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Talbot-Lau effect for atomic de Broglie waves manipulated with light
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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 node during the mask pulse. Atoms in the bright zones are
) ] _pumped into a differeniground level and may be thought of
Observation of atom-optics phenomena has been faciliyg “apsorbed.”

tated by the existence of well-studied analogs in the optics of ¢ experiments have allowed us to clearly observe sev-
light. In conventional optics, diffractive self-imaging is pos- grg| quantum effects involving the atomic center-of-mass
sible in both the limiting cases of a spatially coherent and amnotion, including a reduction of the fringe period from that
incoherent source. Self-imaging of periodic structures in theyregicted classically, as well as a shift in the position of the
two cases is known as the Talbf] and Lau[2] effect,  fringe maxima. We have also demonstrated that the Talbot-
respectively. In the Talbot effect, an optiqdine waveillu- | 5, effect may be used for creating density patterns of pe-
minates a periodic grating. The grating image appears dowryoq )\ /2N for arbitrary integeiN, which might be of interest
stream due to Fresnel diffraction. In the Lau effect, mono+or nanofabricatior{10]. In the field of atomic-beam nano-
chromatic spatially incoherentlight falls on a set of two |ithography, standing optical waves have been exploited for
parallel gratings separated by a known distance. At particulagreating patterns of atomic densfty1]. In the lithographic
separations, illumination of somer all) of the slits of the  techniques demonstrated to date, the smallest density period
second grating is coherent and, thereafter, the second gralas peen limited to./4 [12].
ing’s image forms in the Fraunhofer diffraction zone. Also in  The plan of the paper is as follows. The general concept
the Lau setupEresneldiffraction causes formation of images of the time-domain Talbot-Lau effect is explained in Sec. II.
at finite distances, similar to those observed in the Talbotpe detection scheme and the experimental setup are de-
effect. The appearance of theBeesnetdiffraction images  gcriped in Sec. I1l. The results are presented and analyzed in

can be referred to as the “Talbot-Lau effect.” Sec. IV. In Sec. V, possible applications of the Talbot-Lau
For atomic de Broglie waves, the Talbot effect has beensffect are discussed.

investigated with atomic beams manipulated by solid grat-
ings[3,4] and also indirectly observed in a Bose condensate

diffracted by optical field§5]. Matter-wave Talbot-Lau ef- Il. GENERAL PICTURE OF THE EXPERIMENT
fects have been demonstrated in a beam of atfBhand The Talbot-Lau effect is a type of echo phenomenon. In
moleculed7] diffracted by material gratings. an echo, an initial coherence created by some interaction

We have studied the Talbot-Lau effect for de Broglie yashes out in a nondissipative way. Single or multiple rep-
waves of atoms in a particular ground state. In contrast Qyition of the interaction restores the coheretaeleast par-
Refs.[6,7], the absorptive gratings for the matter waves arga)y) at specific later times. Echoes are encountered in
pulses of resonant op'glcal fieldso-called optl_cal ma_sks lasma physic§13], optics[14], condensed mattét5], and
Furthermore the experiment has been done in the time daymic physics[16]. A simple example of an echo is the
main, with a clpud of cold t_hermal atoms. An optical maSI,‘“shadow effect,” which is the appearance of shadows with
[8,9] is a standing wave of light resonant to an open atomig arigys periodicity behind two parallel combs and is a purely
transition. The period of this mask is/2, where\ is the. .geometrical phenomenofil7]. Some properties of our
optical wavelength. The standing-wave nodes act as slits iy ot au experiment can be understood in the language of
that an atom, initially prepared in a particular long-living he shadow effect. The schematic of the experiment is shown
energy level! remains in this level only if located near a Fig. 1.

At timest=0 andT, optical-mask pulses are applied to a
thermal cloud of alkali-metal atoms, which are prepared in
*Present address: Department of Physics, Duke University, Bon initial hyperfine ground state. We shall consider only the

90305, Durham, NC 27708. atoms remaining in this state, and the term “density” will
For an alkali metal this might be a hyperfine ground level. For aonly refer to those atoms. The density structure of pexitl
noble-gas atom this could be an excited metastable level. created by the first mask pulse quickly washes out due to
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an optical mask(a) The effect of the standing-wave pulse on an

FIG. 1. Shadow effect for atoms manipulated with pulses of aninitial periodic distribution of atoms in th&=3 state. In this ex-
. ample, the density period is/4. The shaded region shows the

optical mask. The horizontal axis is time, and the vertical is the

coordinate along the mask. Black lines represent classical traject&l-ensr[y of atoms in thé =3 hyperfine state beforeupper curve
ries of the atoms in the initial ground state. The shaded region fof”1nd after(lower curve the standing wave pulséb) The scheme by

t<T represents a continuum of trajectories that resuilt from the ini2¥Nich the number of atoms remaining in the3 state is measured.

tial velocity distribution. Termination of some trajectories on the The wavy lines cor_respond to the fluorescent photons that are mea-
second mask represents “absorpti¢optical pumping into a differ- sured in the experiment.
ent ground energy level

traveling wave. The fluorescent signal is proportional to the

thermal motion(in Fig. 1, this is seen as spreading of the Qensity at the nodes just before the application of the imag-

trajectories, and the density becomes uniform. Only atoms'tﬂg r.n‘.":.s'kl'(;ro “?tap ou;_lthe density %S a Bunctéo?hof position,
with particular discrete trajectories survive both pul&sasid € initial density profiie was reproduced an € measure-
lines in Fig. 1, and one may see that after the second pulse',ﬂent re_pe;ated with various locations of the detection mask
att=2T, the atoms rearrange into a structure with the initialnOde _W'thm_the mask p.erlo(i\/'Z)'. .

period(\/2). More generally, at timé=TM/N>T, the den- This particular experiment is insensitive to the effects of
sity is modulated with period/2N, where the fractioM /N gravity b_ecause the beams for the optical masks are arrarjged
is in lowest termgsee Fig. 1 This instant is an echo time in a horizontal plane and, therefore, do not sense vertical

for the Nth spatial harmonic of density and its multiples. mo_r_lr?n. . tal setup is sh in Eia. 3
The classical argumeiishadow effegtcorrectly explains The experimental Setup 1S S %Wn in 'io ) Duri h
when a density structure forms and gives an upper bound t e experiment was repeated every ms. During the

the period. Quantum physics manifests itself in the particulafSt 35 ms, atoms are trapped and cooled in a magneto-

shape of the density distribution and in a reduction of theolpti(ijal ;rig gsfgedbi” optical rT110IasKsesh, Whichk?ives Ia 1|'4 mm
density period from that predicted from classical physics®'©4% © atoms at=15uK (the rms thermal veloc-

i ic 0~ —~
[17]. The quantum parameter of the experiment is the recoily SPréad isuvgme=v15uK/Myon=40 nmjus). A 10 G
phasew,T, where wq:ﬁq2/2mamm is the recoil frequency, magnetic field(for quenching the dark state of the mask

and g=2m/(\/2) is the absolute value of the mask grating :3_)":/:3 transition) is tugned onftwithri]n 0.7 lms e;_n?dthe
vector. We refer to the time# g as the Talbot time. By actual experiment starts 3 ms after the cooling fields are

directly imaging the density, we have observed the effect OP\{V'écge(iv\?ﬁ't Thelstand|ng nge fo(; ;he Ofr:'cal maslk IS cre- q
the recoil phase on the matter-wave diffraction and the sma[21€d by tWo traveling waves derived Irom he same laser an

iod patt in the densitv of atoms. pulsed by two acousto-optic njodulatdv%OMs) driven by
period patterns in the density of atoms the same rf source. The duration of each mask pulse is 800

ns, which is much shorter than the the Talbot time/ @,

lIl. DETECTION TECHNIQUE AND EXPERIMENTAL =65.4us and much longer than the excited state lifetime
SETUP 1/T'=27 ns. The intensity at the mask’'s antinode is

The real-time imaging technique and the apparatus are PMT Genpe

presented elsewhef8] and are only briefly described here. =

Our experiments were done with atoms®eRb initially pre- 5\ ff =_10G

pared in the ground hyperfine levek 3. The mask standing > o =

wave is resonant to thd&==3—F’'=3 transition (5S;,, 33 ;Rb 33

—5P4,,A=780 nm). An excited atom is lost into the other 15K “ A

ground hyperfine leveF =2 with 4/9 probability. For a pulse I Ty 1

of sufficient intensity and duration, atoms not located at the TTRR——TT} | [shifter|

nodes will be depleted into the=2 level. :m m} im 'iJ @

For imaging the density at a particular time, we applied a 0 : .rl_:'i T

“detection sequence,” consisting of an optical mask, identical N — 'WMI

to the one described aboviined to theF=3—F’'=3 tran- creation ~ detection

sition), followed by a traveling-wave pulse tuned to the  FiG. 3. Experimental setup. The lower part of the figure shows

closed transitiorF=3—F'=4 (see Fig. 2 the timing of the rf pulses used to switch on the laser fields. The
After the mask was applied, atoms left unpumped at thehase shifter is used to shift the nodes of the standing wave during

nodes were counted by observation of fluorescence in ththe detection phase.
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FIG. 4. (8 Number of atoms passing through the slits of two 8 t=3T/2
successive masks vs the shift between the md$ke vertical scale E W, T=41
is normalized to the number of atoms left after the application of E
only one mask pulsgThis profile is a measurement of the density Z
distribution created by the first mask. Here and further, error bars 2
represent confidence level of 68% and are statistical ¢ofyQuali- g
tative plot of the phase-space density created by a single mask B 1=6T/5
5 Lo 5 fb S W, T=6m
pulse. 2 Yopr L
5 fAx
55 mW/cnt=6.3,, Wherelg,is the average saturation in- -M4 0 M4
tensity for theF=3— F’ =3 transition. The nodes of the de- gl
tecting masks are shifted relative to the nodes of the creating 2 2%
k by changi he ph f the rf feedi f th =27 5
mask by changing the phase of the rf feeding one of the o T=m2+21 & ”
AOMs. The readout field on the cycling=3—F’'=4 tran- -é 1%
sition is pulsed by a separate AOM. Fluorescent photons are 2 Ax o
captured by a photomultiplier tud@MT). 2l
;% e P i T W)
IV. IMAGES OF DENSITY AND DISCUSSION =2T © ~—\6—
o, T=m/3+2n 2 1%
In the initial experiment, prior to observation of the E
Talbot-Lau effect, we illustrate the imaging technique: A f o 0%
singlemask pulse created a density pattern, and the detection gl ()
- . . . 8 ——M4——s
sequence was applied immediately after. In Figp) 4we — = 2%
have plotted the number of atoms passing through these two & T:t+2/n E .
masks vs the shifix between their nodes. 4 = %
A significant number of atoms makes it through only if z Ax 0%

5
=]

the slits of the two masks are nearly aligned. To calculate A

Wiz, the upper bound for full W'dth at half maximum local- FIG. 5. Images of density generated in the Talbot-Lau effect:
ization of the atoms ‘,"‘fter a single mask pulse,. one may r?qilumber of atoms remaining in the initial hyperfine level after three
glect the atomic motion and assume that the image of Fignask pulses vax, the shift between the two creating masks and the
4(a) is a convolution of two identical Gaussian transmissionrg, detecting, one. The circles are the data, and the curves are the
functions. Therw,,=\/10. The upper bound for the instru- theory. For(c), the vertical scale does not start from zero.

mental width of the masknagingtechnique is also given by

Wi /2. density at timet=3T/2 with recoil phasew,T=7 (as op-

The Talbot-Lau effect has been observed by applyingoosed to 2r) yields a density pattern that is shifted by half of
pulses of the optical mask &0 andt=T, followed by the the mask periodcompare Figs. ®) and 5f)]. This shift in
detection sequence at tlfechg time of interest. In Figs. the density profile and the period reductiontaT cannot
5(a)-5(c), we show the images of density taken tat2T, be explained classically. We have modeled the Talbot-Lau
3T/2, and @/5, respectively. effect by quantizing the atomic center-of-mass motion and

The spatial period is\/2, N/4, and\/10, respectively. assuming that the three optical mask pulses act as identical
This periodicity is consistent with the classical shadow effecthin transmission gratings with Gaussian slits. By fitting the
(see Fig. 1 because in these experiments, the recoil phasenodel to the data of Fig.(8), we have obtained slit width,
wqT is a multiple of 2r. peak transmission, and the background in the density image.

Unambiguous quantum behavior of the atomic center ofThese parameters were then used to model the data of Figs.
mass can be seen in the dependence of the density profile &(b)-5(f), and one can see from the figures that the model is
the recoil phasey,T. In the experiment, this phase is varied in general agreement with the data.
by the choice off, the delay between the first and the second Note that the density image of Fig(a} is wider than the
mask pulses. Figuredd, 5(d), and Fe) show an image of image of Fig. %a), even though the former is obtained by
the density for various, T at timet=2T. Classically, at this  transmitting atoms through two successive masks only. One
time, the density period is expected to hé2. If o,T is  may calculate(either classically or quantum mechanically
chosen asr/2, the density period reduces Xd4 as seen in that if the masks modulated the density instantaneously, the
Fig. 5(d). For w T=/3, the density image contains prima- width of the echo image of Fig.(8 would be\3 times as
rily the third harmonic[see Fig. %e)]. Also, imaging the wide as the image of Fig.(d. One can understand the nar-
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rowness of the echo image by considering tmerelation T, one would measure how tith harmonic of density falls
between momentum and coordinate created in each pulse of the gravity field, allowing a precise measurement of the
atom-mask interaction: During the interaction, a typical atomgravitational acceleration. An attractive feature of monitoring
moves a distance comparable to the upper bound of the slihe highest possible harmonic is that the sensitivity of the
width wy,. Immediately after the first mask pulse, the atomicinterferometer would improve all for a given maximum
phase-space density looks like a tilted oval shown in Figvalue of T. Such an interferometer would be similar to the
4(b). The width of image in Fig. @) is due to the spatial one of Cahret al.[18]. The main difference is in the detec-
extent of thetilted oval, while the localization of atoms in tion scheme: The interferometer of Cabnal. detects only
the echo is mainly due to the width of this oval “straight up,” the principal(A/2) harmonic of the density, while an inter-
which explains the narrowness. ferometer with optical-mask detection would measure all the
All images of the atomic density shown in Fig. 5 have harmonics, and would therefore have a fadtbincrease in
significant background, which can be explained by two fac-sensitivity to gravitational phase shifts in configurations
tors. First, these images appear as a result of transmission where theNth spatial harmonic is present.
atoms through three consecutive masks, each producing The ability to create structures of period2N can be
=4% background in the density relative to the45% peak utilized for nanofabrication with an atomic beam. The ex-
transmission[the estimates are based on the data of Figperiment would have to be arranged in the space domain
4(a)]. This background in the individual mask’s transmissionwith two zones of atom-light interactioas in Fig. 1 except
explains=60% of the background in Fig.(8). The rest of that the horizontal axis would be the coordinate along the
the background could be due to partial incoherence of thatomic beany and the substrate would have to be placed in
transmission through the second mask pulse, which can tebme echo plane. This technique would be particularly suit-
understood in terms of the shadow effé€ig. 1): if an atom  able for noble-gas atoms initially prepared in a metastable
interacting with the second mask receives a recoil impuls&tate. The high energy of the metastable state is released in
due to spontaneous emission, its trajectory bends by a smale collision, locally damaging the substrate, which allows
random angle; as a result, at an echo time, the trajectorthe transfer of density patterns onto a surfat@.
“misses” the intersection. The low contrast of the The atomic Talbot effect also can be used for creating
N/10-period structures in Fig.(®) is primarily due to the density structures whose period is a fraction of the initial
fact that the spacing between peaks is on the order of thspatial modulatiorj4]. Unlike the Talbot effect, however, a
peak width. Note that, due to the nonzero instrumental resadeposition technique based on the Talbot-Lau effect does not
lution of the detection mask, the images of Fig. 5 have lowerequire subrecoil collimation of the atomic beam, allowing a
contrast than the actual density modulation at the echo timefarger flux of atoms and, hence, shorter deposition times.
In general, the contrast of both the images and the densitjlso, in the Talbot effect, if mask slits are not narrow
modulation can be improved by using a mask with narroweenough, the desired small-period pattern appears on top of a
slits. This can be achieved by increasing the duration or intarger-period structure.
tensity of the mask as well as by employing an open transi-
tion with smaller branching into the initial energy level. ACKNOWLEDGMENTS
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