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We have demonstrated the Talbot-Lau effect for atomic de Broglie waves in the time domain. This effect is
based on Fresnel diffraction of matter waves from an incoherent source. In the experiment, de Broglie waves
of atoms in a particular internal state have been manipulated and the resulting density directly imaged by
resonant optical fields. These experiments allow us to probe the quantum dynamics of the atomic center of
mass. We have also used this effect to create patterns in the density of the atoms with period as small as 1/10
of the optical wavelength, demonstrating the potential application of this technique for atom nanofabrication.
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I. INTRODUCTION

Observation of atom-optics phenomena has been facili-
tated by the existence of well-studied analogs in the optics of
light. In conventional optics, diffractive self-imaging is pos-
sible in both the limiting cases of a spatially coherent and an
incoherent source. Self-imaging of periodic structures in the
two cases is known as the Talbotf1g and Lau f2g effect,
respectively. In the Talbot effect, an opticalplane waveillu-
minates a periodic grating. The grating image appears down-
stream due to Fresnel diffraction. In the Lau effect, mono-
chromatic spatially incoherentlight falls on a set of two
parallel gratings separated by a known distance. At particular
separations, illumination of somesor alld of the slits of the
second grating is coherent and, thereafter, the second grat-
ing’s image forms in the Fraunhofer diffraction zone. Also in
the Lau setup,Fresneldiffraction causes formation of images
at finite distances, similar to those observed in the Talbot
effect. The appearance of theseFresnel-diffraction images
can be referred to as the “Talbot-Lau effect.”

For atomic de Broglie waves, the Talbot effect has been
investigated with atomic beams manipulated by solid grat-
ings f3,4g and also indirectly observed in a Bose condensate
diffracted by optical fieldsf5g. Matter-wave Talbot-Lau ef-
fects have been demonstrated in a beam of atomsf6g and
moleculesf7g diffracted by material gratings.

We have studied the Talbot-Lau effect for de Broglie
waves of atoms in a particular ground state. In contrast to
Refs.f6,7g, the absorptive gratings for the matter waves are
pulses of resonant optical fieldssso-called optical masksd.
Furthermore the experiment has been done in the time do-
main, with a cloud of cold thermal atoms. An optical mask
f8,9g is a standing wave of light resonant to an open atomic
transition. The period of this mask isl /2, wherel is the
optical wavelength. The standing-wave nodes act as slits in
that an atom, initially prepared in a particular long-living
energy level,11 remains in this level only if located near a

node during the mask pulse. Atoms in the bright zones are
pumped into a differentsgroundd level and may be thought of
as “absorbed.”

Our experiments have allowed us to clearly observe sev-
eral quantum effects involving the atomic center-of-mass
motion, including a reduction of the fringe period from that
predicted classically, as well as a shift in the position of the
fringe maxima. We have also demonstrated that the Talbot-
Lau effect may be used for creating density patterns of pe-
riod l /2N for arbitrary integerN, which might be of interest
for nanofabricationf10g. In the field of atomic-beam nano-
lithography, standing optical waves have been exploited for
creating patterns of atomic densityf11g. In the lithographic
techniques demonstrated to date, the smallest density period
has been limited tol /4 f12g.

The plan of the paper is as follows. The general concept
of the time-domain Talbot-Lau effect is explained in Sec. II.
The detection scheme and the experimental setup are de-
scribed in Sec. III. The results are presented and analyzed in
Sec. IV. In Sec. V, possible applications of the Talbot-Lau
effect are discussed.

II. GENERAL PICTURE OF THE EXPERIMENT

The Talbot-Lau effect is a type of echo phenomenon. In
an echo, an initial coherence created by some interaction
washes out in a nondissipative way. Single or multiple rep-
etition of the interaction restores the coherencesat least par-
tiallyd at specific later times. Echoes are encountered in
plasma physicsf13g, opticsf14g, condensed matterf15g, and
atomic physicsf16g. A simple example of an echo is the
“shadow effect,” which is the appearance of shadows with
various periodicity behind two parallel combs and is a purely
geometrical phenomenonf17g. Some properties of our
Talbot-Lau experiment can be understood in the language of
the shadow effect. The schematic of the experiment is shown
in Fig. 1.

At times t=0 andT, optical-mask pulses are applied to a
thermal cloud of alkali-metal atoms, which are prepared in
an initial hyperfine ground state. We shall consider only the
atoms remaining in this state, and the term “density” will
only refer to those atoms. The density structure of periodl /2
created by the first mask pulse quickly washes out due to

*Present address: Department of Physics, Duke University, Box
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1For an alkali metal this might be a hyperfine ground level. For a
noble-gas atom this could be an excited metastable level.
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thermal motionsin Fig. 1, this is seen as spreading of the
trajectoriesd, and the density becomes uniform. Only atoms
with particular discrete trajectories survive both pulsesssolid
lines in Fig. 1d, and one may see that after the second pulse,
at t=2T, the atoms rearrange into a structure with the initial
periodsl /2d. More generally, at timet=TM /N.T, the den-
sity is modulated with periodl /2N, where the fractionM /N
is in lowest termsssee Fig. 1d. This instant is an echo time
for the Nth spatial harmonic of density and its multiples.

The classical argumentsshadow effectd correctly explains
when a density structure forms and gives an upper bound to
the period. Quantum physics manifests itself in the particular
shape of the density distribution and in a reduction of the
density period from that predicted from classical physics
f17g. The quantum parameter of the experiment is the recoil
phasevqT, where vq="q2/2matom is the recoil frequency,
and q=2p / sl /2d is the absolute value of the mask grating
vector. We refer to the time 2p /vq as the Talbot time. By
directly imaging the density, we have observed the effect of
the recoil phase on the matter-wave diffraction and the small-
period patterns in the density of atoms.

III. DETECTION TECHNIQUE AND EXPERIMENTAL
SETUP

The real-time imaging technique and the apparatus are
presented elsewheref9g and are only briefly described here.
Our experiments were done with atoms of85Rb initially pre-
pared in the ground hyperfine levelF=3. The mask standing
wave is resonant to theF=3→F8=3 transition s5S1/2

→5P3/2,l=780 nmd. An excited atom is lost into the other
ground hyperfine levelF=2 with 4/9 probability. For a pulse
of sufficient intensity and duration, atoms not located at the
nodes will be depleted into theF=2 level.

For imaging the density at a particular time, we applied a
“detection sequence,” consisting of an optical mask, identical
to the one described abovestuned to theF=3→F8=3 tran-
sitiond, followed by a traveling-wave pulse tuned to the
closed transitionF=3→F8=4 ssee Fig. 2d.

After the mask was applied, atoms left unpumped at the
nodes were counted by observation of fluorescence in the

traveling wave. The fluorescent signal is proportional to the
density at the nodes just before the application of the imag-
ing mask. To map out the density as a function of position,
the initial density profile was reproduced and the measure-
ment repeated with various locations of the detection mask
node within the mask periodsl /2d.

This particular experiment is insensitive to the effects of
gravity because the beams for the optical masks are arranged
in a horizontal plane and, therefore, do not sense vertical
motion.

The experimental setup is shown in Fig. 3.
The experiment was repeated every 40 ms. During the

first 35 ms, atoms are trapped and cooled in a magneto-
optical trap and in optical molasses, which gives a 1.4 mm
cloud of 107 85Rb atoms at.15mK sthe rms thermal veloc-
ity spread is vrms

0 .Î15mK/ matom.40 nm/msd. A 10 G
magnetic fieldsfor quenching the dark state of the maskF
=3→F8=3 transitiond is turned on within 0.7 ms and the
actual experiment starts 3 ms after the cooling fields are
switched off. The standing wave for the optical mask is cre-
ated by two traveling waves derived from the same laser and
pulsed by two acousto-optic modulatorssAOMsd driven by
the same rf source. The duration of each mask pulse is 800
ns, which is much shorter than the the Talbot time 2p /vq
=65.4ms and much longer than the excited state lifetime
1/G=27 ns. The intensity at the mask’s antinode is

FIG. 1. Shadow effect for atoms manipulated with pulses of an
optical mask. The horizontal axis is time, and the vertical is the
coordinate along the mask. Black lines represent classical trajecto-
ries of the atoms in the initial ground state. The shaded region for
t,T represents a continuum of trajectories that result from the ini-
tial velocity distribution. Termination of some trajectories on the
second mask represents “absorption”soptical pumping into a differ-
ent ground energy leveld.

FIG. 2. Scheme for measuring a periodic atomic structure with
an optical mask.sad The effect of the standing-wave pulse on an
initial periodic distribution of atoms in theF=3 state. In this ex-
ample, the density period isl /4. The shaded region shows the
density of atoms in theF=3 hyperfine state beforesupper curved
and afterslower curved the standing wave pulse.sbd The scheme by
which the number of atoms remaining in theF=3 state is measured.
The wavy lines correspond to the fluorescent photons that are mea-
sured in the experiment.

FIG. 3. Experimental setup. The lower part of the figure shows
the timing of the rf pulses used to switch on the laser fields. The
phase shifter is used to shift the nodes of the standing wave during
the detection phase.
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55 mW/cm2=6.3Isat, whereIsat is the average saturation in-
tensity for theF=3→F8=3 transition. The nodes of the de-
tecting masks are shifted relative to the nodes of the creating
mask by changing the phase of the rf feeding one of the
AOMs. The readout field on the cyclingF=3→F8=4 tran-
sition is pulsed by a separate AOM. Fluorescent photons are
captured by a photomultiplier tubesPMTd.

IV. IMAGES OF DENSITY AND DISCUSSION

In the initial experiment, prior to observation of the
Talbot-Lau effect, we illustrate the imaging technique: A
singlemask pulse created a density pattern, and the detection
sequence was applied immediately after. In Fig. 4sad, we
have plotted the number of atoms passing through these two
masks vs the shiftDx between their nodes.

A significant number of atoms makes it through only if
the slits of the two masks are nearly aligned. To calculate
w1/2, the upper bound for full width at half maximum local-
ization of the atoms after a single mask pulse, one may ne-
glect the atomic motion and assume that the image of Fig.
4sad is a convolution of two identical Gaussian transmission
functions. Thenw1/2=l /10. The upper bound for the instru-
mental width of the maskimagingtechnique is also given by
w1/2.

The Talbot-Lau effect has been observed by applying
pulses of the optical mask att=0 andt=T, followed by the
detection sequence at thesechod time of interest. In Figs.
5sad–5scd, we show the images of density taken att=2T,
3T/2, and 6T/5, respectively.

The spatial period isl /2, l /4, and l /10, respectively.
This periodicity is consistent with the classical shadow effect
ssee Fig. 1d because in these experiments, the recoil phase
vqT is a multiple of 2p.

Unambiguous quantum behavior of the atomic center of
mass can be seen in the dependence of the density profile on
the recoil phasevqT. In the experiment, this phase is varied
by the choice ofT, the delay between the first and the second
mask pulses. Figures 5sad, 5sdd, and 5sed show an image of
the density for variousvqT at time t=2T. Classically, at this
time, the density period is expected to bel /2. If vqT is
chosen asp /2, the density period reduces tol /4 as seen in
Fig. 5sdd. For vqT=p /3, the density image contains prima-
rily the third harmonicfsee Fig. 5sedg. Also, imaging the

density at timet=3T/2 with recoil phasevqT=p sas op-
posed to 2pd yields a density pattern that is shifted by half of
the mask periodfcompare Figs. 5sbd and 5sfdg. This shift in
the density profile and the period reduction att=2T cannot
be explained classically. We have modeled the Talbot-Lau
effect by quantizing the atomic center-of-mass motion and
assuming that the three optical mask pulses act as identical
thin transmission gratings with Gaussian slits. By fitting the
model to the data of Fig. 5sad, we have obtained slit width,
peak transmission, and the background in the density image.
These parameters were then used to model the data of Figs.
5sbd–5sfd, and one can see from the figures that the model is
in general agreement with the data.

Note that the density image of Fig. 4sad is wider than the
image of Fig. 5sad, even though the former is obtained by
transmitting atoms through two successive masks only. One
may calculateseither classically or quantum mechanicallyd
that if the masks modulated the density instantaneously, the
width of the echo image of Fig. 5sad would beÎ3 times as
wide as the image of Fig. 4sad. One can understand the nar-

FIG. 4. sad Number of atoms passing through the slits of two
successive masks vs the shift between the masks.sThe vertical scale
is normalized to the number of atoms left after the application of
only one mask pulse.d This profile is a measurement of the density
distribution created by the first mask. Here and further, error bars
represent confidence level of 68% and are statistical only.sbd Quali-
tative plot of the phase-space density created by a single mask
pulse.

FIG. 5. Images of density generated in the Talbot-Lau effect:
Number of atoms remaining in the initial hyperfine level after three
mask pulses vsDx, the shift between the two creating masks and the
third, detecting, one. The circles are the data, and the curves are the
theory. Forscd, the vertical scale does not start from zero.
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rowness of the echo image by considering thecorrelation
between momentum and coordinate created in each pulse of
atom-mask interaction: During the interaction, a typical atom
moves a distance comparable to the upper bound of the slit
width w1/2. Immediately after the first mask pulse, the atomic
phase-space density looks like a tilted oval shown in Fig.
4sbd. The width of image in Fig. 4sad is due to the spatial
extent of thetilted oval, while the localization of atoms in
the echo is mainly due to the width of this oval “straight up,”
which explains the narrowness.

All images of the atomic density shown in Fig. 5 have
significant background, which can be explained by two fac-
tors. First, these images appear as a result of transmission of
atoms through three consecutive masks, each producing
.4% background in the density relative to the.45% peak
transmissionfthe estimates are based on the data of Fig.
4sadg. This background in the individual mask’s transmission
explains.60% of the background in Fig. 5sad. The rest of
the background could be due to partial incoherence of the
transmission through the second mask pulse, which can be
understood in terms of the shadow effectsFig. 1d: if an atom
interacting with the second mask receives a recoil impulse
due to spontaneous emission, its trajectory bends by a small
random angle; as a result, at an echo time, the trajectory
“misses” the intersection. The low contrast of the
l /10-period structures in Fig. 5scd is primarily due to the
fact that the spacing between peaks is on the order of the
peak width. Note that, due to the nonzero instrumental reso-
lution of the detection mask, the images of Fig. 5 have lower
contrast than the actual density modulation at the echo times.
In general, the contrast of both the images and the density
modulation can be improved by using a mask with narrower
slits. This can be achieved by increasing the duration or in-
tensity of the mask as well as by employing an open transi-
tion with smaller branching into the initial energy level.

V. SUMMARY AND OUTLOOK

The reported Talbot-Lau setup can potentially be applied
to gravitometry. For this, the optical masks would have to be
arranged along the vertical direction. By mapping out the
atomic density at, say, echo timet=TsN+1d /N and varying

T, one would measure how theNth harmonic of density falls
in the gravity field, allowing a precise measurement of the
gravitational acceleration. An attractive feature of monitoring
the highest possible harmonic is that the sensitivity of the
interferometer would improve asN for a given maximum
value of T. Such an interferometer would be similar to the
one of Cahnet al. f18g. The main difference is in the detec-
tion scheme: The interferometer of Cahnet al. detects only
the principalsl /2d harmonic of the density, while an inter-
ferometer with optical-mask detection would measure all the
harmonics, and would therefore have a factorN increase in
sensitivity to gravitational phase shifts in configurations
where theNth spatial harmonic is present.

The ability to create structures of periodl /2N can be
utilized for nanofabrication with an atomic beam. The ex-
periment would have to be arranged in the space domain
with two zones of atom-light interactionsas in Fig. 1 except
that the horizontal axis would be the coordinate along the
atomic beamd, and the substrate would have to be placed in
some echo plane. This technique would be particularly suit-
able for noble-gas atoms initially prepared in a metastable
state. The high energy of the metastable state is released in
the collision, locally damaging the substrate, which allows
the transfer of density patterns onto a surfacef19g.

The atomic Talbot effect also can be used for creating
density structures whose period is a fraction of the initial
spatial modulationf4g. Unlike the Talbot effect, however, a
deposition technique based on the Talbot-Lau effect does not
require subrecoil collimation of the atomic beam, allowing a
larger flux of atoms and, hence, shorter deposition times.
Also, in the Talbot effect, if mask slits are not narrow
enough, the desired small-period pattern appears on top of a
larger-period structure.
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