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We report on a series of measurements of decoherence and wave-packet dephasing between two colliding,
strongly coupled, identical Bose-Einstein condensates. We measure, in the strong-excitation regime, a suppres-
sion of the mean-field shift, compared to the shift which is observed for a weak excitation. This suppression is
explained by applying the Gross-Pitaevskii energy functional. By selectively counting only the nondecohered
fraction in a time-of-flight image we observe oscillations for which both inhomogeneous and Doppler broad-
ening are strongly suppressed. If no post-selection is used, the decoherence rate due to collisions can be
extracted and is in agreement with the local density average calculated rate.
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I. INTRODUCTION

Decoherence of a quantum system typically involves the
coupling of an excitation to a continuum of fluctuating
modes. The random initial phases of these modes lead to an
effective irreversibility on time scales larger than the so-
called “memory time” of the system[1]. The coherent part of
the system’s evolution, although possibly nonlinear, is inher-
ently reversible and therefore any observed decay due to this
evolution is typically termed as dephasing. The ability to
distinguish between these two decay mechanisms and to
limit their effects is of great importance to quantum control
and manipulation.

The dephasing of a momentum excitation in a nonuniform
Bose-Einstein condensate(BEC) is governed by several fac-
tors [2,3], notably, the inhomogeneous broadening of the Bo-
goliubov energy spectrum and the Doppler broadening. We
denote these processes as dephasing since they involve a
reversible, although nonlinear, evolution of a macroscopic
condensate wave function. In contrast, the decoherence of
such an excitation due to collisions with the BEC involves
coupling to a quasicontinuum of initially unoccupied mo-
mentum states[4].

In previous works the inhomogeneous line shape was seen
to agree, for short Bragg coupling times, with both the ex-
perimental data[5,6] and with simulations of the Gross-
Pitaevskii equation(GPE) [7]. At longer time scales the in-
homogeneous line shape is resolved into radial modes[6].
Weak-probe Bragg spectroscopy and interferometry were
also used to characterize the coherence and spatial correla-
tion function of condensates[8] and quasicondensates[9].
These works found that the spatial coherence of three-
dimensional condensates is Heisenberg limited, while the co-
herence of one-dimensional condensates is significantly de-
graded by the stronger effective interaction.

In this paper we measure the dephasing and decoherence
of strongly driven oscillations between two identical collid-
ing BEC’s. By post-selecting the nondecohered fraction we
observe a strong suppression of both inhomogeneous and
Doppler broadening mechanisms, resulting in a correspond-
ing order of magnitude increase in the dephasing time. This
long dephasing time is found to be in surprising quantitative
agreement with the results of a GPE simulation, even for

rather smalls,0.25d nondecohered fraction. We surmise that
the decohered excitations exert a mean field that does not
alter the coherent evolution significantly during the time
scale of our experiment. Thus we find that the effects of
dephasing can be distinguished from those of decoherence
via post-selection. Using the calculated and measured
dephasing rate we can also determine the observed colli-
sional decoherence rate and it is seen to agree with the local
density approximation(LDA ) average of the free particle
collision rate.

II. MODEL FOR STRONG EXCITATIONS

For comparison with the results for strong excitations, we
first briefly review the main broadening mechanisms for per-
turbative Bragg excitations. The rms width of the LDA inho-
mogeneous line shape for weak high-momentum excitations
is given byÎ8/147m, wherem is the chemical potential of
the BEC [2]. The rms Doppler broadening is given by
Î8/3"k/mRz [2], wherek is the wave number of the excita-
tion, m is the mass of the BEC atom, andRz is the Thomas-
Fermi radius of the condensate. For our experimental param-
eters the Doppler dephasing rate is predicted to be 0.6 kHz
and is clearly dominated by the expected 3.0 kHz inhomoge-
neous dephasing rate[11].

In the case of a strong excitation the population of the
zero-momentum condensate is significantly depleted and
transferred coherently to a traveling condensate in a Rabi-
like oscillation. In order to clarify the physics behind such
strong excitations in BEC, we introduce an effective two-
level system between the zero momentum state and the ex-
citation state. For largek we approximate such strongly ex-
cited mixed states bycsr ,zd=af0sr ,zd+beikzf0sr ,zd [12],
wherea andb are the amplitudes of the effective two-level
system. The total number of atoms,N, is constant and equal
to uau2+ ubu2. Heref0sr ,zd is the ground-state wave function
of the system with no excitations.

The energy of such a statec can be evaluated by
the Gross-Pitaevskii energy functional [13] E
=edVhs"2/2mdu¹csr ,zdu2+V0sr ,zducsr ,zdu2+sg/2ducsr ,zdu4j,
where V0 is the external potential andg is the mean-field
coupling constant. By differentiating the energy by the ex-
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cited state populationNk= ubu2, and considering the result as a
function of Nk, we find a population-dependent excitation
energy

eksNkd =
"2k2

2m
+ S1 −

2Nk

N
Dm, s1d

wherem=gn, with n the density of the condensate. At lowNk
our model recovers the perturbative excitation Bogoliubov
energy for high-k excitations. WhenNk approachesN the
mean-field shift is negative, since the mean-field interference
between the zero-momentum state and thek state is being
removed. The intuitive picture is that the energy per particle
required to transfer the condensate fromNk=0 to Nk=N is
simply the free particle energy, since the internal interaction
energy is not changed by such a transformation. At suffi-
ciently large Rabi frequencies that achieve complete popula-
tion inversion, the temporary mean-field detuning averages
in time to zero due to the symmetry around theN/2 point.
Thus the resonance for such strong excitations is expected to
shift to the free particle value.

Since the excitation energy is population dependent, an
initially on-resonance weak Bragg coupling will be shifted
out of resonance as population is accumulated in the excita-
tion. Consequently, the system will not achieve population
inversion. Such an effect is generally referred to as popula-
tion trapping[7,10].

At the intermediate regime, where the strength of Rabi
driving potential is equal to one-half of the Bogoliubov shift,
quantum backreaction effects, beyond the mean field, are ex-
pected for a simple two-mode many-body system[10]. In-
deed, our GPE simulations[14], with parameters as in the
experiment described below, indicate a strong inherent insta-
bility at this Rabi frequencys,0.7 kHzd. The instability
manifests as a rapid dispersion of the excitations out of the
two coupled momentum modes, which is not possible in the
closed two modes of[10]. Thus the GPE simulation indicates
its own loss of validity at this point[15]. Further studies of
this system using more advanced techniques, such as the
stochastic GPE method[16], are necessary in order to better
explain this nontrivial system.

III. EXPERIMENT

Our experimental apparatus is described in[17]. Briefly, a
nearly pures.90%d BEC of 1.6s±0.5d3105 87Rb atoms in
the uF ,mfl= u2,2l ground state is formed in a cylindrically
symmetric magnetic trap, with radial(r̂) and axialsẑd trap-
ping frequencies of 2p3226 Hz and 2p326.5 Hz, respec-
tively. This corresponds tom /h=2.48 kHz. We excite the
condensate at a well-defined wave number using two-photon
Bragg transitions[18]. The two Bragg counterpropagating
(along ẑ) beams are locked to a Fabry-Perot cavity line, de-
tuned 44 GHz below the 5S1/2,F=2→5P3/2,F8=3 transi-
tion. At this detuning and at the intensities used here, there
are no discernable losses from the condensate due to sponta-
neous emission. Bragg pulses of variable duration and inten-
sity are applied to the condensate, controlling the excitation
process.

Immediately after the Bragg pulse, the magnetic trap is
rapidly turned off, and after a 38 msec of time-of-flight ex-
pansion the atomic cloud is imaged by an on-resonance ab-
sorption beam, perpendicular to theẑ axis. Figure 1 shows
the resulting absorption images, for different excitation
strengths and duration. Figure 1(a) shows a perturbative ex-
citation with the large cloud at the left corresponding to the
BEC. A halo of scattered atoms is visible between the BEC
and the cloud of unscattered outcoupled excitations to the
right. In Fig. 1(b) we show ap /2 pulse which generates a
nearly symmetric excitation in momentum space. The two
condensates collide producing a strong collisional sphere. In
Fig. 1(c) we show a nearly completep pulse. We note the
weak thermal cloud surrounding the origin, which is largely
unaffected by the Bragg pulse. When we increase the dura-
tion time of Rabi oscillations[Fig. 1(d)], the effective two-
level system is eventually depleted by collisions.

Following [19], we measure the response of our system
by integrating over the elliptical areas shown in Fig. 1(a).
The solid lines are Gaussian fit areas to the unscattered at-
oms. The dashed line contains the entire region of interest,
including the collisional products. We define the number of
atoms observed in the excited region enclosed in the ellipse
to the right asNk and those corresponding to the initial BEC
to the left asN0. HerePtot is the total momentum in units of
the momentum of a single excitation alongẑ measured inside
the dashed ellipse and normalized by the overall number of
observed atoms.

The suppression of the mean-field shift in strongly excited
condensates is shown in the spectrum of Fig. 2(b), where the
resonance is clearly(14.9±0.2 kHz from a Gaussian fit) in
agreement with the free particle value of 15.08 kHz, indi-
cated by the dotted line. This should be compared to the

FIG. 1. Time of flight images of oscillating and colliding BEC’s.
(a) A weak perturbation of the BEC(left, in solid line ellipse) to the
excited population(right, in solid line ellipse). The dashed line
marks the region of interest for measuring the average momentum
Ptot. (b) A p /2 pulse. Note the strong collisional sphere.(c) Almost
a p pulse. Note the weak collisional sphere, indicating collisions
between the excitation and the zero-momentum BEC.(d) After fur-
ther oscillation(.10p at 8.6 kHz), the BEC’s are completely de-
cohered, and the Bragg coupling no longer effects the system.
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resonance(16.05±0.2 kHz from a Gaussian fit) observed in
Fig. 2(a) for a weak excitation in agreement with the ex-
pected LDA Bogoliubov value of 16.15 kHz indicated by the
dashed line. The solid lines are GPE simulations of the sys-
tem, which also confirm the suppression of the mean-field
shift.

This suppression of the mean-field shift should cause a
similar decrease in the inhomogeneous broadening, leading
to longer coherence times for strongly driven condensates.
We explore this at various driving Rabi frequencies while
holding dv=2p315 kHz constant at the free particle exci-
tation energy. Figures 3(a) and 3(b) showPtotstd at the driv-
ing frequencies of 1.2 kHz and 8.6 kHz, respectively. Fig-
ures 3(c) and 3(d) showNk/ sN0+Nkdstd, for the same driving
frequencies.

The dashed lines in Figs. 3(a) and 3(b) are exponentially
decaying oscillations, fitted to the experimental points. Here
the decay is mainly due to collisions between the two con-
densates. The solid lines in Figs. 3(c) and 3(d) are GPE
simulations with no fit parameters. We observe the remark-

able result that by studying the dynamics ofNk/ sN0+Nkdstd
we recover the GPE dephasing behavior, despite the fact that
the GPE does not include collisions between excitations and
considers only the evolution of the macroscopic wave func-
tion. We surmise that the decohered excitations continue to
exert a mean field that does not significantly degrade the
continued coherent evolution of the nondecohered fraction.
At high momentum, the mean field felt by the coherent frac-
tion depends mainly on the density distribution of the sys-
tem, which evolves on a time scale longer than the experi-
ment. This is reminiscent of internal state excitation
dephasing and decoherence studied by rf spectroscopy[20].

The results are summarized in Fig. 4. Here the solid boxes
show the measured dephasing decay rate ofNk/ sN0+Nkdstd.
An additional experimental point is measured at the Rabi
driving frequency of 3.4 kHz. The solid line represents the
theoretical dephasing rate obtained by numerically solving
the GPE and then fitting the time evolution to an oscillating
exponential decay.

The open boxes are the fitted decay rate of the oscillations
in Ptotstd. The dashed line is the result of the theoretical sum
of the GPE dephasing rate calculated above(solid line), plus
the free particle LDA collision rates1.66 kHzd [21], with no
fitting parameters.

There are several points of interest in this figure. First, we
note that the prediction of our simple model—i.e., suppres-
sion of dephasing—is again confirmed both in simulation
and in experiment. The simulation indicates, at the Rabi driv-
ing frequency of,3 kHz, a 30-fold increase in the expected
dephasing time relative to that of a perturbative excitation
[2]. A GPE simulation, with our experimental parameters, of
a weak-excitation Ramsey experiment confirms the rapid
dephasing of perturbative excitations and agrees with the
simplified expressions of[2].

Experimentally, at the,3 kHz driving Rabi frequency,
the observed decay rates ofPtot and Nk/ sN0+Nkd are 2 and
10 times smaller, respectively, than the calculated inhomoge-

FIG. 2. Measured Bragg response(solid boxes) spectroscopy
(N=0.93105 and pulse duration of 0.5 msec for these measure-
ments). Solid lines are GPE simulations.(a) Weak-excitation spec-
trum exhibiting the usual mean-field shifted Bogoliubov excitation
resonance. The dashed line is at the theoretical LDA excitation en-
ergy s16.15 kHzd. (b) Strong-excitation spectrum, in which a clear
suppression of the mean-field shift is observed. The dotted line is at
the free particle excitation energys15.08 kHzd.

FIG. 3. Experimental oscillations between two coupled BEC’s
(solid boxes). Average momentumPtot at 1.2 (a) and 8.6(b) kHz
oscillations. The oscillations are damped due to collisions. The
dashed lines in(a) and(b) are exponentially decaying oscillation fits
to the points. Post-selection of the uncollided fractionNk/ sN0

+Nkd for the 1.2(c) and 8.6(d) kHz oscillations. The solid lines in
(c) and (d) are GPE simulations with no fitting parameters.

FIG. 4. Measured decay rates as a function of oscillation fre-
quency. The solid boxes are the exponential fit decay rates of the
oscillations in the post-selectedNk/ sN0+Nkd. The solid line is the
rate of decay fitted to the results of GPE simulations. The open
boxes are the fitted decay rates of average momentumPtot. The
dashed line is the sum of the expected LDA collision rate
s1.66 kHzd with the decay rates from GPE simulations(solid line).
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neous dephasing rate. At this point the decay rate of
Nk/ sN0+Nkd s0.3 kHzd lies almost 9s from the perturbative
excitation decay rates3.1 kHzd.

At lower driving frequencies, we observe that the GPE
simulation predicts a sharp increase in decay rate for lower
driving frequencies. In the terms of our two-mode model,
this represents a population trapping[7] of nonlinear Rabi
oscillations that is not suppressed for these low driving fre-
quencies. At the limit of perturbative excitations, the simpli-
fied calculated dephasing rates of[2] are again recovered.

Second, the GPE simulation dephasing rates,0.1 kHzd
near 3 kHz driving frequency is significantly slower than the
Doppler dephasing rates0.6 kHzd. The experimental points
agree with this trend. This suppression can be understood by
considering the system in the frame of reference of the trav-
eling light potential[22]. In this reference frame the conden-
sate is on the edge of the Brillouin zone and is repeatedly
reflected by the potential. Due to the strong lattice potential,
there is a broad region in momentum space for which the
group velocity is zero. The Doppler broadening is propor-
tional to the energy uncertainty of the condensate due to its
momentum spread and is calculated using the excitation
spectrum. In a strong optical lattice the momentum spread no
longer corresponds to an energy spread since the group ve-
locity is zero. Consequently the Doppler broadening is also
suppressed and in the time domain the two wave packets do
not separate.

For driving Rabi frequencies much larger than 3 kHz our
GPE simulations predict a monotonic increase of the decay
rate of the system. The reason for this increase of the decay
rate simulation appears to result from the excitation of other
momentum modes along with residual wave-packet spread-
ing in momentum space.

Finally, we find that by subtracting the measured decay
rate ofNk/ sN0+Nkdstd from that ofPtotstd we can isolate and

estimate the decay due to collisions. We thus measure the
collisional cross section to be 7.1s±1.8d310−16 m2 in agree-
ment with the known[21] value of 8.37310−16 m2 [23].

IV. CONCLUSION

In conclusion, we measure a suppression of the mean-
field shift for a strong excitation of the BEC. We also ob-
serve an order of magnitude suppression of the inhomoge-
neous broadening and Doppler broadening mechanisms
between strongly driven colliding Bose-Einstein condensates
as compared to weakly excited condensates. This suppres-
sion leads to a corresponding order-of-magnitude increase in
the coherence time of the system. Furthermore, we measure a
collisional decoherence rate in agreement with that expected
from previous measurements.

As a result of the strong coherent oscillations in the time
domain, we expect a splitting both in a Bragg probe spec-
trum and in the collisional products analogous to the Mollow
splitting [24]. In the future we also hope to measure a shift in
the energy of the excitations due to off-resonance Bragg
pulses, in analogy with the ac Stark shift. This shift may
even modify the decoherence rate by shifting the resonance
energy sufficiently to influence the interaction with the finite
width collisional quasicontinuum[25]. In addition, we also
hope to observe further nontrivial decoherence mechanisms
[10] as indicated by numerical GPE instability at specific
driving frequencies.
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