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Atomic Wave Diffraction and Interference Using Temporal Slits
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We measure the energy distribution of a slow Cesium atomic beam when it is chopped into a short
pulse and we find results which agree well with the time-energy uncertainty principle. The chopper
consists in an atomic mirror formed by a laser evanescent wave whose intensity is pulsed. We use the
temporally diffracted beam to design a Young-slit-type interferometer, in which the interfering paths
consist of atomic trajectories bouncing at two different times on the mirror. By changing the mirror
intensity, we can scan the atomic phase difference between the two arms. [S0031-9007(96)00519-4]

PACS numbers: 03.75.Dg, 32.80.Pj, 42.50.Vk

When a beam of particles with a well defined energy isafter P, a triangular energy distribution centered By =
chopped into a short pulse, the outcoming energy distribumg?T?/2 = 10h MHz (m is the atomic mass ang =
tion is broadened according to the time-energy uncertaint9.81 m/s?), with a full width at half maximum (FWHM)
relation. This effect is very well known for photons, and AE,, = Eyg7/T. This prediction has to be compared
it is at the basis of spectroscopy with ultrashort pulses ofvith the typical width AEq, = h/7 of the sinc-shape
light. For matter waves, the phenomenon of diffraction byenergy distribution obtained after the diffraction of a
a time slit has been studied theoretically by several authorsionoenergetic beam by the pulBg The range at which
[1]. Its observation constitutes a test of time-dependendliffraction phenomena become predominant corresponds
quantum mechanics, while usual diffraction phenomen@o AEq, = AE, leading tor = 50 us.
can be described using the stationary formulation of the The energy distribution afté®, is determined by a time-
Schrddinger equation. of-flight technique, by measuring the number of atoms

We report here the observation of this temporal dif-bouncing on a third puls@;, whose temporal position is
fraction effect for de Broglie atomic waves, and we showscanned arounsi7. The width ofP5 is alsor, so that the
that our results are in good agreement with the quanturbroadening of the energy distribution in the measurement
mechanics prediction. We also use the coherence of therocess remains small.
diffracted pulse to realize a Young interferometer using The major part of our experimental setup has been
temporal slits. This interferometer is a very flexible devicedescribed elsewhere [6]. It consists of a double cell
in which the temporal positions of the diffracting slits can vacuum system, in which atoms are first captured ina MOT
be adjusted freely by programming the desired sequencécated in the upper part [7]. The Cs vapor pressure in the
It corresponds to a “de Broglie interferometer,” in which upper cell is relatively higke x 10~% mbap which allows
the internal atomic state is the same in the two paths [2,3ls to capture-10® atoms in 1's. These atoms are released,
This has to be contrasted with “atomic states interferomeand they fall into the lower cell, located 70 cm below,
ters” such that the interfering paths involve two orthogo-where the pressure is much low@rx 10~° mbap. They
nal internal statesx and 8, and where the beam splitters are recaptured in a second MOT, located 3 mm above the
usually consist of a resonant interaction betweendhe
transition [4]. As we show below, our experimental
scheme involves atoms approaching close to a dielectric  z
surface, and this interferometer can provide an efficient
way to measure the resulting van der Waals interaction.

Our source is a magneto-optical trap (MOT) of cesium FE:
atoms. ltis released at time= 0 above an atomic mirror 0 —
formed with an evanescent laser wave propagating at the T p B = p 4—!;'-
surface of a dielectric [5]. The laser wave can be turned F l” 2iz) ﬂ.! ® ﬂ 3 e
off on the microsecond scale, in which case the atoms stick T 3T 5T time

to the dielectric surface instead of bouncing elasticallyFig. 1. A cold atomic cloud is released above a mirror
We first select atoms with a well defined total (kinetic  formed by an evanescent laser wave. This mirror intensity
potential) energy using a sequence of two bounces (Fig. 1?5 chopped for two short pulseB; and P,. The energy dis-
generated by chopping the atomic mirron for two ribution is probed using a time-of-flight method, by measuring

) . the number of atoms bouncing on a third pulBewhose tem-
short pulsesP; and P,; these pulses are, respectively, poral position is scanned. B)?replacimg b@ WO pulSesPs,

centered at timel' = 25 ms and 37, with a variable andp,, (dashed line), we realize the temporal equivalent of a
width 7. From classical mechanics, one would expectyoung slit interferometer.
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dielectric prism used for the atomic mirror. The transfer T T '
efficiency is 20%, so that every 1.6%,X 107 atoms are 1O
released above the mirror, at a temperatufeu K, in the 09k
F = 4 hyperfine ground state. —_~

The prism surface is concave, with radius of curvature 3= 0.8}
2 cm. The evanescent wave (EW) has a circular Gaussian _: 100 200
profile, with 1 /¢ radiusw = 300 um. Itis formed using 8 07¢f .
the total internal reflection of a laser with intensity= =
100 mW, with a linear polarization in the reflection plane; Eo 0.6 i
it is blue detuned by = 9.5 GHz from the resonance e
line 651/, F =4 < 6p3,, F =5. The EW therefore 0.5 ¥R |
creates a potential barrier along tlevertical direction 04l ° i
Ux,y,z) = Texd—2(x> + y?)/w?]exp(—2«z)/8, where - - s ) s
k1 =0.19 um is the decay length for the EW electric -200 -100 0 100 200
field. The EW mirror is switched on and off by an arrival time (us)

acousto-optic modulator used in the zeroth order, triggerzgle 2. Experimental time-of-flight signal for a pulse duration
by a quartz-stabilized function generator. The switching '— 30 us (circles); theoretical prediction (continuous curve)

time is ~0.5 us, similar to the ato_mip bouncing time ysing the temporal version of the Huygens-Fresnel principle.
1/kv; ~ 1 us, wherev; = ¢T is the incident velocity on Inset: magnification of the sideband signal.

the mirror. The extinction ratio is typically 1:10, while a

reduction of the EW by a factor of 2 is sufficient to prevent )
the bouncing of atoms with enerds. thanks to the double cell system, which guarantees that the

The number of atoms which can perform the sequenc&S Vapor pressure is low in the prism region and that the
of three bounces of Fig. 1 varies a3 in the classical resonant scattering from this vapor remains small enough.
region (7 > 50 us) and as7® in the quantum region, A typical tlme—of—f_llghtspectrum is repres_,entedln Fig. 2
provided P is centered orT. In order to increase this fOr 7 = 30 us. It gives the fluorescence induced by the
number, one could increase the size of the reflecting disirobe laser as the temporal positionfafis scanned. Each
by increasing or reducingd. However, we preferred to of the 90 points of this 'fl.gl.,ll’e has been averaged 170 times
keep a small mirror surface, since this provides an efficieng® that the total acquisition time for such a plot is 7 h.
way to eliminate atoms which bounce on an irregularity of V& have repeated this experiment for variaysand we
the mirror surface. These irregularities, which can be dud@ve plotted in Fig. 3 the corresponding FWHM'. For
either to a defect in the polishing of the mirror or to alarge 7, we find thatAT increases withr as expected
residual standing wave component in the evanescent fiefiom classical mechanics. WhendecreasesAT passes
[8], cause a large horizontal-vertical coupling during thethrough a minimum and increases again, as expected from
bounce. This changes the vertical kinetic energy of thdh€ time-energy uncertainty relation. The error bars shown
atoms, and it causes a random change of the arrival tim@ Fig- 3 indicate the statistical fluctuations aff" in a
of the atoms orPs. series of measurements.

To increase the number of atoms contributing to a given ' NiS €xperiment requires a precise cancellation of the
shot, we have replaced each individual putseP,, P5 by reS|duaI' magnetic fleld_. Indeed an atom may change its
a sequence of 10 pulses (not shown in Fig. 1). The sepa- magnetic sublevel during the bounce, which converts a
ration between two consecutive pulses within each of the
three sequences ranges fra®0 us for 7 = 40 us, up

to 1200 us for 7 = 100 us; it is chosen large enough so 200} ' ' ' '

that there is no overlap between the various patterns going

through the time slits. The number of atoms per shot for 150+

7 = 40 us is ~40 for the optimal position of the sequence @

of pulsesP;. In order to detect those atoms, we have mea- f 100

sured the fluorescence induced by a weak resonant probe <

beam using a cooled photomultiplier. Each atom scatters S0r

~10* photons, among which 10 are detected on average, L . . . .
due to the detection solid angle and to the photomultiplier 00 20 40 60 80 100
sensitivity. The signal therefore constitutes in a bunch 7 (us)

0f 40 X 10 = 400 photons, distributed over the duration FIG. 3. Experimental (circles) and theoretical (continuous

(‘," ms) of the_ dgtection window. _The stray light is respon'curve) FWHM AT of the time-of-flight signals, as a function
sible for a similar background signal (1@etected pho- of the pulse widthr. The dotted line is classical prediction
tons/s). We note that this detection scheme was possiblaT = 2r.
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fraction of its kinetic energy into internal Zeeman energy
[9]; the center of the corresponding diffraction peak is 10}
then displaced with respect §§°. In practice we require

B <2 mG so that the maximal shift of the arrival time
~T upB/Ey, where up is the Bohr magneton, remains
small compared with the minimum time width appearing
in Fig. 3,AT ~ 75 us.

We have also plotted in Fig. 3 the result of a theoretical
analysis based on the path integral approach, which is
well suited for this Fresnel-like diffraction problem. The
probability for having an atom bouncing duriig at time
t; and duringP3 at timetz, is given by

time of flight signal (arb. units)

2 )
P(ti, tr) :‘ jA(tistr)A(lrstf)dtr , 1) 2 -100 0 100

arrival time (pus)

where the integral over the intermediate bounce ime (. 4. Experimental (circles) and calculated (continuous
taken insideP;. In this temporal version of the Huygens- curve) time-of-flight signals obtained in a temporal Young-slit
Fresnel principle, the quantity(z, ¢') is the propagator of ~configuration, in which the pulsg; is split into two pulses,,

a particle in the gravitational field [10]. We then integrate@nd P2, separated by a duratiorf = 40 us. (a) Equal mirror
P(t;,1;) over the pulses; and Ps. In this calculation, intensity for P,, and P,,; (b) phase shift ofr between the two

; . aths of the interferometer, obtained experimentally using a 3%
the widths of the pulses have been slightly corrected t‘?eduction of the evanescent wave intensity durihg.

account for the fact that atoms bouncing close to the time
at which the mirror is switchean or off gain or lose
energy during the bouncing process, and do not contributasing the path integral approach, shown in a continuous
to the peak represented in Fig. 2. The reduction of thdine, which takes into account the finite width of the tem-
time width is determined from a classical analysis, andooral slits. The experimental contrast is a bit lower than
remains in any case small compared to the width othe predicted one, and we attribute this reduction to the
the pulses themselves. For instance,for 40 us, this  residual magnetic field; for the fraction of atoms changing
leads to a reduction of us for the first and third pulses, their magnetic sublevel durin®,,,», as mentioned above,
and3 us for the second pulse. the velocity after the bounce is different from the incident
In addition to the existence of a minimum widtki’,  one, and the corresponding interference pattern is slightly
which is a direct consequence of the time-uncertaintyshifted.
relation, there are two other signatures of the temporal The relative phase between the two arms of this
diffraction phenomenon in the set of data presented herénterferometer can be easily scanned by changing the
First, sidebands appear on the time-of-flight data of Fig. Zffective height of the mirror foP,,, with respect to the
(see, in particular, the inset, in which the data have beemirror height forP,,. This is done by changing the mirror
averaged 850 times and smoothed over every 3 consecutivgensity / by a quantitys/ during the pulseP,;, which
data points). Because of the convolution of the signabisplaces the atom turning point by
with the detecting puls@;, they are not as visible as in
spatial diffraction experiments (see, e.g., [11] for neutron 8z = (k) '81/I, (2)
diffraction). Second, for large, the widthAT is found
to be smaller by~10 us than the classical prediction and modifies the path length &f;-P,,-P; by 26z. A
(broken line in Fig. 3). This originates from the temporal phase shift of7r between the two paths is obtained for
equivalent, on each side df,, of the well known edge 6z = Apg/4, whereApg = h/mgT = 12 nm is the de
diffraction phenomenon [12,13]. Broglie wavelength of the atoms incident on the mirror.
We have then designed a temporal Young slit interdn our experimental condition, this correspond$ig/ =
ferometer by splittingP, into two pulsesP,, and P,,  0.03. The interference profile obtained in this situation is
separated by a variable duratieth. This is an analog shown in Fig. 4(b). As expected, the central fringe then
for de Broglie waves of the Sillitto-Wykes photon ex- corresponds to a destructive interference.
periment [14,15]. The interference occurs between the Finally, Fig. 5 gives the interference signal obtained
paths P,-P,,-P; and P,-P,,-P3, as in a Young double with the detecting pulseP; set on the central fringe
slit experiment [2]. Figure 4(a) presents the time-of-flight(r = 57), when the intensity foP,, is scanned. Several
distribution obtained withs’ = 40 us. The measured extrema are visible and each maximum corresponds to
interference profile between the patl®s-P,,-P; and  constructive interference which occurs when the turning
P1-Py,-P5 is in good agreement with the one calculatedpoint in P,, is displaced by a multiple ofApg/2. The
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