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Observing the Position Spread of Atomic Wave Packets
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We report on a novel method to measure the spatial extension of atomic wave packets confined
in the microscopic light traps of a three-dimensional optical lattice. We compare the powers Bragg
scattered by two different classes of lattice planes from two blue light beams incident on the
atomic lattice under different Bragg angles. We have used this technique to explore unusual atomic
vibrational modes which display a position spread oscillating at twice the fundamental vibrational
frequency. [S0031-9007(97)02581-7]

PACS numbers: 42.50.Gy, 32.80.Pj, 42.50.VK, 42.62.Fi

Refined laser cooling and trapping techniques haveare localized beyond the position spread of the vibrational
recently led to a novel type of cold matter: three-ground state, which would correspond to “squeezing” in
dimensional lattices of ultracold atoms bound by standa mechanical harmonic oscillator [6]. In practice, various
ing light waves in microscopic traps operating in themechanisms can counteract position spread oscillations.
Lamb-Dicke regime [1]. Very recently Bragg diffraction, Optical pumping leads to a pure decay of this oscillation
a method well known from crystallography, has been sucinvolving different time constants characteristic for the
cessfully applied to such “optical lattices” and hopes weralynamics of Sisyphus cooling [7]. Anharmonicity of the
raised that this could prove to be a powerful tool to invespotential wells can disperse the oscillating wave packets
tigate novel aspects of these highly ordered cold atomibecause different parts of the wave packets oscillate
samples [2,3]. In this Letter we report on a method towith slightly different frequencies. This typically yields
measure the position spread of atoms trapped in the p@ second source of decay of the breathing oscillation;
tential wells of an optical lattice. We exploit the fact however, under certain circumstances, a rephasing may
that the cross section for Bragg diffraction scales with theoccur leading to subsequent revivals.

Debye-Waller factor which exponentially depends on the Our experimental setup for Bragg diffraction builds on
atomic position spread measured in units of the distancthat described in Ref. [2]. The optical lattice is loaded
between adjacent lattice planes. By comparing the powby means of a magneto-optic trap (MOT) which collects
ers diffracted into Bragg maxima arising from two dif- rubidium atoms from a hot dilute vapor at room tempera-
ferent sets of lattice planes we can directly measure thture. After typically 100 ms of gathering atoms the MOT
atomic position spread. This technique offers unique reis turned off and the atoms are released into the optical lat-
liability because it does not require any information ontice. The body-centered cubic (bcc) lattice [8] is formed
the atomic species (atomic polarizability, atomic density)within a few hundred microseconds by three mutually or-
or on the peculiarities of the cooling and trapping mechathogonal optical standing waves gt = 780 nm tuned to
nism (cooling rate, etc.). It should work for “bright” and the red side of théS, »(F = 3) — 5P3,(F' = 4) transi-
“dark” optical lattices operating near or far off resonancetion of ®Rb. We have taken care in adjusting the power
Potential applications can be envisioned, e.g., in atomicatios for the three standing waves such that the poten-
lithography experiments where a simple and reliable ontial wells at each lattice site are isotropic at their bot-
line method to observe the degree of atomic localizatiotom. For Bragg diffraction we use blue light tuned near
is desired [4]. to the 58 /2(F = 3) — 6P (F' = 2 or F' = 3) transi-

Our new diagnostic tool opens intriguing possibilitiestion at A, = 421.7 nm in order to enhance the scattering
to study the vibrational dynamics of trapped atoms.cross section. We use only a few ten microwatts in col-
As one example we have explored unusual vibrationalimated beams of 5 mm diameter in order to avoid large
modes characterized by an oscillating atomic positiorradiation pressure on the trapped atoms. The bandwidth
spread. Such breathing modes can be excited by a rapal this light is adjusted to approximately 10 MHz in or-
nonadiabatic change of the trapping potential depth whiclder to exceed the inhomogeneous broadening from light
is readily achieved by adjustment of the light power ofshifts experienced by the trapped atoms. Two such blue
the trapping beams. The atomic wave function cannobeams are incident on the lattice satisfying the Bragg con-
instantaneously adjust itself to the altered potential welbition for Bragg angleg, = 57.3° andf, = 31.4° to bet-
resulting in cycles of compression and expansion at twicéer than 0.1 mrad with respect to two different classes of
the fundamental vibrational frequency [5]. In principle, lattice planes, i.e., the [1,0,0] and the [3,1,0] planes if the
this should allow one to prepare atomic samples whiclbcc lattice is described by a biatomic Cartesian unit cell.
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AV = =2 {in(Py) — In(P)]. 1)

This is indicated in Fig. 1(a) where the bcc lattice is pro- _
2472

jected onto thexy plane with unfilled and filled circles rep-
resenting the two classes of atoms forming the biatomic
unit cell. When the Bragg condition is met in either of Let us briefly discuss the assumptions at the basis of
the beams we observe a strong increase of the scatteréftis equation. Consider a density operajordescrib-
power by at least 3 orders of magnitude as compared tmg the spatial distribution of an atom trapped at some
the background of diffuse scattering (no cross talk belattice site. The coherent scattering cross section scales
tween the two beams is observed). Our setup for Bragwith an attenuation factofexp(i2Ak;R;)) whereAk; are
scattering works only for three dimensions. If we block Cartesian components of the difference between the in-
the lattice beams along theaxis, we can switch from the cident and the diffracted wave vecto®; are the cor-
spin-polarized bcc lattice to a two-dimensional configura+esponding components of the position operator, and the
tion where two face-centered square lattices with trappindprackets indicate the expectation value with respegi to
sites for atoms of antiparallel angular momenta are inter(X = sum overl = x,y,z) [9]. If p satisfies the condi-
leaved. This gives rise to additional lattice planes for thdion Ry =1X3 XX (2n — 1) (R})" the attenu-
[3,1] direction. Hence destructive interference arises andtion factor becomes the well known Debye-Waller factor
thus we do not observe a Bragg maximum for the [3,1]exp(—2W) where2W equalsSAk7AR;? and Eq. (1) fol-
direction in this case. lows immediately by assuming an isotropic potential. We
For isotropic potential wells we can relate the powersmay, e.g., adopt a harmonic oscillator model to describe

P; and P, diffracted from the two blue probe beams to the low lying vibrational levels which seems well justified
e.g., they component of the position spread for potential wells exceeding a few hundred recoil ener-

gies [5]. In this case the position distribution of a thermal

atomic samplep has a Gaussian shape and the above rela-
a) AE[l 0.0] tion between(R?") and(R?)" holds. However, we should

/Aﬁ[g,l,o] keep in mind that Eq. (1) is slightly more general.

~~

In Fig. 1(b) we show a measurement of the atomic po-
sition spread (filled marks) versus the fundamental vi-
brational frequency which was varied by changing the
intensity of the lattice beams. The values for the funda-
mental vibrational frequencies were directly measured by
means of stimulated Raman spectra [10] and alternatively
by evaluation of the potential depth as calculated from the
antinode Rabi frequency and the frequency detuning of

(¢]

«

i

o o o o the lattice. Both results agree to better than 5%. At the
‘ 0—0—0—0—0 highest vibrational frequencies which we could adjust we
be find values ofAy down to a 13th of the optical wavelength
50 ~ of 780 nm. RemarkablyAy decreases up to larger values
< . :ﬁ. of the potential depth than predicted by one-dimensional
20'14 i Al calculations [5] while the corresponding vibrational tem-
o . g ° 140 g perature (unfilled marks) (which is readily calculated from
80.12 S Ay in the harmonic approximation) increases from left to
a. o 130 g, right in Fig. 1(b) as expected.
2 0.10 } ¢ ° g We now turn to the observation of atomic wave pack-
S 8 120 & ets with oscillating position spread. Our starting point
= 0.08 ° * e, s ° is a thermal atomic state in a potentidlw;) characteri-
£ o °, . . RIS zed by the fundamental vibrational frequenay. We
. 40 70 100 130 160 19010 ° then switch nonadiabatically (i.e., satisfying the relation

(b dw/dt > w?) to a steeper potential with vibrational fre-

Vibrational Frequency (kHz) quencyw; > w,. The initial atomic density distribution

FIG. 1. (a) Two blue (421 nm) laser beams are Bragg scatcannot instar_ltaneously adjust to the increasi_ng steepness
tered by the [1,0,0] (left detail) and the [3,1,0] lattice planesOf the potential wells and thus excess potential energy is
of an optical lattice operating with near infrared light at applied to the wings of the initial atomic density distri-
780 nm. The power scattered by each beam is measured amgtion as compared to the case of adiabatic compression.
the atomic position spread is obtained by means of Eq. (L)1 |eads to an oscillation of the position spresagdof the

(b) Atomic position spread (filled marks) along the normal - . . . )
on the [1,0,0] planes and corresponding vibrational tempera‘f"tom'c wave packet at twice the final vibrational frequency

ture (unfilled marks) plotted versus the fundamental vibrationagy- In terms of quantum mechanics the oscillationgf
frequency in the potential wells. results from the buildup of coherences between vibrational

N’
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levels|n) and|n + 2) with vibrational quantum numbers decay time. Note that in accordance with our expecta-
which differ by two. More specifically, since) = 0 we  tions, quantum-Monte-Carlo calculations by researchers at

can expresdy’ as NIST indicate that, in fact, coherence is preserved over
2 a few timesl/y [11]. The time scale for the relaxation

Ay2 = Lo Drec Z [n + 1)(n + 2) of the populations towards their steady state values in

dm? 0y = the compressed potential is determined by the rates for

X (punsa + piin) + 2n + 1p,,. (2)  SPontaneous Raman transition which change the magnetic
guantum number and which are responsible for Sisyphus

Here w.. is the recoil energy of a single photon di- cooling [12]. Such processes occur at rates which can
vided by Planck’s constant. The first class of terms in theébe significantly smaller thary (owing to small Clebsch-
sum in Eg. (2) involves coherences, ., between lev- Gordan coefficients) and, consequently, cooling (heating)
els|n) and|n +2). The time evolution of these terms is rates in optical lattices can be beld@* s~ !.
given by complex phase factors oscillating at frequencies A typical observation is shown in Fig. 2. After the po-
2(ws — 6,) whered, represent small (positive) corrections tential well is raised within 500 ns at= 16 us from
which increase with growing and which describe the an-
harmonicity of the potential wells. The series of growing
values ofé§, leads to a dephasing and under certain cir-

cumstances to a subsequent rephasing of the coherences.’g@ v¢= 130 kHz —o]
The characteristic dephasing time is on the orde¥mof A 8 =)
where A represents an upper bound of tha}gs corre- s
sponding to significantly populated state$. If the n de- £ & ’ _ Vi=65kHz @)

pendence of thé,’s is not too different from the linear
case, complete rephasing occurs after a typical time on 50
the order of277 /8 where § denotes an average value for

é,+1 — 0,. Partial rephasing, however, may occur at ear- %
lier times. We may summarize that theg, ., terms in = 30}
Eq. (2) describe the breathing motion of the atomic wave &
packet around a mean value given by the second part of the &
sum which involves the time-independent populatipps. 10}

In the previous discussion we have so far neglected dis- ®)
sipation. Assuming that the buildup of coherences only

occurs during switching we may model the relaxation of 0.2k

the coherenceg,,,+» as a pure decay process [in contrast g ’

to the more complex relaxation of the populations which =

are subject to the condition g) = 1, because no loss of &

atoms can occur within the typical relaxation time]. In op- y 0.1

tical lattices Raman transitions between vibrational levels Q?

lead to relaxation of the vibrational levels at rates approxi-

mately given byy, = (2n + 1) v, where the ground state 0.0 F . . . O
relaxation ratey equals the optical pumping raf& for an <

unbound atom multiplied with the small Lamb-Dicke fac-  3.0.14

tor wye./wy [10]. In case of equidistant vibrational lev- :

els (as found in a harmonic potential) this does, however, & 0.12

not yield a decay of coherences,, because the sponta- a

neous photons arising in the Raman processes connecting ‘g 0.10

the statedn) — |n + k) and|m) — |m + k) cannot be 8

distinguished. If, however, the anharmonic correctiéps 7 0.08 q
become comparable with,, such photons can be discrimi- £ ) . . . @
nated in terms of frequency. In this case each spontaneous 0 10 20 30 40 50
Raman process is connected with a partial decay of co- Time (Ws)

herence, i.e., after a few such processes coherence will be . o .
completely lost. According to these considerations we exFIG. 2. (a) The potential well initially characterized by the
pect the dissipative decay rate for the position spread odundamental vibrational frequenay = 65 kHz is raised at =

illati t0 be tvpicall i ler thani 6 us within 500 ns tor, = 130 kHz. (b) Power of 421 nm
cillations to be typically several times smaller thani.e., radiation scattered from the [1,0,0] lattice planes plotted versus

on the order of a fewl0* s™'. This is the reason why time. (c) Power ratio R1,;/Pi100 plotted versus time. (d)
we may expect a revival to occur within the dissipativeAtomic position spread calculated from (c) by means of Eq. (1).
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w;/2m = 65 kHz to w;/27 = 130 kHz [Fig. 2(a)] we spread of atoms trapped in steep microscopic potential
see for both Bragg beams a sudden increase of the difvells in an optical lattice. Our method is remarkably
fracted power followed by a rapid oscillation which de- reliable because it does not rely on any inaccurately
cays in about 1Qus. In Fig. 2(b) this is shown for the known system parameters. We have used this technique
power R 0) scattered from the [1,0,0] planes. We typi- to identify atomic wave packets with a position spread
cally recognize four maxima of this oscillation. We haveoscillating in time at twice the fundamental vibrational
checked that the observed oscillation frequency approxifrequency. We have observed a decay and possibly a
mately equal2w, by extracting the value ofo, from  revival of these oscillations on a time scale of several ten
a probe transmission spectrum. A second much slowemnicroseconds and interpreted them in terms of dephasing
decay is also observed (with a time constant of typicallyand rephasing effects connected with the anharmonicity of
several tenus) which we attribute to the relaxation of the potential wells and dissipation due to optical pumping.
the vibrational populations arising because the equilibWe believe that our novel observation technique offers
rium temperature in the new potential approached by Sisyan attractive combination of simplicity and reliability and
phus cooling can differ from the temperature reached byhus promises future applications, for example, in atomic
pure adiabatic compression. Note that a change of thbeam lithography.
atomic position spread is accompanied by a change of Part of this work has been supported by the German
the single atom scattering cross section, because the red®®MBF under Contract No. 13N6637/5. A.H. acknowl-
nance condition for the blue probe beams depends oedges invaluable discussions with C. Zimmermann.
the power broadening introduced by the infrared lattice Note added—We have learned recently that related
beams. Therefore recording a single Bragg maximum asxperimental work in a cesium optical lattice is under way
in Fig. 2(b) is not a sufficient means to study oscillationsat NIST [11] and a paper which reports it is now accepted
of the atomic position spread. for publication in Physical Review Letters.

In Fig. 2(c) we show the ratio between the powets B
and Ry 0] scattered from the [3,1,0] and the [1,0,0] planes
and in Fig. 2(d) the corresponding position spread is plot-
ted as calculated from the graph in Fig. 2(c) according to
Eq. (1). Inthe region between= 35 us andt = 50 us
of trace Fig. 2(d) [and Fig. 2(c) as well] we recognize ad-  *present address: FOM Institut for Atomic and Molecular
ditional structure rising out of the noise. This section of Physics, Kruislaan 407, 1098 SJ Amsterdam, The
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