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Measurements of Relative Phase in Two-Component Bose-Einstein Condensate
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We have measured the relative phase of two Bose-Einstein condensates using a time-dom
separated-oscillatory-field condensate interferometer. A single two-photon coupling pulse prepa
the double-condensate system with a well-defined relative phase; at a later time, a second pu
reads out the phase difference accumulated between the two condensates. We find that the a
mulated phase difference reproduces from realization to realization of the experiment, even after
individual components have separated spatially and their relative center-of-mass motion has damp
[S0031-9007(98)06973-7]
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The relative quantum phase between two Bose-Einst
condensates is expected to give rise to a variety of
teresting behaviors, most notably those analogous to
Josephson effects in superconductors and superfluid3He
[1]. Experiments with condensates realized in the dilute
kali gases [2–4] have recently drawn considerable theor
cal attention, with a number of papers addressing schem
[5–7] by which to measure the relative phase. Two i
dependent condensates are expected to possess [8] (o
velop upon measurement [9,10]) a relative phase which
essentially random in each realization of the experime
The experimental observation at MIT of a spatially un
form interference pattern formed by condensates relea
from two independent traps confirms the existence o
single relative phase [11]. In this Letter, we use an inte
ferometric technique to measure the relative phase (and
subsequent time evolution) between two trapped cond
sates [12] that are created with a particular relative pha
This system permits us to characterize the effects of c
plings to the environment on the coherence [13] betwe
the condensates.

As in our previous papers [16,17], we create a conde
sate of approximately5 3 105 Rb-87 atoms, confined in
the jF  1, mf  21l (j1l) state in a time-averaged, or
biting potential (TOP) magnetic trap. The rotating ma
netic field (nAF  1800 Hz) is ramped to 3.4 G and the
quadrupole gradient to 130 Gycm, resulting in a trap with
an axial frequencynz  59 Hz. The fields are chosen
to make the hyperfine transition frequency nearly fie
independent [18]. We create the second condensate
applying a short (,400 ms) two-photon pulse that trans-
fers 50% of the atoms (p

2 pulse) from thej1l spin state
to the jF  2, mF  1l (j2l) spin state. The coupling
drive has an effective frequency of 6834.6774 MHz an
is detuned slightly (,100 Hz) from the expected transi-
tion frequency in our trap [19]. After an evolution time
T and an optional secondp2 pulse, we release the con
densates from the trap, allow them to expand, and ima
either of the two density distributions [16]. The postex
pansion images preserve the relative positions and gr
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spatial features of the condensates as they were in
trap [17,20].

The evolution of the double-condensate system, incl
ing the coupling drive, is governed by a pair of coupl
Gross-Pitaevskii equations for condensate amplitudesF1
andF2:

ih̄ ÙF1  sT 1 V1 1 U1 1 U12dF1 1
h̄Vstd

2
eivrftF2

(1)

and

ih̄ ÙF2  sT 1 V2 1 Vhf 1 U2 1 U21dF2

1
h̄Vstd

2
e2ivrftF1 , (2)

whereT  2sh̄2y2md=2 is the kinetic energy,m is the
mass of the Rb atom,Vhf is the magnetic field-dependen
hyperfine splitting between the two states in the abse
of interactions, condensate mean-field potentials areUi 
4p h̄2ainiym andUij  4p h̄2aijnjym, ni  jFij

2 is the
condensate density, and the intraspecies and interspe
scattering lengths [16,17] areai and aij  aji. For the
trap parameters given above, the harmonic magnetic t
ping potentialsV1 andV2 are displaced from one anothe
by 0.4 mm along the axis of the trap [18]. The couplin
drive is represented here in the rotating wave approxim
tion and is characterized by the sum of the microwa
and rf frequenciesvrf, and by an effective Rabi frequenc
Vstd, where

Vstd 

Ω
2p ? 625 Hz, coupling drive on;
0, coupling drive off. (3)

Phase-sensitive population transfer between thej1l andj2l
states occurs with the drive on, but the two condensates
come completely distinguishable once the drive is switch
off [17].
© 1998 The American Physical Society 1543
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The first p
2 pulse [Fig. 1(b)] creates thej2l condensate

with a repeatable and well-defined relative phase with r
spect to thej1l condensate att  0. The relative phase be-
tween the two condensates subsequently evolves at a
proportional to the local difference in chemical potentia
between the two condensatesv21s$r, td, which in general
is a function of both time and space. Couplings to th
environment [21] can induce an additional (and unchara
terized) diffusive precession of the relative phase, leadi
to an rms uncertainty in its valueDwdiff [22,23]. After an
1544
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evolution timeT , therefore, the condensates have accum
lated a relative phase

RT
0 v21sr, td dt 1 DwdiffsT d. Dur-

ing the same time, the coupling drive accumulates a pha
vrfT . A secondp

2 pulse [Fig. 1(e)] then recombines the
j1l andj2l condensates, comparing the relative phase acc
mulated by the condensates to the phase accumulated
the coupling drive. The resulting phase-dependent be
note is manifested in a difference in the condensate de
sity between the two states. Immediately after the seco
pulse the density in thej2l state (n2f) is
n2fs$rd 
1
2

n1s$rd 1
1
2

n2s$rd 1

q
n1s$rdn2s$rd cos

"√Z T

0
v21s$r , td dt

!
2 vrfT 1 DwdiffsT d

#
. (4)
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In this equation,ni denote the densities prior to the
application of the secondp2 pulse. The interference term
in Eq. (4) shows that measurement ofn2fs$rd in the overlap

FIG. 1. A schematic of the condensate interferometer [24
(a) The experiment begins with all of the atoms in condensa
j1l at steady state. (b) After the firstp

2 pulse, the condensate
has been split into two components with a well-defined initi
relative phase. (c) The components begin to separate in
complicated fashion due to mutual repulsion as well as
0.4 mm vertical offset in the confining potentials (see als
Fig. 3 of Ref. [17]). (d) The relative motion between th
components eventually damps with the clouds mutually offs
but with some residual overlap. Relative phase continues
accumulate between the condensates until (e) at timeT a
secondp

2 pulse remixes the components; the two possible pa
by which the condensate can arrive in one of the two sta
in the hatched regions interfere. (f) The cloud is releas
immediately after the second pulse and allowed to expand
imaging. In the case shown, the relative phase between
two states at the time of the second pulse was such as to l
to destructive interference in thej1l state and a corresponding
constructive interference in thej2l state.
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region is sensitive to the relative phase. Each realization
the experiment (with a freshly prepared condensate) yie
a measurement of the relative phase for a particularT ; by
varying T , we can measure the evolution of the relativ
phase.

At short timesT , for which the overlap between the
condensates remains high, varying the moment at wh
the secondp

2 pulse is applied causes an oscillation of th
total resulting number of atoms in thej2l state. The os-
cillation occurs at the detuning frequencyd  v21 2 vrf
and is completely analogous to that observed in separa
oscillatory-field measurements in thermal atomic bea
[25] or in cold (but noncondensed) atoms in a magne
trap [26]. The fringe contrast, initially 100%, decrease
as the condensates separate. After,45 ms, the relative
center-of-mass motion damps and comes to equilibriu
leaving the components with a well-defined overlap regi
at their boundary, as shown in Figs. 1(d) and 2(a); see a
Fig. 5(b) of Ref. [17]. Application of a secondp2 pulse
at T * 45 ms results in a density profile in which the in
terference occurs only in the overlap region [see Figs. 1
and 2(b)].

We look at the density of atoms in thej2l state at the
center of the overlap region [27] in order to examine th
intriguing issue of the reproducibility of the relative phas
accumulated by the condensates during the complica
approach to equilibrium. If the phase diffusion term i
Eq. (4) is so large that the uncertainty is greater thanp,
then repeated measurements for the same values ofT will
yield an incoherent (i.e., random) ensemble of interferen
patterns. In the opposite extreme (i.e., very little pha
diffusion), repeated measurements will give essentia
the same interference pattern atT in each experimental
run. We plot the optical density in the center of th
overlap region as a function ofT in Fig. 3, and observe
an oscillation at the detuning frequency with a visibilit
of approximately 50%, corresponding to an rms pha
diffusion DwdiffsT d & p

3 . At longer times the maximum
contrast observed in a single realization of the experim
decreases slightly, possibly due to the increasing prese
of thermal atoms as the condensates decay.
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FIG. 2. (a) The postexpansion density profiles of the conde
sates in the steady state attained after a singlep

2 pulse. These
density profiles vary little from shot-to-shot (and day-to-day
(b) The density profiles after the secondp

2 pulse. The density
in the overlap region depends on the relative phase between
two condensates at the time of the pulse; in the case shown,
observe constructive interference in thej2l state and destructive
interference inj1l. The patterns in (b) are much less stab
than those in (a), possibly as a result of unresolved higher-or
condensate excitations, issues associated with the expansio
technical instabilities of the apparatus.

The stable interference patterns show that the cond
sates retain a clear memory of their initial relative phase d
spite the complicated rearrangement dynamics of the t
states following the firstp2 pulse. This is rather surprising,
since the center-of-mass motion of the double-condens
system is strongly (and completely) damped, and, in ge
eral, decoherence times in entangled states tend to be m
shorter than damping times [28–30]. The intuition on
develops in understanding few-particle quantum mecha
ics may not apply to experiments involving condensate
The phase between the two condensates seems to pos
a robustness which preserves coherence in the face of
“phase-diffusing” couplings to the environment.

We have read out the relative phase of two Bos
Einstein condensates using a time-domain version of
method of separated oscillatory fields. We observe t
persistence of phase memory in this “condensate interf
ometer,” despite the presence of damping and the com
cated rearrangement of the two condensate compone
We have established that the time scale for phase diffus
in this system can be longer than 100 ms. The doub
n-
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FIG. 3. The value of the condensate density in thej2l state is
extracted at the center of the overlap region (inset) and plot
(a) as a function ofT . Each point represents the average of s
separate realizations, and the thin bars denote the rms sca
in the measured interference for an individual realization. T
thick lines are sinusoidal fits to the data, from which we extra
the angular frequencyv21 2 vrf. In (b), the frequency of
the coupling drivevrf has been increased by2p 3 150 Hz,
leading to the expected reduction in fringe spacing.

condensate methods we have developed will be applica
to other experiments which explore phase diffusion as
function of condensate parameters including temperatu
number of atoms [31–33], and collision rates [34]. Co
lapses and revivals of the “memory” of the relative pha
are predicted [10,31] at time scales which may be expe
mentally accessible should environmentally induced diff
sion effects remain small. Our methods will also allo
us to examine other phase-related phenomena, such
phase locking and analogs of the superconducting Jose
son junctions [35].
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