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An atom Michelson interferometer is implemented on an “‘atom chip.” The chip uses lithographically
patterned conductors and external magnetic fields to produce and guide a Bose-Einstein condensate.
Splitting, reflecting, and recombining of condensate atoms are achieved by a standing-wave light field
having a wave vector aligned along the atom waveguide. A differential phase shift between the two arms
of the interferometer is introduced by either a magnetic-field gradient or with an initial condensate
velocity. Interference contrast is still observable at 20% with an atom propagation time of 10 ms.
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Atom interferometry offers exquisite precision measure-
ment capability, much like its photon-based counterpart.
For example, the fundamental limit on the atom Sagnac
gyroscope signal-to-noise ratio is a factor of 10'! greater
than its optical counterpart, given comparable enclosed
areas and particle flux. Unlike their photon counterparts,
however, atoms can be sensitive to electric and magnetic
fields. In this respect, atom interferometry may be suited to
a substantially larger set of sensor applications, though by
the same token, it is sensitive to a larger variety of detri-
mental noise sources. On balance, atom interferometry
experiments have revealed promising and sometimes stun-
ning measurement capabilities [1-5].

The so-called “atom chips” seek to implement atom-
based devices on a small scale [6—10]. On a single sub-
strate one can, for example, incorporate conductors, mag-
netic elements, and optical components to produce fields
that confine, control, and manipulate atoms. On that same
substrate one might also incorporate atom detection and
signal conversion. Moreover, because the source of the
fields can be close to the atoms, typically one can apply
much larger forces, or use much less power to apply those
forces, in comparison with free-space systems. Of interest
here is the fact that the atom-chip approach provides
substantial control over the geometry of an atom
interferometer.

This work reports the demonstration of an on-chip atom
Michelson interferometer employing a Bose-Einstein con-
densate (BEC). An intrawaveguide optical standing wave
serves to split, reflect, and recombine the BEC. Some other
attempts to implement a coherent beam splitter or re-
combiner on a chip have used current-induced magnetic
fields, typically forming double potential wells that merge
and then split apart either in space, in time, or in both.
Atom-atom interactions due to high density in the wave-
guide can cause instabilities during the splitting or recom-
bining process in such double-well potential [11] and also
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reduce the phase coherence [12]. Various detrimental
atom-surface and atom-wire interactions [13-16] have
also stymied attempts to demonstrate on-chip interference.
The combined optical and magnetic forces employed here
have enabled a study of the coherence properties of matter
waves confined to a microstructure.

We introduce a differential phase shift between the two
arms of the interferometer that modulates the atom inter-
ference. This differential phase shift is introduced by a

(a) Standing
Mirrors  light wave

(-

Tunnel

[

Landing region Trapping and splitting region

Wires

FIG. 1 (color online). (a) Schematic drawing of the atom chip
(not to scale). The dimensions of the chip are 5 cm X 2 cm.
(b) A photo image of the atom chip glued onto a copper holder.
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magnetic-field gradient and alternatively by an initial con-
densate velocity in a trap with a longitudinal frequency of
5 Hz. We observe interference when the round-trip propa-
gation time is relatively short, i.e., less than about 10 ms,
and the maximum separation of the split wave packets is
about 120 pwm. The maximum separation is greater than
the results reported previously for confined atom interfer-
ometers [17,18].

Our atom chip contains lithographically patterned wires
and a pair of prism-shaped mirrors, as shown in Fig. 1. The
wires generate magnetic fields that are essential for the
microtrap and magnetic waveguide. The inward-facing
surfaces of the two prisms are mirror coated to produce
optical standing waves. A 180-um-high tunnel is created
underneath the prism located at the entrance side of the
chip to allow for loading of the microtrap.

A cold cloud of ®Rb is first collected in a magneto-
optical trap. Atoms in the |F =1, m; = —1) state are
loaded into a quadrupole trap produced by a pair of anti-
Helmholtz coils. The coils are then mechanically moved to
an adjoining chamber, and atoms are transferred into an-
other magnetic trap with an loffe-Pritchard (IP) configura-
tion. We apply rf-forced evaporative cooling until the cloud
is around 0.45 pK, then the IP trap is turned off, and the
cloud is pushed toward the chip in the third chamber by a
magnetic gradient [19]. The cloud is delivered through the
tunnel and captured in the chip’s trapping region, which is
located between the prisms and sits 115 pm away from the
surface of the chip. After the cloud is loaded onto the chip,
the trapping currents are reduced to place the cloud to
250 pum away from the surface. Next, rf-forced evapora-
tive cooling is used again to form a condensate. The
frequencies of the magnetic trap in which the condensate
is made are 177 Hz in the radial and 10 Hz in the axial
direction. Once a condensate is formed, the axial confine-
ment is ramped down in 100 ms to release the condensate
to the waveguide.

A tightly focused, linearly polarized laser beam with a
waist of 110 pm is incident on and reflected by the mirror
that is oriented at 45° with respect to the chip surface (see
Fig. 1). The reflected beam is parallel to the surface of the
chip and the direction of the waveguide. The beam is
retroreflected by the second mirror that is perpendicular
to the waveguide and the surface of the chip. The wave
vector of the standing-wave light field needs to be parallel
to the waveguide to minimize radial excitations of the BEC
from photon scatterings. The prisms must be aligned with
respect to the waveguide to better than 2°.

An interferometric measurement involves three
standing-wave light pulses: a splitting pulse, a reflection
pulse, and a recombining pulse. The frequency of the
standing-wave light field is 7.8 GHz red detuned from the
atomic resonance to minimize spontaneous emission. The
condensate cloud begins at rest in the waveguide. The
splitting pulse actually consists of a pair of subpulses,

and each subpulse diffracts atoms into different momentum
states such as an optical diffraction grating in the Raman-
Nath regime. The momentum of the atoms diffracted into
the nth order is changed by =2nfik, where n is an integer
number and k is the wave number of the photons [4,20].
In general, a single light pulse excites several different
diffraction orders, which implies a coupling efficiency less
than 100% into a particular order. To achieve a nearly ideal
50/50 splitting ratio, we have developed the double sub-
pulse scheme [21]. The condensate starts at rest. Then the
first pulse couples some of atoms into the |p = *2/ik)
state while the others stay in the |p = 0) state. The phase
of atoms in the |p = *2/ik) state evolves faster than that of
the ones in the |p = 0) state. The differential phase shift
can be written as A¢ = 4w,At, where w, = hk*/2m is
the recoil frequency, m is the mass of atoms, and the At is
the delay between the raising edges of the two pulses.
Atoms in the different momentum states interfere as the
second subpulse mixes them again. If the phase difference
A ¢ is a multiple of 27r, which corresponds to the delay
At = n7/2w, between the two pulses, most atoms will
populate in the |p = *2/k) state. On the other hand, if the
phase difference is (2n + 1)7r, which corresponds to the
delay At = (2n + 1)77/4w,, most atoms will remain in the
zero momentum state after the double pulse. The contrast
ratio of this interferometric splitting can be made 100% by
optimizing the power and the length of the pulses [21]. In
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FIG. 2. (a) The splitting pulse is turned on at ¢ = 0. (b) The

two split clouds propagate in the opposite direction at 0 <t <
T/2. (c) The reflection pulse is turned on at t = T/2. (d) The
clouds propagate back toward to the center of the waveguide at
T/2 <t<T. (e) The recombining pulse is turned on at t = T
when the clouds are overlapped.
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our experiment, splitting of the atoms into the |p = *2/ik)
states, with nearly zero population in the |p = 0) or |p =
+4hk) state, can be achieved; we find optimum splitting
when the two pulses are both 20 ws in duration with power
around 5.5 uW and the delay between the two pulses is
63 ws. The atoms in the different momentum states are
detected by absorption imaging when the wave packets are
spatially separated after 10 ms propagation.

A reflection pulse is used to reverse the direction of
propagation of the two wave packets simultaneously. The
pulse is chosen to be 150 ws in duration with power
6.2 uW. This relatively long pulse reverses the momenta
of the wave packets through a Bragg scattering process
[4,20]. In response to the reflection pulse, the clouds turn
around and propagate back toward their origin.

Upon the return to their origin, a second pair of splitting
pulses serves to recombine the two condensate clouds. The
schematic drawings in Fig. 2 show the whole sequence of
splitting, reflecting, and recombining the condensate
atoms. Like a simple optical beam splitter or recombiner,
our atom recombiner has two output ports. The first output
port is represented by atoms having zero momentum, while
the second port is represented by atoms having |p| = 2/k.
Because the splitting and recombining occur at the same
spatial location, our atom interferometer is analogous to an
optical Michelson interferometer. The relative phase shift
between the two counterpropagating wave packets will
change the fractional number of atoms in the two output
ports. If the potential is perfectly symmetric, the relative
phase shift should be zero, and the atoms should all be in
the zero momentum state, as shown in Fig. 3(a). On the
other hand, if the waveguide potential is not symmetric, the
nonzero relative phase shift should lead to the presence of
atoms in the |p = *2/ik) state. In a special case where the
relative phase shift is 77, the number of atoms in the |p =
0) state should be nearly zero due to destructive interfer-
ence, and all the atoms will appear in the |p = *2/k)
state, as shown in Fig. 3(b). The populations in the two

(b)

FIG. 3.

Interference pattern of (a) phase shift = 2n7 and
(b) phase shift = (2n + 1)7r. The absorption images are taken
10 ms after the recombining pulse.

momentum states are anticorrelated since the total number
is conserved.

To demonstrate interference, a differential phase shift is
introduced by a magnetic gradient while the two wave
packets are spatially separated after the splitting pulse.
The differential phase shift A¢,,,, can be written as

2 2 !
CAH f proB' (A0
n h 11 h

where g, is the magnetic dipole moment of 8’Rb, B’ is a
time-dependent magnetic gradient, Ax is the time-
dependent separation of the two clouds, #; is the time at
which the magnetic gradient is turned on, and ¢, is the time
at which the magnetic gradient is turned off. The differen-
tial phase shift arising from a time-varying magnetic field
is referred to as the “‘scalar Aharonov-Bohn effect’ in the
inteferometry work by Shinohara et al. [22]. The magnetic
gradient is provided by a single wire that is perpendicular
to the waveguide and 3.6 mm away from its center. The
interference due to the change of the magnetic gradient is
shown in Fig. 4. The total propagation time of condensates
in the waveguide is 1 ms, and the time between each pulse
is 0.5 ms. The magnetic gradient is switched on 0.25 ms
before the reflection pulse for a duration of 0.5 ms. The
maximum separation of the two clouds is around 12 pm,
which is small compared to the full width at half maximum
of the cloud size, ~100 um. The contrast ratio shown in
the figure is as large as 100%.

Interference is also observed after 10 ms propagation in
the waveguide. An initial velocity of the condensate is
created in the trap with a longitudinal frequency of 5 Hz.
The two split clouds have different velocities after apply-
ing the splitting pulse because of the initial velocity. The
clouds climb up the potential well to different heights and
experience different potential during the total propagation
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FIG. 4. Interference fringes after 1 ms propagation time in the
waveguide. The magnetic gradient is turned on for 500 us and
the average separation of clouds during the magnetic pulse is
8.82 um.
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FIG. 5. Interference fringes after about 10 ms propagation in

the waveguide.

time, which is equivalent to an effective gradient. As a
result, a differential phase shift accumulates as we increase
the total propagation time. The interference is observed by
changing the total propagation time in the waveguide, as
shown in Fig. 5. The best contrast ratio of the interference
at 10 ms, with maximum separation of the two clouds of
about 120 um, is 20%. The contrast ratio decreases rapidly
as we increase the propagation time in the waveguide. We
attribute this reduction of the contrast to the dispersion of
the wave packets. The dispersion might arise from atom-
atom interaction, an inhomogeneous guiding potential, or a
nonzero curvature of the applied magnetic gradient; this
topic requires further study.

In conclusion, we have demonstrated an on-chip atom
Michelson interferometer. This is the first on-chip obser-
vation of atom interference between external states. The
coherence of the wave packets has been observed up to
10 ms in the waveguide with a corresponding contrast ratio
of 20%. The optical technique for splitting, reflecting, and
recombining the condensates enables us to study decoher-
ence effects that may affect coherent atom-chip devices in
general.
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