-Einstein condensates
(BEC), this is caused by the self-interaction energy of
the atoms and for thermal clouds, it is due to the velocity
spread of the atoms. If left unmitigated, this makes high-
sensitivity interferometry difficult to implement in an
atomtronic device.

We introduce atomtronic matter-wave optics as a means
to manipulate the density and momentum spread of BECs
and ultracold thermal atomic clouds in ultrasmooth TAAP
waveguides. We use a series of time-dependent gravito-
magnetic matter-wave lenses, which allow us to focus,
expand, or collimate matter waves in a waveguide (see
Fig. 1). We implement optimal control theory [28] and
delta-kick cooling and collimation [9,29-32] as a means to
minimize and manipulate the azimuthal momentum spread
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of BECs freely propagating in the ring-shaped waveguide.
We can measure the resulting extremely small temperatures
of only 800 pK by free expansion in matter-wave guides
over almost one second. We demonstrate a reduction of the
thermal spread of a thermal cloud by a factor of 15 and of
BECs by a factor of 46. In free space, a similar reduction in
energy (x32) has been achieved by Kovachy et al. [30] and
lower temperatures have been demonstrated in the 100 m
drop tower [9] and on the space station [14]. However, in
order to measure and manipulate atomic clouds at these
very low temperatures, they needed the same long expan-
sion times (~1 s). Without the confinement afforded by
matter-wave guides these values can only be achieved in
microgravity or using an experimental apparatus large
enough to allow the atoms to fall freely over many meters.
Thanks to our ability to create extremely smooth wave-
guides and magnetogravitational lenses, we can achieve the
same by letting the atoms expand in one dimension in a
ring-shaped waveguide of one millimeter diameter.

We use ring-shaped waveguides based on TAAPs, which
are formed using a combination of dc, audio-frequency, and
radio-frequency (rf) magnetic fields plus gravity [27,33]:
The vertically polarized, homogeneous tf field dresses the
magnetic hyperfine states of the atoms in the dc magnetic
quadrupole field. The ring-shaped potential results then
from the time averaging induced by an audio-frequency
homogeneous magnetic field oscillating in the vertical
direction.

TAAPs have been shown to be very smooth with a
residual roughness well below our detection limits [22].
As a consequence, the azimuthal dependence of ring-
shaped waveguide potentials can be fully described by
aycos(¢p+ ¢;) and a,cos (2¢ + ¢p,) with ¢ being the
azimuthal angle along the waveguide, a; and a, being
arbitrary amplitudes, and ¢; and ¢, being angular posi-
tions. Higher order harmonics could arise from imperfec-
tions in the field-generating coils, but are exponentially
suppressed [22,34]. By carefully adjusting the audio and rf
magnetic fields, we manage to reduce the contribution of
the first and second harmonic down to 250 nK for static
clouds. This induces a density modulation in moving
clouds corresponding to a potential difference of 189 pK
along the full length of the ring waveguide, which we will
subsequently neglect here. The resulting gravitomagnetic
waveguide potential is

1 1
V. (r.g.z) = —|—§mwf(r - R)?> + Emwgzz

—sinﬁéngcos(qb—qﬁo), (1)

where m is the atomic mass, 6 is the usually small angle by
which the ring is tilted away from horizontal in the
direction of ¢, R is the radius of the ring, and w,/2x
and @, /2x are the radial and axial trapping frequencies
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FIG. 1. Focusing of BECs and ultracold thermal clouds in a
ring-shaped matter-wave guide. The absorption images were
taken at different propagation times after the application of the
matter-wave lens. The long-dashed line is a guide to the eye for
the BECs and the dotted line for the thermal clouds. The images
are taken after a time of flight of 5.3 ms for a ring of radius
R = 485 um. There were about 2 x 10* atoms in the BEC and
6 x 10* thermal atoms (BEC fraction ~25%) at a temperature of
116 £ 33 nK. The vertical (horizontal) direction of the images is
tangential (radial) to the ring at the center of the condensate. The
stripes and squares are due to the pixilation of the image data.

[35]. The third term represents the gravitational potential
resulting from a tilt of the waveguide by an angle  away
from horizontal [see Fig. 2(a)] [33]. The tilt angle 6 and its
direction ¢ and therefore the center of the trap can be
controlled dynamically by adjusting the audio-frequency
fields. The resulting time-dependent potentials can be used
to accelerate a BEC in the ring and then to transport it over
macroscopic distances or to manipulate BECs by applying
highly controlled comoving potentials.

The principle of atomtronic matter-wave optic lensing
using gravitomagnetic matter-wave lenses is outlined in
Fig. 2: The atom cloud is loaded into a TAAP trap,
accelerated, and released into the ring-shaped waveguide
(see Supplemental Material [36]), where it expands accord-
ing to its thermal or interaction energy. Some time later we
apply the gravitomagnetic matter-wave lens. Depending on
the strength ¢ and duration 7; of the applied potential it can
expand, focus, or collimate the atomic cloud. In atomtronic
matter-wave optics, just like in photon optics, one can
collimate a point source by placing it at the focus of the lens
either by varying the power of the lens or the distance at
which it is placed. The optical equivalent of the expansion
time (z() is the object-lens distance. The strength of the
parabolic lens potential corresponds to the curvature of the
refractive index of a graded-index (grin) lens, and finally
the time 7; corresponds to the thickness of the grin lens.

We start by studying the free expansion of thermal
clouds and BECs in a ring-shaped TAAP waveguide. We
load 3Rb BECs from a dipole trap into the ring-shaped
waveguide with the superimposed azimuthal trapping
potential similar to the one that later forms the lens (see
Supplemental Material [36] for BEC production, ring
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FIG. 2. (a) Schematic of the matter-wave guiding in the TAAP
ring waveguide together with the azimuthal lens potential. The
ring-shaped waveguide of radius R is tilted away from horizontal
by a small angle § < 1 into the direction ¢, with the atom clouds
being centered at ¢. The arrow with the label g indicates the
direction of gravity. (b) Tilt angle () of the time-averaging field
during the lensing sequence: (i) BEC acceleration, (ii) adiabatic
launch into the waveguide, (iii) a first free expansion of duration
7o in the waveguide, followed by a delta-kick pulse of duration
77, and (iv) final variable expansion in the waveguide for a
duration of 7. This is followed by switching off all potentials and
time of flight imaging.

loading, and ring trap parameters). The measured radial,
axial, and azimuthal trapping frequencies in a tilted ring
trap are 85.3(4) Hz, 46.2(3) Hz, and 9.17(3) Hz, respec-
tively [37]. We then accelerate the clouds following the
bang-bang sequence of optimal control theory [22,28,36].
Within 0.2 s, the clouds reach an angular speed of
2710 rad/s (31 mm/s). We then launch the atoms into
the waveguide by ramping down the tilt angle 6 from
370 mrad to 0 mrad in 50 ms. The clouds then rapidly
expand in the azimuthal direction of the waveguide due to
their temperature for the thermal clouds (or chemical

potential for BECs). After some propagation time z,, we
switch off all confining potentials and allow the clouds to
expand in 3D and image them along the z direction using
standard absorption imaging techniques (see Fig. 1). We
determine the azimuthal expansion velocity v = RA¢
by fitting the rms size of the clouds to the function

Al = R\/AG + (Adr)?, (2)

where Agy is the initial rms size just when the lens is
switched off. The average kinetic energy of the clouds is
then Ey, = 1/2m(RA¢)? and Ty, = 2Eyi,/kg, where kg
is the Boltzmann constant.

Figure 3 shows the free expansion of BECs (empty blue
squares) and ultracold thermal clouds (empty red circles) in
the waveguide with the dashed lines representing the fit
according to Eq. (2). The azimuthal kinetic energy of the
thermal clouds is found to be Ty, = 18372} nK, which
agrees nicely with the radial time-of-flight energy of
T..a = 181 £ 8 nK. The azimuthal expansion energy for
the BECs thus measured was 37J_r910 nK.

We now turn our attention to atomtronic matter-wave
optics using gravitomagnetic lenses. Figure 2 shows a
sketch of the lensing sequence. As before, we launch the
atoms into the waveguide and let them expand for some
time (7y = 66 ms). We then apply the gravitomagnetic lens
by tilting the direction of the time-averaging field away
from vertical toward the position of the atoms for a duration
7. = 20.4 ms and tilt angle § = 290 mrad (see Fig. 1). This
tilts the ring and creates an azimuthal harmonic potential,
which moves along the ring such that it remains centered
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FIG. 3. Collimation of guided BECs and thermal clouds in the ring waveguide. The figure shows the azimuthal rms size of two-
component atom clouds as they propagate freely in the ring-shaped matter-wave guide. The matter-wave lens parameters were 7; =
17 ms and tilt § = 70 mrad. The thermal size is the azimuthal 1/e radius (R, /,) and for BECs the Thomas-Fermi radius (Rtg). The
dashed lines (and empty symbols) show the free expansion of a two-component cloud in the ring-shaped waveguide in the absence of
lensing. The solid lines (and full symbols) show the free expansion of a two-component cloud in the ring-shaped waveguide after near-
optimal lensing. The lines are a fit according to Eq. (2). The BECs contained about 1 x 10* atoms and the thermal clouds 3 x 10* atoms.
The mean temperature measured by radial time-of-flight imaging is 187(39) nK for the cooled thermal cloud, and 181(8) nK for the
freely expanded thermal cloud. The apparent difference in initial axial size is likely to be due to the nonzero duration of the
gravitomagnetic lens (thick lens regime). The clouds are traveling at a tangential speed of 31 mm/s in a circular waveguide of length
3.1 mm corresponding to more than eight round trips.
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with the atomic cloud. The strength of the lens is defined by
the degree of the tilt and the duration for which it is applied.
We measure the center-of-mass angular speed of the cloud
after the kick pulse to be 2z x 10.07(1) rad/s, while
the programmed value was 2z x 10.00 rad/s (see
Supplemental Material [36]). The agreement of better than
103 between the programmed and the measured angular
speed demonstrates the extreme control afforded by matter-
wave optics in TAAP waveguides. No atom number loss
was detected during or after the lens when compared to the
no-kick case. We adjust the focus of the matter-wave lens
by changing the tilt angle of the ring. The inset in Fig. 4
shows the behavior of thermal clouds for three different
matter-wave lenses: For a zero tilt (green triangles) the
clouds simply expand in the waveguide, whereas for a tilt of
6 = 89 mrad (red dots) the clouds are almost collimated.
Finally, for a tilt of 6 = 125 mrad (blue squares) the cloud
is focused tightly at about 100 ms after the lens. For
different strengths of the matter-wave lens the kinetic
energy of the expanding clouds changes, as depicted in
the main panel of Fig. 4. By fine-tuning the strength of the
gravitomagnetic lens we find the lowest kinetic energy
(21:2 nK) for a tilt of 6§ =89 mrad. The lensing has
therefore reduced the initial temperature of the thermal
cloud in the azimuthal direction by a factor of 6.

In close analogy to photon waves, the focusing and
collimation of matter waves is limited by spatial coherence.
Therefore, thermal clouds and BECs behave quite differ-
ently with respect to matter-wave lensing, with the thermal
matter waves resembling the incoherent wave fronts of
incandescent light sources and BECs displaying the near
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FIG. 4. The main panel shows the kinetic energy of a thermal
cloud as a function of the strength of the focusing lens (the tilt
angle 6 of the ring-shaped waveguide keeping 7; = 17 ms
constant). The inset shows the expansion along the waveguide
for the different strengths of the lenses: no lensing (6 = 0, green
triangles), optimal collimation (§ = 89 mrad, red dots), focusing
(6 = 125 mrad, blue squares), and near-optimal collimation
(6 = 80 mrad, black diamond). The thermal clouds originally
contain 6 x 10* atoms at 116f55 nK. The lowest kinetic energy
after atomtronic lensing in this data set is 21f12 nK, corresponding
to a “delta-kick cooling” by a factor of 6.

perfect wave fronts of lasers. Figure 3 shows the azimuthal
expansion of thermal atom clouds and BECs traveling
together in the ring-shaped waveguide. The open symbols
are freely expanding whereas the solid symbols have been
collimated by the gravitomagnetic lens. Allowing the
clouds to freely expand and fitting Eq. (2) to the rms
cloud sizes, we find average kinetic energies of 1831“% nK
for the thermal cloud and 371’910 nK for the BEC. We then
collimate (delta-kick cool) the atom clouds using a matter-
wave lens. After launching the atoms into the waveguide,
we let them expand for a duration of 7, = 135 ms. The lens
has a duration of z;, = 17 ms and a tilt 6 = 70 mrad, which
corresponds to the thin lens or the delta-kick regime where
w; X1, =007 <« 1 with @; being the lens trapping
frequency [30]. The solid symbols in Fig. 3 show the
expansion of BECs and thermal clouds in the waveguide
after the lens is turned off. A fit to Eq. (2) reveals kinetic
temperature energies of 12 nK for the thermal clouds and
800 pK for the BECs. The kinetic energy has therefore been
reduced by a factor of 15 for the thermal clouds a factor of
46 for the BECs.

The limiting factor in the final expansion energy of the
BEC:s is the residual chemical energy at the final collimat-
ing lens, which itself is determined by the maximal size of
the condensate (< 27zR) and its atom number. The final
kinetic temperature could therefore be further reduced by
lowering the atom number and/or the trapping frequencies.
In the experiments presented here, the coldest BECs begin
to approach the 1D regime reaching a chemical potential of
500 pK compared to a ground state energy of 1 and 2 nK for
the radial and vertical directions, respectively [38]. It will
be interesting to observe a dynamic transition between the
Thomas-Fermi (TF) and 1D regimes.

In conclusion, we have demonstrated for the first time an
atomtronic device with gravitomagnetic lenses. We show
that the atom-optical manipulation and lensing of BECs
and thermal clouds in ring-shaped waveguides can achieve
a reduction in temperature by a factor of 46, comparable to
the best realized anywhere [30]. This newly found ability to
generate and manipulate Bose-Einstein condensates and
thermal clouds at extremely low energies together with the
extreme precision of the atom-optical manipulations open
the field of atomtronic devices to coherent precision
manipulation and ultralow energy analysis of matter waves
in simple tabletop experiments. Future applications will
include dispersion control in atom-interferometry, ultralow
energy collision physics, e.g., of low energy solitons, and
precision experiments on Bose-Einstein condensates
in one dimension. It also makes possible the generation
of well-controlled vortex and Hermite-Gaussian matter-
wave beams.
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