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Mach-Zehnder Bragg interferometer for a Bose-Einstein condensate
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We construct a Mach-Zehnder interferometer using Bose-Einstein condensed rubidium atoms and optical
Bragg diffraction. In contrast to interferometers based on normal diffraction, where only a small percentage of
the atoms contribute to the signal, our Bragg diffraction interferometer uses all the condensate atoms. The
condensate coherence properties and high phase-space density result in an interference pattern of nearly 100%
contrast. The two arms of the interferometer may be completely separated in space, making it an ideal tool that
can be used to detect vortices or other topological condensate phases.

PACS number~s!: 03.75.Fi, 03.75.Dg, 39.20.1q
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With the advent of Bose-Einstein condensation~BEC! of
dilute atomic gases@1,2# comes a coherent matter wave,
atom laser@3–5#, analogous to an optical laser. The hig
phase-space density and coherence properties of conden
make possible atom-optic experiments that have previo
only been performed with optical lasers, such as four-w
mixing @6#. Among these, atom-laser~matter-wave! interfer-
ometers@7,8# are of particular interest because of their p
tential high sensitivity. In order to be able to utilize ato
lasers as one does optical lasers, atom-wave versions o
tical elements, such as 50/50 beam splitters and mirrors
needed. The recent demonstration of optical Bragg diffr
tion of a BEC by a moving, optical, standing wave@9#
pointed the way toward the realization of that goal. Bra
diffraction efficiency can be varied from 0% to 100% b
simply adjusting the Bragg-pulse duration and/or intens
@10,11#. This means that Bragg diffraction can function as
ideal, adjustable beam splitter/mirror for a BEC, providi
us with the critical atom-optic elements needed for constru
ing an atom-laser interferometer. In this Rapid Communi
tion we report a demonstration of a Mach-Zehnder interf
ometer for a BEC using an optical Bragg-diffractio
technique. In addition to allowing alternative studies of t
coherence properties of a BEC itself, such as vorticity@12#,
this interferometer may be used to measure phase coher
properties of potential matter-wave amplifiers.

Atom-wave interferometers comprised of optical stand
waves can be classified into two types, those based on
mal diffraction and those based on Bragg diffraction. In t
case of normal diffraction there are many spurious mom
tum space paths, and only a small fraction of atoms~;10%!
can contribute to the signal@13#. With Bragg diffraction,
however, the atomic wave can be coherently split into o
two paths, and then coherently recombined. This result
high efficiency@14# where, in principle, all of the atoms ca
contribute to the signal. Normal and Bragg diffraction bas
atom-wave interferometers were first demonstrated in 1
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using collimated metastable atomic beams, and fringe c
trasts of 10%~normal! and 62% ~Bragg! were obtained
@13,14#. This is to be compared to our BEC Bragg-diffractio
interferometer where all the atoms contribute to the sig
due to the condensate’s extremely narrow velocity spr
@15#. Indeed, we achieve nearly the maximum contrast
100% with a good single-shot visibility.

Bragg diffraction occurs when the atomic matter wave~a
BEC nearly at rest! is coherently scattered by a moving
optical standing wave formed by counterpropagating la
beams of slightly different frequencies. The mechanism
Bragg diffraction can be most easily understood as a tw
photon stimulated Raman process@9#, where photons from
one laser beam are coherently scattered into the other, ch
ing the atomic momentum in the process. The frequency
ference between the two counterpropagating Bragg beam
chosen to correspond to the energy difference between
two momentum states. In principle, the initial momentu
state up50\k& can be coupled to any momentum sta
up52n\k& ~n integer! usingnth-order Bragg diffraction. In
our case we choose to couple momentum statesup50& and
up52\k& (k52p/l, and l5780 nm is the laser wave
length!. The momentum-space wave function of a conde
sate~initially in state up50&) continuously irradiated with
Bragg diffraction beams will oscillate between the tw
coupled momentum states just as if it were a two-level s
tem. The effective oscillation frequency isVeff5V1V2/2D,
whereV1 andV2 are the resonant Rabi frequencies of tw
Bragg beams, andD is the detuning of the beams from th
optical transition@11,16#. As mentioned earlier, an arbitrar
percentage of the atoms can be transferred to theup52\k&
momentum state by properly adjusting the intensity, det
ing, and/or duration of the Bragg pulse.

In order to achieve 100% Bragg diffraction efficiency, th
momentum spread of the condensate (dp) in the direction of
Bragg momentum transfer must be much smaller than\k.
This condition arises because the Bragg pulse duration m
be long enough to suppress normal diffraction. Lengthen
the pulse reduces its Fourier width, thereby rendering
Bragg process more selective in momentum space@9#. Be-
cause we apply the Bragg beams along the axial~weak! di-

ty,
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mension of our trap, the conditiondp!\k is always well
satisfied@17#, allowing us to achieve 100% fringe contras
In comparison, thermal beam interferometers satisfy suc
condition by imposing tight constraints on the transverse c
limation of the atomic beam. In this case, reduction ofdp
comes at the expense of atomic flux, resulting in a decre
of the signal-to-noise ratio.

The closed two-level system coupled by the Bragg bea
can be most easily thought of as a fictitious spin-1

2 system,
where we defineug&[up50\k&, and ue&[up52\k&. As
usual, ap/2 ~p! pulse is one that results in transferring ha
~all! of the atoms fromug& to ue&. More precisely, the state
vector of the system under ap/2 pulse obeys the transforma
tion equationsug&→(ug&2e2 iwue&)/&, and ue&→(e1 iwug&
1ue&)/&. Herew is the phase of the moving standing wa
in the center of the initial atomic wavepacketug& in the
middle of the Bragg pulse. Changes inw are measured with
respect to the phase of the resonant, moving standing w
Successive application of this transformation shows that
der ap pulse ug&→2e2 iwue&, and ue&→e1 iwug&. We can
therefore use ap/2 ~p! pulse as an ideal beam splitter~mir-
ror! for the condensate.

We prepare a BEC of rubidium atoms using a dc magn
trap and a standard evaporation strategy@1,18#. Briefly, we
first trap about 109 87Rb atoms in an ultra-high-vacuum
glass cell using a double magneto-optical trap@19#. The at-
oms are then transferred into a cloverleaf magnetic trap@17#
and cooled using rf-induced evaporation. Every 5 minu
we create a BEC containing about 105 atoms in the
5S1/2 F51, mF521 state, in a trap with radial gradien
axial curvature, and bias field of 1.75 T/m, 185 T/m2, and
1024 T, respectively. Due to the geometry of our magne
trap, the condensate is cigar shaped with the symmetry
perpendicular to the direction of gravity. We release the c
densate by suddenly switching off the magnetic trap wit
200ms, wait 5 ms for the mean-field driven explosive expa
sion to subside, and apply a Bragg interferometer pulse
quence. After 20 ms of free evolution to allow theug& andue&
components enough time to separate significantly in sp
an absorption image@1# of the resulting condensate is take
This yields very clean and unambiguous signals since
action of the interferometer is mapped into the probability
observing atoms in two spatially separated regions.

The moving, optical standing wave is generated using
counterpropagating laser beams with parallel linear polar
tion but slightly different frequencies. These two laser bea
are derived from a single diode laser using acousto-o
modulators, and the spatial mode of each beam is purified
passing through a single-mode fiber. The Gaussian beam
collimated, and have a full width at half maximum of;1 cm
in order to minimize any spatial intensity gradient across
condensate. The light propagates parallel to the symm
~long! axis of the trapped condensate, and the frequency
ference between the two laser beams isd/2p515 KHz. This
relative detuning corresponds to the two-photon recoil
ergy for rebidium mentioned earlier. Our laser intensit
were chosen such thatV1/2p5V2/2p>5 MHz. To sup-
press spontaneous emission we used a detuningD/2p
04160
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52.0 GHz. These parameters result in an effective tw
photon Rabi frequency ofVeff/2p>6.3 kHz.

The experimental schematic of our atom interferomete
shown in Fig. 1. The momentum-space condensate w
function C, initially in state ug& (up50\k&), is coherently
split by the first ~p/2! pulse and becomesC15(ug&
2ue&)/&. Here, without the loss of generality, we have ch
sen w50 ~when wÞ0 there is an additional, physicall
meaningless, global phase multiplying the final wave fun
tion!. In real space these two different momentum states
gin to separate and, after a delayDT ~measured from the
center of successive Bragg pulses!, the second~p! pulse is
applied, producingC252(ug&1ue&)/&. Now the two spa-
tially separated parts ofC2 begin to converge because th
action of thep pulse was effectively that of a mirror in
momentum space. After another equal delayDT, the two
parts of C2 from the two different coordinate-space pat
overlap completely, and the third~p/2! pulse is applied
yielding C352ug&. In this case the probability of finding
the atoms in the initial stateug& after the sequence of thre
Bragg pulses isPg5 z^C3ug& z251, regardless of the dela
DT between the pulses. If, however, the phase of the m
ing, standing wave were altered byf before applying the
third Bragg pulse,C3852@(11eif)ug&1(12e2 if)ue&]/2,
andPg5@11cos(f)#/2 (Pe5@12cos(f)#/2). Fringes in the
final probability of observing atoms in the initial~or final!
momentum state may therefore be mapped out by varyinf
just before applying the finalp/2 Bragg pulse.

The Bragg-pulse duration~for fixed Veff andD! needed to
produce ap/2 ~p! pulse was first determined experimentall
Figures 2~a!–2~c! show absorption images of the condens
after applying a single Bragg pulse of durationt50, 40~p/2
pulse!, and 80 ~p pulse! ms respectively. The condensa
images are elliptical because of its initial anisotropic sha
@1,18#. The experimentally determined durations are in e
cellent agreement with the calculated values oft540ms and
80 ms based on the measured laser intensities and detun
Once thep/2 ~p! pulse durations were empirically dete
mined, we proceeded with the actual interferometer exp
ment ~Fig. 1! by applying thep/2-p-p/2 sequence of three

FIG. 1. Experimental schematic of thep/2-p-p/2 Mach-
Zehnder Bragg interferometer.
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Bragg pulses. The relative phasef of the thirdp/2 pulse was
experimentally adjusted in the range 0<f<3.5p by chang-
ing the phase of one of the two Bragg beams comprising
moving standing wave with an electro-optic modula
~EOM!.

Figure 3 shows the resultant oscillation of the populat
in the ue& state as a function off when DT5190ms ~each
point represents a single measurement!. Note that we observe
an interference pattern with almost 100% contrast. This i
be compared to the best thermal beam interferometers
which the maximum contrast is only 62%@14#. Because the
Bragg beams were not perfectly perpendicular to the dir
tion of gravity, the falling condensates ‘‘see’’ a differenti
phase shift even whenf50. This results in the small;0.1p
phase shift in the fringe pattern of Fig. 3. This phase s
corresponds to an angle misalignment of a few degrees f
perpendicular, which is well within our experimental unce
tainty.

The chosen pulse interval of 190ms corresponds to a
2.2-mm separation of the two arms of the interferometer,
about six times the period of the optical standing wave m
by the Bragg beams. Since the size of the condensate in
direction of momentum transfer is roughly 50mm, DT
.5 ms is necessary to separate completely the two arm
the interferometer. However, we found that whenDT
.2 ms, reproducibility of the interference pattern deter
rates significantly. WhenDT53 ms, the resulting fringe pat
tern is completely random, ranging from 0% to 100%. T
indicates that the recombining wavepackets are fully coh
ent, even though their relative phase is not well control
~this was also found to be true forDT.5 ms). The phase
stability of the Bragg beams was measured with a homod
detection technique and was found to be shorter than 1
This explains the lack of reproducibility at longDT and we
suspect that the random relative phase is due to mecha
vibration of the numerous mirrors used for the Bragg bea
We believe that a stable signal contrast of 100% visibi
can be achieved at longDT by actively stabilizing these

FIG. 2. Absorption images of the Bose condensate taken 20
after one Bragg pulse is applied~upper!, and density profiles taken
through the center of the condensates~lower!, as a function of the
pulse durationt.
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critical Bragg mirrors. This would result in a stable interfe
ometer whose two arms could be completely separate
space.

The Bragg interferometer presented here is an alterna
tool that can be used to study phase properties of cond
sates. Although we demonstrated this Mach-Zehnder in
ferometer for a nontrapped BEC, the same method can
applied to trapped BECs@9#. For example, it should be pos
sible to detect the phase signature of a vortex@12# in a
trapped Bose-Einstein condensate using a slightly modi
version of this interferometer. A vortex state could be crea
in the nondiffracted interferometer arm after the two mome
tum components spatially separate. The diffracted com
nent, serving as a phase reference, would then be bro
back to, and interfered with, the vortex state using an app
priate choice of Bragg pulses. The probability of finding a
oms in the two output ports of the interferometer would b
momentum-space map of the condensate phase that ca
analyzed with conventional imaging techniques@1#. Because
a vortex has a characteristic azimuthally varying phase~0 to
2p!, shot-to-shot global interferometer phase variatio
would not obscure the vortex phase signature~they would
only cause a physical rotation of the interferometric image!.

In addition to studying fundamental properties of conde
sates, such a BEC interferometer can be used to examin
coherence properties of potential matter-wave amplifi
@20#. For example, a small Bragg ‘‘seed’’ matter wave can
amplified to 50% of the initial condensate population usi
the recently demonstrated superradiance effect@21#. This
amplified wave can then be used as the first ‘‘p/2’’ pulse in
a three-pulse interferometer sequence, allowing one to ch
if the phase of the amplified matter wave is coherent with
seed that created it@22#.

This work has been supported by a Grant-in-Aid from t
Ministry of Education, Science, and Culture, as well as
Core Research for Evolutionary Science and Technol
~CREST! of the Japan Science and Technology Corporat
~JST!.

FIG. 3. Population oscillation of the condensate in t
up52\k&(ue&) momentum state as a function of the phase shiff
of the third Bragg pulse. The time interval between the center
successive Bragg pulses isDT5190ms.
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