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Decay and revival of phase coherence of a Bose-Einstein condensate in a one-dimensional lattice
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The dynamics of a Bose-Einstein condensate nonadiabatically loaded into a one-dimensional optical lattice
is studied by analyzing the phase coherence between sites along the lattice as well as the radial profile of the
condensate after a time-of flight. A simple model is proposed that predicts the short-time dephasing as a
function of the condensate parameters. In the radial direction, heavily damped oscillations are observed, as well
as an increase in the condensate temperature. These findings are interpreted as a rethermalization due to
dissipation of the initial condensate excitations into high-lying modes.
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Studying collective modes in a Bose-Einstein condensatesing acousto-optic modulators. The number of lattice sites
(BEC) is an efficient method for obtaining information about occupied by the condensate lay between 10 and 15, depend-
the dynamics of this quantum systdém2]. So far, both ex- ing on the initial magnetic trap frequency. The chemical po-
perimental and theoretical results have been obtained fdential is typically of order 200 Hz, and the single-well fre-
low-lying modes of a condensate in a magnetic trap, includquency isw,/27~3.1 kHz for a 15E . lattice.
ing breathing modeg3], surface modef4], and the scissors [N a typical experiment, the optical lattice was ramped up
mode [5]. Typically, in these experiments the collective iN Tramp=1-5 ms, after which the potential was kept at its
modes were excited by a sudden change in the trap frequen&j@ximum valueV, for a holding timety,q . In this way, the
or geometry, and the frequency and damping féieof the I0oading of the lattice was always nonadiabatic with respect to

subsequent oscillations were measuered eithsitu or after "€ chemical potential. We checked that by increasing the
a time-of flight. ramp time to~100 ms, the dephasing investigated in this

In experiments to date, BECs have been loaded into opti‘f"ork did not occur. At the end of the holding time, the lattice

cal lattices mainly in the adiabatic regime in order to study,\évr‘?}f ;crl]ccterI]eer?rteedug\n éL rgﬁret(r)eﬁf?%lgte\/)végmievfgt’t?gg t?gams
e.g., number squeezirid@] and the Mott-insulator transition ping d y ’

[8]. In this context, “adiabatic” refers to the modes of the Immediately after that, both the lattice and the magnetic trap

entire condensate rather than the single-well oscillation fre\-Nere switched off. After a time-of flight of 20-22 ms, the

quency. Therefore, the condition for adiabaticity 4, expanded condensate was imaged using a resonant probe
s , mp ; o e
> (ulh)~1, where .y i the time over which the periodic flash. Figure 1 shows typical integrated absorption images

o ) . . obtained in this manner for different holding times. For short
potential is ramped up, and is the chemical potential of the 9

S . " i . times, a clean double-peak structure is visible, as expected
condensat¢9]. By violating this condition(but still satisfy- from the interference between the condensates expanding
iNg Tramp™> 27/ w4, With @4, the single-well harmonic os-

from the individual lattice wellgwith a 77-phase difference

cillator frequency, collective modes are excited in the con- between them due to the final acceleratidduring the first
densate. In this paper we present experimental results ang,, milliseconds, this pattern evolves into a more compli-

some preliminary theoretical considerations on the non"j‘d"”‘éated structure featuring several additional peaks, and finally

::)atlc Ioadllng of da BEtC mto? or;le—?jlmkenflt?lnal o%tlca: IatE['Ce'washes out completely, resulting in a single Gaussian-shaped
h general, we do not specitically look at th€ mode Structure, mp. In an intermediate regiméi,g~20—100 ms), the in-

but we examine .hOW _mtraband excitations cause a loss Rerference pattern again becomes complex, with multiple
contrast of the diffraction pattern expected when a BEC ig,o o For longer waiting times, the two-peaked structure
released from a lattice after being accelerated to band edg eappears '

Our experimental setup is described in detail elsewhere - - ;
) We analyzed our experimental data in two different ways.
A N.= o 8
[10,11. After creating BECs oNy=1.5(5)x1 RD at- In the lattice direction, we characterized the interference pat-

om; [12] in & triaxial tme—orbmrg potential “aP' we adia- tern(integrated perpendicular to the lattice direcjitirough
batically lower the trap frequencyap, to the desired value 3 yisibility ¢ calculated as

and then superimpose onto the magnetic trap an optical lat-

tice along the vertical trap axigor which the trap frequency hpeak— Nmiddie

Viong™ Virap) Created by two linearly polarized Gaussian la- &= h
ser beams intersecting at a half angte 18° and detuned by

~30 GHz above the rubidium resonance line. The periodiavhereh,is the mean value of the absorption image at the
potentialV(z) =V, sird(nz/d) thus created has a lattice spac- position of the two peaks, anbyqqie is the value of the
ing d=1.2 um, and the deptNV,, of the potentialmeasured absorption image midway between the two peékseraged

in lattice recoil energie€,..=#27%/2md?) can be varied over a range of 1/5 of the peak separatidn the direction
between 0 and=20 E,.. by adjusting the laser intensity perpendicular to the optical lattice, we fitted a bimodal

@

peak+ hmiddle
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FIG. 2. Examples of the short-ter(a) and long-termb) behav-
ior of the visibility for a condensate in an optical lattice after nona-
diabatic loading. Ina) the initial loss of visibility is eviden{solid
line: exponential fit with time constant 13 mdhe trap frequency

FIG. 1. Evolution of the interference pattefintegrated perpen-  Vyap=19.8 Hz andV,/E,¢~15 with 75p,=1 ms. In (b) after
dicular to the lattice directionof a condensate released from an strong initial fluctuations the visibility approaches a stable value
optical lattice after nonadiabatic loading. The distinct two-peakedclose to the initial visibility. In this experimentyy,,=26.7 Hz,
structure that is visible immediately after loadif@) is washed out  V,/E,e~15, andr,3mp="5 ms. The dashed lines are an envelope
within the first few millisecond<b), after which the interference to the data points with a constant upper part and an exponential
pattern takes on a complex structiite) and(d)]. For long holding  lower part with a time constant ¢80 ms.
times, the initial two-peaked structure reappeajs In this experi-
ment,?trap:26.7 Hz, 7ramp=5 ms, andVo~15E,... From(a to  function to evolve according to the Gross-Pitaevskii equation
(e, thoig=1, 22, 50, 100, and 300 ms, respectively.

& -

\
FN

0 2
p / pl’SC

[=2]

) h? , 1 > o [ mz
Gaussian function to thdongitudinally) integrated absorp- 'ﬁﬁlﬁZ - ﬁv + Emz Wi X; +Vo(t)sin? e
tion profile and extracted from this fit the condensate fraction !
and the widthp ¢, of the condensate part. )
Figure 2 shows examples of the short-term and long-term +Ulyl

behavior ofé. Initially, & rapidly decreases from a value of

~0.6-0.9 to roughly O withir~5-20 ms,. deper.ldlng on Fhe wherex;={x,y,z} are the spatial coordinates along which

trap frequencyry,,. Subsequentlyé typically rises again  he respective trap frequencies aw; (=2mv;), U

and begins to fluctuate in an apparently random manner for & 4 a72/m is the collisional interaction strength wita

few tens qf_ milliseconds. Finally, these_ fl_qctua_m_or_]_s die out_5 4 nm being thes-wave scattering length.

and¢ stabilizes at a value close to the initial visibility. The rate at which the lattice is raised is slow enough that
The corresponding behavior of the condensate widthhang excitations can be ignored and the condensate density

Pperp @nd temperaturecalculated from the condensate frac- wil| he reshaped to lie at the potential minima of each lattice

tion) is shown in Fig. 3. One clearly sees radial oscilla-sjte[13]. Because we are interested in the phase properties of

tions of pperp at a frequencyvosc=2vperp, Where vper,  the entire condensate, it is convenient to consider a continu-

= Jf;trap is the trap frequency perpendicular to the latticeous Wannief14] or envelope representatigh5] of the wave

direction. These oscillations are heavily damped with a qualfunction, where we define the envelopgx,t) to represent

ity factor Q=2mvysc/ Ygamp=10—30. Simultaneously, the the slowly varying amplitude of the Gross-Pitaevskii wave

condensate temperature expressed/das (whereT, is the  function (x,t), in which the rapid density variation along

critical temperature for the BEC transitipimcreases and ap- the lattice is smoothed o(also see Ref.16]). The evolution

proaches a new steady-state value on a time scale compaguation forf is of a similar form to Eq(2) except that the

rable to Wgamp- lattice potential no longer appears explicitly; the diffusion
The short-term decrease t can be explained using a alongzis generated by the Bloch dispersion relation reflect-

simple model. We take the Bose-Einstein condensate waviag the modified tunneling properties in this direction; and

b, @
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FIG. 4. Momentum width of a condensate with a Thomas-Fermi

density distribution and a quadratic phase profile. Numerical calcu-
lation (solid), linear fit (dotted.

tial harmonic trap, which is of the formyre(x)|2=ng[1
T T T T —3(x;/R;)?], where nq is the peak density andR,
50 100 150 200 250 300 350

toq (MS) ={R«,Ry.,R,} are the Thomas-Fermi radiil7]. With this
substitution the phase evolves as

FIG. 3. Time evolution of the widtlta) and the temperaturi)
of the condensate in the optical lattiame trap and lattice param- (EnOU )
eters as in Fig. @)]. The solid lines are fits to the data using an S(x,t)=— 7
exponentially damped sinusoidal oscillation(a and a simple ex-
ponential function in(b). In both cases, the time constants of the
exponential part are=70 ms. Note the different time scales in the
two graphs.

2

+So(1), 4

z
R,
where Sy(t) is a spatially constant phase. This result shows

that the condensate develops a quadratic phase profile along

the lattice arising from the imbalance of mean field and har-
the mean-field term is renormalized abl|y]?—(1 monic trap potential energy in the lattice, and is equivalent to

+¢)U|f|? resulting from the compressed condensate densit SPread in the quasimomentum distribution of the system.

in the lattice[13]. In the tight-binding limit the Wannier ~ FoOr a large lattice the quasimomentum distribution of the

states are localized and can be approximated by the harmorfi@ndensate and the momentum distribution of the envelope

oscillator orbital w(z) = exp(—22/2a2.)/4/maZ,, wherea,, function are identical if the momentum distribution lies en-
0. o (0]

— fiime. is the oscillator length and w,, urely within the first Brilouin zone. We have calculated the
rms width of thez component of momentunx,, for a wave

=m\2V,/md® is the oscillation frequency about the lattice function of the formy(x, B) = yre(xX)exr] —i B(Z/R,)?], where
minima. In this limit the renormalized mean-field term is B is the total phase difference between the center and the
given by c=(df|w(z)|*dz—1)=(YmV,d?/2h?~1) [18],  outside of edge of the condensate. The regstiswn in Fig.
with the validity conditiona<ay,<d. 4) indicate that for3=2, the momentum width linearly in-

To develop an approximate expression for the short-timereases with3 and is well approximated byo,( B)
dephasing behavior of the condensate we assume that duriag()j%B/Rz_ Identifying 8 with the coefficient of the qua-
the lattice loading and subsequent time over which thejratic spatial phase term in Ef), we see that the width of
dephasing occurs density transport in the condensate is negre momentum distribution increases linearly with time.
ligible, i.e., the evolution occurs in the phase of the wave The condensate will initially appear dephased when the
function. In the lattice direction the tunneling frequency de-quasimomentum width significantly fills the first Brillouin
termines the time scale over which this assumption will bezgne, which has a half-width df/2d. The exact portion of
valid, which is typically of order 100 ms in experiments the Brillouin zone which must be filled depends on the ob-
where dephasing is observed. We also find that for a giveBervable used to determine the dephasing and may be taken
trap frequ'ency, there alyvays exists a minimum lattice depthys 3 fitting parameter. Here we take,—h/4d as the re-
below which no dephasing occurs. quirement for dephasing, which can be inverted using ex-

EXpreSSing the enVeIOpe function in terms of amplitudepression(4) to y|e|d the dephasing Ume
and phase af=|f|exp(S), and neglecting the effects of spa-

tial diffusion, the envelope equation of motion reduces to R,h

®)

Tdeph™ _ = -

d 1 ~ 2.9cdnyU
—fiSx)=5mX oPE+UL+OlR () °
: Figure 5 showsryepn @s a function ofv,q (Which deter-

Ignoring density transpofitf|> can be approximated by the mines R, and ny) together with experimentally measured
Thomas-Fermi density profile for the condensate in the ini-dephasing times, defined as the file of the exponential fit
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10 bined harmonic and periodic trapping potentials. More de-
tailed theoretical investigations in this direction are planned

= 304 for the future. o _
£ We also note here that the tunneling time between adja-
vﬁzo_ cent wells is also comparable to the damping time of the

3 visibility fluctuations for the parameters of our experiment.
10 In order to understand better the importance of the various
x mechanisms, i.e., damping with a possible coupling between

0, . , T — the different modes, and rephasing due to tunneling, it will

10 15 20 25 30 35 be important in future to conduct experiments for a range of

Viong (H2) different parameter combinations for the trap and the lattice.

Also, repeating our experiment in a configuration in which

FIG. 5. Experimental dephasing times as a function of the tragmore lattice sites are occupied by the condensate will most
frequencywiong in the lattice direction. The solid line is the theo- |ikely eliminate the intermediate revivalsvhich require a
retical prediction forryepn (see text large fraction of the sites to be in phase, which is less likely

for a large number of sit¢sand leave only the lower enve-
as shown in Fig. @). Equally good agreement with experi- lope (see Fig. 2 of the visibility evolution. Finally, the role
ment is found when calculatingye, for the parameters of of the finite temperatureT(~0.7T.) at which we start our
Ref.[7]. experiment will have to be investigated more closely.

For the intermediate and long-term behavior of the visibil-  In summary, we have studied the behavior of a Bose-
ity, the phase-winding model predicts partial and completeEinstein condensate nonadiabatically loaded into a one-
revivals of the relative phases, leading to a complicated timglimensional optical lattice. The time evolution of the collec-
evolution of£. Experimentally, we see a rather erratic behav-tiveé modes thus excited has been characterized through the
ior of & for intermediate times, with the visibility fluctuation visibility of the interference pattern as well as its radial
between 0-0.2 and 0.5-0.6, followed by a stabilization at qvidth. Both quantities exhlblt large initial variations that are
high value around 0.6. The fact that this stabilization take$0n9ly damped on a time scale comparable to the relaxation
place on the same time scale as the damping of the radidfme of the condensate temperature.
oscillations and the increase in temperature of the condensate This work was supported by the MURSPRIN2000 Ini-
leads us to speculate that all these phenomena are relatgdtive), the INFM (PRA 'Photonmattep, and by the EU
through a dissipation mechanism whereby the initial excitathrough Contract No. HPRN-CT-2000-00125. P.B.B., C.J.W.,
tions in the longitudinal directiofi.e., reflected in the phase and P.S.J. acknowledge support from the U.S. Office of Na-
differences between adjacent lattice sitasd in the radial val Research, the Advanced Research Development Activity,
directions lead to a rethermalization of the system at a highethe NIST Advanced Technology Program, and the National
temperature, and hence lower condensate fraction, with thecurity Agency. O.M. gratefully acknowledges financial
remaining condensate now in the ground state of the comsupport from the EU within the IHP Programme.
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