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Periodic structures generated in a cloud of cold atoms

D. V. StrekaloV; Andrey Turlapov, A. Kumarakrishnahand Tycho Sleatdr
Department of Physics, New York University, 4 Washington Place, New York, New York 10003
(Received 23 October 2001; revised manuscript received 10 May 2002; published 5 August 2002

We have demonstrated a method of generation and real-time detection of nanostructures in a cold Rb cloud.
These structures, which are periodic gratings of atomic density, appear as a result of interference of atoms
diffracted by pulses of an optical standing wave of wavelengthVe have detected structures of periof2
and\/4. Calculations indicate that these density gratings have pari2id for integerN. While the structures
with the period\/2 are easily detected by Bragg scattering of an optical probe beam, the shorter-period
structures are not. For their detection we have developed a three-pulse echo method, in which the shorter-
period gratings get converted into the structures with pexif] readily detected in real time. Applications
related to lithography are discussed.
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I. INTRODUCTION can be considered a type photon echd18,19. Conceptu-
ally, our time-domain experiment is close to the space-
Atom interferometry{1,2] is a new and rapidly develop- domain experiment suggested by Dubetskyal. [20], in

ing area of physics. Over the last several years, interferometvhich an atomic beam passes through several zones of atom-
ric techniques have been used for new and precise measunght interaction and each zone is analogous to a light pulse
ments of the earth’'s gravitational acceleratipf3—5|, the  in our experiment.
gradient ofg [6], #/mcs (Wheremc is the mass of the ce-  ynlike the work of Mossbergt al, we only manipulate
sium atom [7,8], refractive index for matter waves in a gas atoms in the ground state and thus, the duration of our ex-
[9], and frequencies of slow rotatiofi$0,11. In this work,  periment is not limited by the lifetime of the atomic excited
we utilize techniques of atom interferometry and atom OptiCsates. This allows us to explore the fundamental issues of
for creating small-scale periodic structures in a cloud Ofmatter—wave interference by carrying out the experiment
Iaser—cooled.atoms. Our technique is readily applicable Qver the times longer than the Talbot tiff&1], during which
atom beam lithography. the phase associated with the energy transfer between the

So far, several groups have demonstrated atom “thograétom and the field becomes important,

phy using a single optical standing wave for manipulations The techniques discussed here may have direct applica-

on an atomic beam. Atomic structures of perio@ [12—-15 . . o . i
and\/4 [16] have been deposited onto a substrate, where tion towarqls Ilthography. Periodic structures Wlth periods a
is the optical wavelength. To form these sustructures, small fraction of an optical wavelength deposited on a sub-

atoms were focused into the minima of the potential createdirate may serve as reflective diffraction gratings for ultra-
by the optical standing wave, which is set up perpendiculaViolet and soft x-ray radiation. Our method will be good for
to the atomic beam. Earlier, Mossbestjal. [17] suggested this application because the density modulations we create
that a grating of atomiénversion having period\/2N for ~ are almost purely sinusoidal resulting in more efficient dif-
integerN’ can be created using the effect of the grating echéraction into fewer orders. In addition, because our teChnique
they discovered. Mossberet al. observed ax/2 inversion  is based on coherent light fields, the coherence length of any
grating in sodium vapor. deposited structures would be very large. Another feature of
We report a method for creating modulation of the totalthis technique applied to atom lithography is that no subre-
atomicdensitywith period\/2N. In our experiments, which coil collimation of the atoms being deposited is neefies,
were performed in the time domain, a cloud of cold Ru-the atomic momentum distribution does not have to be nar-
bidium atoms was irradiated by a sequence of opticatower than Zk). Using an uncollimated beam allows a
standing-wave pulses. These standing-wave pulses diffratdrger flux of atoms and a correspondingly shorter deposition
the atoms into a superposition of momentum states differingime.
by 24k (twice the photon momentumAt certain times, As a first step, we formed and detected in real-time grat-
atomic states with momenta that differ by]NZk coherently  ings of periodsa/2 and\/4. We plan to employ our tech-
interfere, resulting in a density modulatiofinterference  nique for the formation of gratings with periods6, \/8,
fringes with period\/2N. This resulting density modulation etc., and to apply it to lithography with an atomic beam.
This paper is organized as follows: Section Il gives a
qualitative description of the experiment and explains the
*Present address: JPL, M. S. 300-123, 4800 Oak Grove Driveunderlying physics; in Sec. lll, the experimental apparatus is
Pasadena, CA 91109. described; in Sec. IV, we discuss our experimental results;
"Present address: Department of Physics and Astronomy, Yorend Sec. IV presents a detailed theory of atomic density grat-
University, 4700 Keele Street, Toronto, Ontario, Canada M3J1P3.ings generated by standing-wave pulses in a cold atomic
*Electronic address: tycho.sleator@nyu.edu cloud.
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/_3101116150;{ Igb atoms evolves into a density modulatidagain, of perioch/2). Up

(a)
I | to an overall phase, the stdig(t=0+)) changes in time as
. + oo

V)= 3 coe et e [pgtnyhia), (2
17—oc

(b) Weak readout where vo=pg/Myem iS the initial velocity of the atom,
H  kor N;Vo- qt is the Doppler phasey,=70%/2Mgon is the recoil
, T frequency, anahqut is the recoil phasgA stationary atom
Scattered light gains an energy ok w, in a two-photon recoil. The recoil
frequencyw, determines the time scale where quantum ef-
_ FIG. 1. Sketch of experimenta) A cloud of cold Rb atoms is  fects become significant. We define the Talbot tirfig
illuminated by short pulses of a standing wave made of two coun-zzﬂ./wq264 us for the Rb atoms in our experiment.

terpropagating waves of the same polarizati@; to detect\/2 The atomic density, (x,t) from the initial momentum
grating in the cloud, we switch on a weak field in the mdde b 0 df Ea?) b
which is coherently scattered into the mddeby the density grat- state |p0) can be computed from Eq2) by pVo(X’t)
ing. =|(y(t)|x)|%. The total density is obtained by summing
pVO(X,t) over the distribution of initial velocitiexy. The

Il. QUALITATIVE DESCRIPTION OF EXPERIMENT modulation in the atomic density is due to the coherence
fbetween different momentum states. When summing over
the initial velocity vy, this coherence is lost for sufficiently
large time because the Doppler phases differ for different
velocities. It can be seen from E@) that the time scale for
this dephasing is of the order ofuld for a typical velocity
spreadu. In our experiments, this time is much less than the

A sketch of the experiment is shown in Fig. 1. A cloud o
~100uK #Rb atoms, prepared by laser-cooling techniques
is illuminated by three short pulsd&ig. 1(a)] of an off-
resonant optical standing way®W) composed of two plane
waves with identical polarizations traveling in opposite di-
rections,k; andk, (k;=—k,=k). )

For short times after a pulsenuch less than the Talbot Talbot time. . .
time), the effect of the standing wave is to focus the atoms Aﬁer a S'T‘g'e pulse,_the_ overall _perlod of _the resulting
towards the node®r antinodesby the optical dipole force. atomic density _moqlulatlon /2. This modu_lat|o_n can be
For longer times after the pulse, the atomic motion must b etected by swnchlng'on a weak readout f_|eld n the fT‘Ode
treated quantum mechanically, and it is convenient to think readout Kz, as shown_ in Fig. (b). The atomic grating will
of the standing-wave pulses as diffraction gratings for atomiQackscatter the light into the modle because of the phase-
de Broglie waves. We can describe the initial state of thd"@{ching conditiork, =Keagoug. IN OUr experiments, we
atomic cloud as an incoherent mixture of atomic momenturdn€asure the amplitude and phase of the backscattered field.

states. To understand the effect of the pulse sequence on the/Although the period of the atomic density modulation is
atomic cloud, we may first compute the effect on an initialA /2, the density distribution also contains higher spatial har-

momentum statép,) and then sum the result over the mo- monics /4, \/6, etc) because an atom could havg received
mentum distribution of the atomic cloud. The effect of a MOre than one recotq from the standing-wave field. The
standing-wave pulse on the initial stdig,) is to create a 90l Of our experiment is to remove the lower spatial har-
superposition of momentum states that differ fram by monics |n-the- atomlc.densny ano_i end up Wlth. struc'gures
multiples of the photon momentum differendgk,— k) whose period is some integral fractionXd®. To achieve this

—2#hk=#q. This momentum exchange is a result of two- goal, we rely on two phenomené) the initial structure we

photon processes that bring the atomic internal ground Sta@reated vanishes due to the thermal motion of atoms on the

back to itself via a virtual excited state. The effect of the first! M€ s(,jca:ce)ﬁ/2u~—~0..5 "‘IS' vyhebreu IS the_thermal \;elﬁcny
pulse can therefore be expressed as spread of the atomic cloudij) y appropriate use of photon
echoes, we can select out various spatial harmonics of the

bulse +o0 atomic density.
lpo) — |¢(t=0+))= 2 Cn1|p0+ niig), (1) We now consider the effect on the atomic density of two
ng=-— standing-wave pulses separated by a time The behavior
of the system can be clarified by use of a Doppler phase
where the amplitudes, depend on the pulse area. diagram[23], as shown in Fig. @). This diagram plots the

Immediately after the pulse, there is no atomic densityvelocity-dependent phase of the atomic amplitudes that result
modulation because the pulse is assumed to be sufficientfyom a sequence of optical pulses on an initial atomic state
short so that the atoms do not have time to move during thevith velocity vy. As shown in Eq(2), the first standing-wave
pulse(this is the Raman-Nath approximatif22]). Although  pulse (SW1) produces a superposition of momentum states
not obvious from Eq.1), the wave function immediately that differ from the initial momentum by multiples diq.
after the pulse is modulated phasewith period \/2 [see The amplitude of each of these states has a velocity-
Sec. V, particularly Eq(7)]. dependent phase;v,- gt that increases linearly in time and

Owing to the dispersion of de Broglie waves in freeis proportional to the number of recoits. As the lines sepa-
space, the phase modulation immediately after the first pulseate, the phase difference between interfering amplitudes de-
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M4 M2grating M4 this wave packet into separate wave packets, which then

(a) SW1 Sw2 grating rephases  grating X X

] | | | separate over time as a result of the recoil momentum these
wave packets receive from the light field. In Figb® which
& shows this idea more graphically, we display the positions of
only two wave packets that have received zero and one re-
N coil, respectively. When these two wave packets are closer
=0 than the coherence lengtthermal de Broglie wavelength
they interfere, and we observe modulation in the cloud. After
their separation becomes larger, the modulation washes out.
& The second pulse creates a wave packet fromnthe+ 1
wave packet that propagates back toward the0 wave
packet and overlaps it at timerlg, producing a density grat-
Time ing in the vicinity of the time Z',.

We can detect the restored modulation by means of scat-
tering a weak readout wave. The amplitude of the signal
backscattered arourtd=2T, is shown in Fig. 2b) [see also
Fig. 6]. At exactlyt=2T, this signal is zergno scatteriny
because the density is uniform at this instéaxt in the situ-
ation immediately after the first pulse—see Setg. V

The structure of period/2 appearing arount=2T, has
been studied in Ref24]. The focus of this paper is on pro-

pulse population grating echo experimem.is the number of two- dUCing density modulations of smaller period. Such gratings
photon recoils following the first pulséa) Possible trajectories of Wil form in response to two pulses at times other than inte-
atomic amplitudes subject to two standing-wave pulses SW1 an§er multiples of T,. An example of this is shown by the
SW2 (which are assumed to be short, and whose duration is no#ashed line in Fig. @). This line is formed by the amplitude
resolved in the plot By solid lines, we have designated trajectories that picked up momenturfiq from the first pulse(labeled
considered in partb). The amplitude shown by the dashed trajec- N;=1) receiving a momentum kick from the second pulse of
tory produces a/4 period atomic grating at=3T,. Solid dots at —37%(q (as opposed te-2%q for the echo that occurs at
t=2T,, t=3T,, andt=1T, show the instants when a grating of =2T,). This line crosses the horizontal axis, which repre-
period\/6 forms. (b) Billiard-ball model showing the interference sents an amplitude with initial momentunp,, at t
of two wave packets that restore the initid2 modulation. Around = (3/2)T, with a slope of— 27, resulting in a grating with
time t=2T,, the experimental signal is shown. a period of\/4 becauséi) the difference in momenta of the
interfering amplitudes is 2q=4#k, and(ii) no amplitudes
pends on the initial atomic velocity, and any density gratingwith momentum difference ofq interfere at this time and
produced is washed out in timeql due to the spread in therefore the density harmonic of periad? is absent. In a
initial velocity. The second pulsé€SW2) applied at timet similar fashion we expect to get a periodicity 0f6 around
=T, relative to the onset of SW1T(~0.1-1 ms) further t=(4/3)T, because the minimum difference between the
splits each of the amplitudes arising from the first pulse intonomenta of interfering states is:8. Around t=3T,, we
a set of amplitudes. Crossing lines on this diagram represetave a grating of period/8 and so on.
the condition when the interference between states of differ- The structures of period smaller thar2 do not scatter
ent momentum does not depend on the atomic velocity, and the wavek,. We detect these structures indirectly by apply-
coherent atomic grating is produced. We refer to this revivaing the third standing-wave pul§€W3) att=T; whose ef-
of the initial modulation of the cloud asgopulation grating  fect is displayed in Fig. 3. SW3 converts interfering ampli-
echa The difference in slope between interfering amplitudestudes with a large difference in momentum recoilich are
gives the periodicity of the resulting grating. For example,capable of producing gratings of period smaller thaR)
the solid thick lines in Fig. @) represent interfering ampli- into amplitudes that differ by only one recoil, and therefore
tudes that contribute to an echo at tine2T,. In this case produce a structure with/2 period that can be detected di-
the momentum state labeled = +1 receives a momentum rectly. The thick lines in Fig. 3 show an example of a grating
kick of —27%q from SW2 and crosses the momentum stateof period\/4 at time 3T/2 that is converted by SW3 into a
n,=0 at time 2. Because the difference in momentum be-\/2 grating that appears at a later time. Listed also in this
tween the interfering states #sq, the periodicity of the re- figure (in rectangular boxgds the difference in momentum
sulting grating is\/2. To compute the atomic density af2 in numbers of recoil§symbolized by integersl,, N,, and
(or at any other echo timeone has to sum the contributions Nj) after each pulse for the amplitudes represented by the
of all the interfering amplitudes that cross at this time. thick lines. The signal from this\/2 structure(the echd
Figure 2a) is also referred to as a recoil diagram. Accord- contains information about the previously existing smaller
ing to the “billiard-ball echo model{19], one can consider period density gratings. The properties of the three-pulse
the initial state of the system as a wave-packet whose macho shown in Fig. 3 depend on the coherence between states
mentum spread is that of the entire gas. The laser pulse splitiffering by a particular value oN. The existence of this

Doppler Phase

® x

0.1 to 1 msec

FIG. 2. Doppler phase diagrafor recoil diagram for a two-
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FIG. 3. Doppler phase diagram showing detection of higher-

order gratings for a particular onset time of SWi3:=1.8T,. The SW2 SW3 (c) Stimulated
third standing-wave pulséSW3) converts amplitude differences ! ! Echo
that produce a higher-order structure into the ones that give a struc- Np=0 @
ture of period\/2, detectable directly. Thd;, N,, andN; refer to \4\/}\ J7 Echo
differences in momentum of interfering amplitudes in units:qt

. . . . T, T ot
echo is direct evidence of the existence of this coherence, sxtm 2 3 gecho

and in addition, gives information about the size of this co-
herence. While the three-pulse echo signal is not a direct FIG. 4. Phase diagrams féa) fast echo(b) slow echo, andc)
indicator of the existence of the higher-order editocan  stimulated echo.

even occur before the higher echo occurs as in the case of the

“slow” echo described later it indicates the presence of the onset of SW3. The times when the echoes occur are
coherences that result in the higher-order echo. Measurement

of the three-pulse signal as a function of various parameters teho= — 3T, + 3T, (33
(e.g., time between pulseand comparison of the results to

the detailed theorydeveloped in Sec. Vallows one to ob- teho_ 3T, —T,. (3b)
tain specific information, such as contrast, about the high-

order echo. From these equations it is clear that wh&p is changed,

The Doppler phase diagrams representing the echoes thﬁ;shto changes three times more thti@],g’.
occur as a result of a sequence of pulses can be simplified by We also studied another kind of echo that we call the
realizing that the time a given echo occurs is uniquely deter¢stimulated” echo in analogy to the stimulated photon echo
mined by the momentum difference in interfering amplitudes[25] [see the diagram in Fig.(d)]. In contrast to the slow
after each of the standing-wave pulses. A plot of the Doppleand the fast echo, the stimulated echo does not involve the
phasedifferencebetween pairs of interfering amplitudes pro- formation of structures smaller thar2. That is, it does not
duces a significantly simpler diagram that clearly indicatesnvolve coherences between atomic amplitudes vjith|
the relationship between the valuesdf, the pulse times =1, and no higher-order atomic grating would form if the
T;, and the time of the echo. Figuréas shows such a dia- third pulse were not applied. It is still a three-pulse echo,
gram representing the equivalent situation as the thick linesowever, in that it does not exist if one of the pulses is not
in Fig. 3. In this diagram, the slope of the Doppler phaseapplied. The stimulated echo can be observed at
difference is proportional to the value of;, and an echo

occurs with spatial periodl/(2N;) when the Doppler phase o= T+ T, (4)
difference crosses zero with slope corresponding to momen-
tum differenceN;7%q. We note that the echo phenomenon itself—that is, the

In our experiment, we have observed three kinds of echaiephasing of the atomic density gratings at various echo
distinguished experimentally by the different dependence ofimes—does not depend on the quantization of the atomic
the echo time on the onset times of the SW pulses. Figure denter of mass. For example, a gas of classical particles sub-
shows the phase diagrams that lead to each of these echogs:t to a sequence of transmission gratirigsray of thin
The atoms as displayed in Figs(a#and 4b) would have slits) would result in the rephasing of gratings of various
produced a\/4 grating att=3T, if SW3 were not applied. periodicities at the same echo times as for the experiments
We shall call the echoes, described in Figg) 4nd 4b), the  discussed in this pap¢21,26,27. The size(or contrast of
“fast” and the “slow” echo, respectively. These echoes arethe gratings produced, on the other hand, depends specifi-
named because of the different dependencé®®@f on the  cally on the mechanism that produces these gratings. For the
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M M molasses beams are switched)aff referred to as time
5 —N  Scattered Echo " =0.Att=0, t=T,, andt=Tj three off-resonant standing-
__________L_ljg_h_t_______% M wave pulsegSW1, SW2, and SW3are applied with pulse
durations of 50 ns. The pulses are 434 MHz80 excited-
Optical Local B oo state linewidths blue shifted from the closest transition
M4 . Oscillator 5S,(F=3)—5P,(F’'=4) of ®Rb. This large detuning
o ‘Q{g—} allows us to minimize the effects of spontaneous emission
* Atoms M %7 (we estimate that less than 1% of the atoms spontaneously

PBS

emit during each pulgeThe SW pulses are composed of two
+ counterpropagating traveling wavks andk,, switched on
| and off independently by two acousto-optic modulators
A4 ky (AOM). The AOMs are driven by a common 220-MHz rf
= ] Y oscillator. The density grating of the atomic cloud is probed
l /2 X by switching on only the traveling wave alokg and mea-
L f-220 suring the(compleX amplitude of the wave backscattered
/‘/ MHz alongk;,. For the SW pulses, the power in eachandk,
[AOM| [AOM e\ > X beam is 115 mW and the intensity is approximately
460 mWi/cn?, while the intensity of the probe beam is 15
< . L @ times smaller. Typical pulse aregsee Eq.(7)] used in our
290 MHz Quad. Demod. experiments ranged from about 1.5 to 2.
B Signal The scattered wave is detected by beating it with an opti-
Laser cal local oscillator in a balanced heterodyne arrangement.
The optical local oscillator is the beam passing undiffracted
FIG. 5. Schematic diagram of the experimental setup.through the AOM used to switch thg beam. The echo beat
M=mirror, B=beam splitter, PB-photodiode, AOM=acousto-  gignal(at 220 MH32 obtained from the heterodyne arrange-
optic modulator\/2=half-wave platex/4=quarter-wave plate, L ment js mixed down to dc in a quadrature demodulator. The
=lens, Pfgpo,'ar'z'”g beam splitter, an@=mixer. f=c/A 14 outputs of the demodulator are the real and imaginary
=3.8<10" Hz is the laser frequency. part of the scattered light amplitude.

To compensate for drifts in the phase between repetitions
system discussed in this paper, this size depends strongly @t the experimentdue, for example, to motion of the mir-
the recoil phase of the various amplitudes contributing to theors), the following phase stabilization scheme was used
echo, and therefore depends in a critical way on the quanturs]. Before each repetition of the experiment a weak rf sig-
nature of the center-of-mass motion. As shown in Secs. Mgl was applied to th&; AOM, resulting in a weak optical
and V, the size of the echo signathich is proportional to  sjgnal along thek; direction. A feedback loop was used to
the grating contragtas a function of the onset time of the adjust the phase of the rf signal until the output of one chan-
standing-wave pulses is strongly modulated at multiples ofe| of the demodulated beat signal betweenkhéeam and
the recoil frequency. This modulation is closely related the optical local oscillator was reduced to zero. This phase
to the atomic Talbot effed28,29. was then held fixed during the subsequent pulse sequence
leading to the echo signal. Therefore, the real and imaginary
parts of the complex echo signal represent the components of
the signal field in phase and in quadrature with the apiied

The experimental setup is similar to the interferometer offield, respectively(note that thek; field is off during the
Cahnet al. [24] and is shown in Fig. 5. Our experiment is detection. Any phase drift during a single repetition of the
repeated every 100 ms. Each duty cycle consists of a tragxperiment was minimized by directing the optical local os-
ping and cooling period88 mg and an experimental period cillator and thek,; beam through the same set of optiese
(within the next 12 mp During the trapping and cooling Fig. 5).
period we prepare a cold atomic sample for the interferom-
eter. This is done in two steps. During the first 80 ms, we
cool and trap®Rb in the vapor-cell magneto-optical trap
[30]. The trapping laser is detuned by 3rom the transition In Fig. 6, we have plotted a typical echo signal from the
55, (F=2)—5P;,(F'=4), wherel" is the natural line- experiment. The amplitude of the scattered light is plotted as
width of the excited level. Then we turn off the trapping a function of the time\t relative to the calculated echo time
magnetic field, detune the laser up t 6o the red of the t°°"° The dots are the experimental data and the curve is a fit
resonance, and further cool atoms in optical molasses vitb the theoretical predictiofl7), which will be derived later.
polarization gradient coolinf31,32 for 7.9 ms. As a result, Though we measure both real and imaginary part of the
we get a cloud of atoms at 10aK. For trapping and cool- electric-field amplitude, only one trace is displayed in Fig. 6.
ing we use a diode laser system that is independent of @his is because the real and imaginary parts of the data are
Ti:sapphire laser used to produce bedmsandk,. proportional to each other, and a time-independent rotation in

The beginning of the experimental cyd¢l®@1 ms after the the complex plane during the data analysis can be used to

i
il
\
i

Ill. EXPERIMENTAL SETUP

IV. EXPERIMENTAL RESULTS
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2-pulse echo
from SW2 & SW3

&£ (arbitrary units)
[}

-2000 -1000 0 1000 2000 -

1l 1 1

1.2 1.5 1.8 2 22
Al (nsec) T3 / TZ

FIG. 6. Atypical echo signal: the amplitude of the backscattered F|G. 8. The echo time vs the onset of the third pulse. Both the
light vs timeAt=t—t°" Dots are the data, and the curve is the fit gcho time and the position of the third pulse are normalizet,to
to the theonyEq. (17)]. Dots are the data and the lines are the th¢Biys.(3) and(4)]. For
the slow and fast echd;, was fixed at 80us; for the stimulated

reduce one component of the signal to nearly zero. Figure 8cho,T,=35 us. The two vertical segments & /T,=1.15 and at

shows only the nonzero component of the rotated signal. As/T>=1.85 show the time intervals covered by the traces of

negative value of in Fig. 6 (occurring at timesAt<0)  Fig. 7.

corresponds to a grating that is shifted by half a grating pe-

riod from a grating that produces a positive valuefofoc-  atomic cloud at timeAt=0. This is because there is no

curring at timesAt>0 in Fig. 6). modulation in density at this instant. It is a remarkable fact
One may see in Fig. 6 that no light is scattered from thethat for any sequence of standing-wave pulses, the modula-

tion in atomic density is zero at exactly the echo times. This

is due to cancellation of the recoil phases of the amplitudes

(a) 2-pulse Echo Stimulated ) . . .
Slow Echo trom SW1 & SW2 Echo contributing to the echo signal at the same instant that the
S s E : — Doppler phases cancel. See Sec. V for further discussion of

this point. The amplitude of the scattered light increases im-
mediately after the poinhkt=0 as the density grating forms,
and then drops off because of the thermal motion of the
atoms. The opposite order of evolution is seen when the time
. is approaching the instatit=0. The temporal width of the

I 1= ] signal is an accurate measure of temperature, which was
148 153 1;0 i ;7125 £ ?L/S;c) found to beT=105 uK, corresponding to the thermal ve-
‘ ' 2 locity u=14 cm/s (1=+2kgT/m,.y. In general, one can
extract the entire velocity distributiofprojected along the

2- Sti d . . .
® st Boho fromSW2 & SW3 e direction ofq) from the shape of the echo signal.
At certain onset times of the pulses, echoes of different

‘o m A B S TR kinds appear close enough to each other that one can see
| ‘ : ‘ : them on the same trace on the oscilloscope. Two such traces
are displayed in Fig. 7. The slow and the stimulated echoes
are plotted in Fig. @) (the echo in the middle is the two-
; pulse echo from SW1 and SW2, it remains there if SW3 is
! 1 | not applied; the fast and the stimulated echo are displayed in
204 209 216 24 28 f(usec) Fig. 7(b) (again the echo in the middle is a two-pulse echo,
255 261 2.7 28 285 t/T2 now from SW2 and SVVB
FIG. 7. Data showing the backscattered echo signals vs tane: In our eXp?”mems.’ we flxed-the onse.t tlmes’. of SW1 and
T,=80 us andT3;=92 wus. On this trace, the slow echo, the two- SW2 and varied the time at which S\.N3 is applied. Flggre 8
pulse echo from SW1 and SW2, and the stimulated echo are dié—hows_ the dependence of the echo time on the onset .tlme of
played. While the echoes on the left and right require all threeN® third pulse: Both the data and the theoretical predictions
standing-wave pulses for their generation, the echo in the middi@f Es.(3) and(4) are plotted. It is interesting to see in Fig.
needs only SW1 and SW2b) T,=80 us andT,=148 us. This 8 that the slow echo moves backwards with increasigg
trace displays the fast echo, the two-pulse echo from SW2 anWhile the times when the fast and the stimulated echo occur
SW3, and the stimulated echo. The echo in the middle requires onlincrease. The positions of the two traces of Fig. 7 are shown

SW2 and SW3 for its generation. Recoil diagrams for the slow, fastpy two vertical segments.
and stimulated echoes are shown in Fig. 4. An important parameter that determines contrast of the
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Slow Echo Fast Echo given echo. Up till now, however, no systematic search has
- Ve : - : N been carried out.

V. THEORETICAL ANALYSIS
A. Periodic structures in a gas of two-level atoms

So far the underlying physics has been described qualita-
tively. We now study quantitatively the effect of a sequence
of standing-wave pulses on a sample of cold atoms. In this
section, we shall study the formation of periodic structures in
a gas of two-level atoms. In fact, the experiment has been
done in a gas of°Rb atoms whose ground and excited states
have a hyperfine structure. Our theoretical results will be

80 100 120 140 160 180 200 generalized to multilevel atoms in Sec. V B.
T3 (usec) For the purpose of quantitative analysis, we model the gas
of atoms as an incoherent Maxwell-Boltzmann mixture of

FIG. 9. Amplitude of the slow and fast echo vs onset time of th6p|ane waves. We carry out the calculation by first Computing
third standing-wave pulsés, with T, fixed at 80 us. The oscilla-  the signal for a well-defined initial momentum,=mv,
tions in the signal amplitude are composed of harmonicswf.2 =%q, and then summing the signal over the initial atomic

WhenT; goes over the poin;=1.5T,, we stop seeing the slow o menium distribution. We assume that the detuning
echo and see, instead, the fast echo. Dots are experimental points

o T - T = wiaser— weg Is sufficiently large so that the atom always
and the. solid line is a fit base(ic?n HG4) m‘;'t'p"ed by a phenom remains in the ground state and spontaneous emission can be
enological decay factor ekp (t5"9320 ws)-].

neglected. The Rabi frequency will be defined via (treal)

electric-field amplitude, and polarizationo of traveling
fabricated structures and the size of the echo signal is th@aves forming the standing-wave field:

recoil phase. To see the influence of the recoil phase on the
echo signal, we measured the dependence of the echo peak- ﬁXE|_deg' &y, (5
to-peak size on the onset time of SW35], keeping the . . . .

onset time of SW2T,) constant. Figure 9 shows this depen- WN€ré deg is the dipole matrix element connecting the ex-
dence for the slow and fast echo. The dots are the experf:-"“ad and the ground state.

mental data and the curve is the thefioased on Eq(24)]. Undgr the abovg cond|t|on§, the ground state of an atom
Each point on this graph is a result of a separate experime laced into a standing-wave field shif2,34 up to a con-

in which a trace similar to the one of Fig. 6 is observed and® ant term as
the echo peak-to-peak size entered into the graph of Fig. 9.

One may see that the echo size oscillates on the time scale of

mlwq=32 us. By a proper choice of the recoil phase, oneyhere ()(t)=[ x(t)]2/(2A) is the two-photon Rabi fre-
may achieve maximum visibility in the desired periodic quency. This spatially varying energy shift determines the
structure. motion of the atoms.

In addition to the oscillations in the echo size as a func- Tg see the effect of the first standing-wave pulse on an
tion of the pulse timed;, we find that there is an overall initial atomic plane wave exj,- x) and find the wave func-
decay of the size of the echo as the echo tiffi€increases. tion after the pulsey(x,t=0+), we apply time evolution

We have measured echo lifetim@be value oft**" where operator exp—ifH(t)dv#]. During the pulse, we neglect the

- - 71 - . . 4
the gchp signal ie 't,s maximum sizgas long as 2.0 ms. kinetic-energy ternp?/2m in the Hamiltonian(Raman-Nath
In principle, the echo I|fet|_m¢ shou_ld be d_etermln_ed only byapproximatior[22]). This approximation, which is based on
how long the atoms remain in the interaction region, and fOkpe assumption that the atoms do not move during the inter-
the parameters of our experiment, we estimate this time to bg.tion is valid wherqur<1, wgr<1 and\/wq_ﬂ <1 for

on the order of 10 ms. The reason for this discrepancy has . . Ay
not been unambiguously determined. The echo lifetime f0|plese durationy. Therefore, during the pulsél(t)=V(x.1),

the data in Fig. 9 was about 30@s, which we found to be and the wave function after the first pulse is
due to a small amount of resonant light that was continu-
ously irradiating the atoms during the experiment.

We note here that one would expect a large number of
different three-pulse echos, corresponding to different valuewhere ;= — [Q(t)dt is the pulse area. As it is seen from
of N; andN, (see Fig. 4. In addition to the echos shown in Ed. (7), the pulse does not alter the density distribution
Fig. 4, we have observed a three-pulse echo corresponding (v,(x,0+)|?=1) but imposes a periodic phase modulation
the formation of &\ /6 grating at time = (4/3)T. Other echos of period \/2. A Fourier transform shows that E¢) is a
should be easily observed with our apparatus by using theuperposition of partial plane waves whose momenta differ
results of Sec. V to determine the optimum parameters for &y the multiples of the recoil momentufiq:

Echo Amplitude

V(x,t)=%Q(t)cogqg-X), (6)

Py (X, 1=0+) =g frc0s)ltorx, @
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+ o0 + o0

I (xt=0+)= 3 imdy (a)eor I, (g) (= 3 (oMo,
1=7% 1 Np—1==
X In, (20, sinp (1))

WhereJnl is a Bessel function of the first kind.

Between pulses, the evolution of the atomic state is deter- L e
mined by the free particle Hamiltonidth=p?/2m,. Up to Xj:H2 Inj-n,_,(20;sin (D), (12)
an overall phaséwhich is unimportant for interferenge¢he
wave function is where(- - -); designates averaging over the initial velocity
distribution, the time
+ o
. L2 - L-1
X,t)= inJ (o )e—lnlvo-qt—|nlwqte|(q0+n1q)<x_ 1
lﬂvo( n1:E—Oc nl( ! tEChO:TL_N_ 2 Nj(Tj+l_Ti) (13
© L
is the echo time for a given value bi={N;, ... N} (rep-

Equationg8) and(9) are essentially the same as E@s.and  resented b in tﬁlchf), and the phases
(2), but written in a different representation. The Doppler

phasen,vy- gt is responsible for rapid loss of coherence be- Lt
tween classes of atoms with different initial velocities. The @7 () =wg N (t=T) + IZ N(Ti+1—T))
recoil phasmqut varies much more slowly. -
To see the effect of a sequenceloghort standing-wave (j=1,...L-1),
pulses on an atom plane wave, one should apply a sequence
of time  evolution  operators: ek, cosQ-X) ] O t) = wgN (t—T,) (14)

=Enji”J’Jnj(«91-)e”‘iq'X for each (th) pulse with onset time
T, and exp—iﬁz(t—TJ)/Zﬁmawm] for the interval of free arise from the recoil phases of interfering waves and are

evolution before the next pulse or the detection. Each pulsEeSPonsible for the slow oscillations of the echo amplitude as

splits partial waves as the first pulse splits the initial state. AR function of pulse timeg;. _
some timet after L pulses, the wave function is It is clear from Eq.(13) that the echo time only depends
on the onset time of the pulses and on the differences in

recoil momenta of interfering waves after each pulse. Equa-

+ oo
_ SNydeeo+n tions (3) and (4), giving the instant of the slow, fast, and
¢V0(X't)_nl N %:_m ™ Hn, (02)- -+ Jn (61) stimulated echo are particular cases of B).

. Because of the thermal velocity spread, the factor
Xexp[—ivo alnu(To=To)+ (N +n2)(Te=Ta)  g-ivo-aN -5 in Eq. (12) differs from zero only when
Food (Mgt (T =T o) [t—t2"9<1/N_qu (Doppler dephasing timeThus, we need

to only consider the signal for times=tS"°+ At, where
+(ngt ) (=T} |At|<1/N_qu. We have, for a given value &, and for the
><exp[—iwq[ni(Tz—TlH(n1+n2)2(T3—T2) p;aerzgl;lirg/ﬁ%se of a Maxwell velocity distributiori{vg)

+eb (Nt AT =T y) )
pn ()=~ (NLAAUATgy (26, sin(N wgAt))

+(ny+--- +nL)z(t—TL)]}ei[qO+(nl+'"+nL)Q]‘X_

L
(10 .

><11:[2 In -, (20, s @R+ AD) ),
To find the density of atoms corresponding to the above
wave function, we averag:jelx\,o(x,t)|2 over the initial veloc-

ity distribution f(vy). We write the resulting density as Fou- where we have used in the argument\]q;j1 the fact that
rer series e techor At)=N_w4At from Egs.(13) and (14). Because
JN1(0)=0 (for N;#0), we arrive at the remarkable result

N dx that the density modulation is zero at the exact echo times
p(X,t)=NZm p, (DL, 1) At=o.

b Since in our detection scheme only2 gratings scatter
light effectively, the amplitude of scattered readout light is

where theNth Fourier harmonic is built up by interfering proportional to the weight of the minus-first Fourier har-
matter waves whose momenta differ by recoils (that is,  monic of density N, = —1):

N Aq). The amplitude of thé\, th Fourier harmonic of den-
sity is [35] Ex&yp_1(1), (16)

(15

+ oo
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TABLE I. Maximum visibility V. for various values oN and  be achieved by setting4T,= /2 (or an odd multiple of

the value of the pulse are® required to achieve this visibility. 7/2), and using values of, given in Table |. The optimum
value of 6; depends on the Doppler widtfu of the atomic
N Vimax (%) 02 cloud. One finds roughly that one can approach the maxi-
1 57 15 mum valuevmax for lequ/a.;q . .For the atomic cloud used
2 51 21 in our experiments, Eq19) indicates that forf,;=10, we
3 a7 26 can achieve a visibility of 0.5, 01=20 gives 0.8&)’m_ax
4 44 3.2 and 01_2_3(_)_ gives 0.99,,.x. Colder atoms would achieve
10 34 6.4 such. visibilities .Wlth smallerﬁl. .
15 30 9.0 It is worthwhile stressing that EchZ) was d_enved under .
20 28 116 the Raman-Nath assumption. This assumption becomes in-

creasingly difficult to satisfy as the pulse angteget larger.
The results of this section can also be applied to the case
of an atomic beam passing through spatially separated inter-

shape of the observed echo signal, we express the amplitu@&tion regions. Such a configuration would be necessary for
of this harmonid p_, given by Eq.(15)] to lowest order in any depqsmon_ of atoms onto a SL_Jrface. As mentioned in the
At Introduction, since the technique is based on echoes, no sub-

recoil collimation of the atoms being deposited is needed,
EOCA(At)\Nl\e—(quAt/Z)Z. (17) potentially allowing a significantly higher atomic flux com-
pared to techniques that require subrecoil collimatisuch
In this expression, 4'[)\“1\ appears from expanding as those based on the Talbot efjedhe question arises as to
JNl(zgl sin(N_wgAt)) with N =—1 in Eq. (15). The form what degree a spread iangitudinal velocity one may have

(17) is consistent with the echo signals shown in Figs. 6 and'vithout significantly degrading the contrast of the resulting
7 (whereN, = = 1). The amplitude of the echd varies as a  Structures.

function of theT; on a relatively slow time scale of/w, For sufficiently high longitudinal velocity, one may
and is roughly independent dft: substitutez=vt, wherez is the position along the direction

of the atomic beam. Atoms with different longitudinal veloc-

L ity will therefore experience different interaction times with
A=]1 In-n, (20 sincpgec(tﬁcmﬁ). (18  the fields resulting in a spread in pulse angles. In addition,

=2 the free evolution(fe) time between interaction zone¥,
=D/v, whereD is the spacing between zones, depends on
atomic velocity. Because the echo time is proportional to the
free evolution time between fields, the spatial location of the
of the atomic cloud projected along the directioncpfFor eChO.W'” not depen(_j on veIocny._Howevgr, an averaging of
a . . the signal over longitudinal atomic velocity may reduce the
N;=1, for example, the maximum of the signal occurs at L ; .

contrast of the atomic fringes. Numerical calculations for the

At=qu. Thus, from the shape of the observed signal, we Cactlwo-pulse experiment discussed above indicates that a longi-
deduce the temperature of our trapped atoms.

It is interesting to calculate the maximum visibility, or tudinal velocity Spreadi(ma/vmin) Of up to a factor of 2 will

contrast, of the atomic gratings produced by the techniqueggtisr']gn'f'camly degrade the contrast of the resulting density

discussed in this paper. For this purpose, we consider a i
pulse experimentl(=2) with pulses at time3,=0 andT,,

and withN;=—1, andN,=N. Equation(13) gives the echo B. Generalization for multilevel atoms
timest=[1+ (1/N)]T, for structures of period/(2N) [see
also, Fig. 2a)]. Inserting these conditions into E@15)

where &, is the amplitude of the readout field. To find the

TheT;’s are assumed to be much larger thagul/
It is clear from Eq.(17) that the echo signal as a function
of At allows one to determing, which is the velocity spread

Equation(15) expressing the size of the atomic density
gratings has been derived in the case of two-level atoms. Our

yields experiments were performed with Rb atoms, which have a
ty~e~ (NAWU2?3 29 sinNw.At multilevel structure. By optl_cal pumping before t_he experi-

prit)=e 1(261siN(NwgAt) ment and by use of appropriately polarized laser fields during
XInt1(20, siN(wyT))). (19)  the experiment, Rb can be effectively reduced to a two-level

system. In the experiments described in this paper, however,
Sincep is the total atomic densitysee Eq(11)], and in the  no optical pumping was performed. In this section, we show
vicinity of any given echo time, one particular value of how the results of the preceding section can be generalized to
N predominates, the visibility of the resulting atomic the case of a multilevel atom.
density— defined a®=(pmax— Pmin)/ (PmaxT Pmin), Where There are two aspects to this generalization. One is that a
Pmin (Pmay 1S the minimum(maximum of p as a function  given ground-state sublevel is coupled to more than one ex-
of position— is given byWV=2py. The maximum visibility ~ cited state by the standing-wave pulses. The other is that if
that can be obtained,,,, is twice the maximum of;Jy 1 more than one ground-state sublevel is initially populated,
[see Eq(19)]. These maximum visibilities for various are  then the total signal is the sum of the contributions from each
listed in Table I. The maximum oy, 1(26, sin(wyT2)) can  of these sublevels. In the derivation that follows, we assume

023601-9



STREKALQV, TURLAPOV, KUMARAKRISHNAN, AND SLEATOR PHYSICAL REVIEW A66, 023601 (2002

that all ground-state sublevels contributing to the atomic L
density have equal populations. A= WgH JN__N_fl(Za?sin <p}e°(t§°hc)), (24)
To take into account multiple excited-state levels, one re- 9 j=2
places Eq/(6) with wherew, =3 ((deg @) (deg- 06/ (2A,) . Equation(24) with
Vy(x) = Qg(t)cogq-x), (20 ﬁlqu?SPgéte atomic parameters for Rb was used to fit the data
where VI. CONCLUSION
) :2 21) We have employgd a de Brog[ie wave interfgromgtry
9 2A,, technique for generating and detecting density gratings in an
atomic cloud. The period of these gratings is an even fraction
xﬁg [given by Eq.(5)] is the Rabi frequency for the transition of the optical wavelength. As a first step in exploring this
between a given ground statbeledg) and excited state Method, we have observed structures of peld#l and\/4
(labelede), and A, is the detuning between the laser field in @ sample of- 100K %Rb atoms. The\/2 structures are
and the transition frequency betwegrande. For a given ©Observedin situ by scattering of a probe optical beam off
ground-state sublevej, one can calculate an atomic density them. The higher-order structures, such as the one with pe-
p¢ (t) for that sublevel by Eq(15), where the pulse are@ riod A/4, do not satisfy the phase-matching condition and
ot g_ thus do not scatter the probe field. To detect them, we devel-
is replaced by; N fﬂg(t)gfi L oped a three-pulse echo technique, which rendexg2il
The total atomic densitp™ is the sum of contribution of structure visible in real time by converting it tond2 struc-
each ground state, ture that can be interrogated by the scattering of a probe
field. The data collected show good agreement with theory
plot= E pY. (220  for a variety of experimental conditions and suggest a prom-
9 ising technique for on-line monitoring and control of atom
lithography. We also look forward to extending our technique
for creating and observing spatial gratings of smaller periods
as well as to using it for atomic beam lithography.

The signal is obtained by scattering light from each We
therefore must modify Eq.16) to account for the different
couplings of the ground statesto the light field. We obtain

(deg' U)(deg' o)
&xgogze P21 2A¢q ’ @3 We thank Boris Dubetsky and Paul Berman for useful
discussions. We acknowledge the financial support from the
whereos is the polarization of the scattered field. The signalU. S. Army Research Office through Grant Nos. DAAD19-
expressed by Ed23) still takes the form of Eq(17), but.A  00-1-0412 and DAAD19-99-1-0033 and from the Packard
is replaced by Foundation.
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