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Diffraction of Atoms from a Measurement Induced Grating
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We report on an experiment with polarized atoms passing a standing light wave, where the atom’s
position is encoded (entangled) with the excitation amplitude of two long lived electronic states.
Position information can be obtainadposterioriby measuring the electronic state. If this measurement
is performed, the atom is localized in an array of virtual slits. This gives rise to diffraction of the atomic
de Broglie waves from a measurement induced amplitude grating, thus showing the back action onto
the momentum due to the localization. We further demonstrate experimentally that the encoding can
be totally erased. [S0031-9007(97)02677-X]

PACS numbers: 03.75.Be, 03.65.-w, 32.80.Pj, 42.50.—p

Complementarity and the measurement of noncommuteombination of the described schemes to produce an entan-
ing observables represent some of the most nonintuitivglement between the position of an atom and its internal
ingredients of quantum theory and have been the subjestate.
of controversial discussions since the early days. For ex- The main ingredients of our experiment are illustrated
ample, the famous Heisenberg microscope [1,2], as thimm Fig. 1. A delocalized rubidium atom with two long
archetype of a position measurement apparatus, shows hdiwed hyperfine-structure ground statds) and |»), and
the particle’s momentum changes during the interactioran optically excited statd¢), passes the encoding zone
with the quantized light field. In this case, the back ac-where the entanglement is generated: It consists of a near-
tion onto the particle’s momentum occurs at the instant ofesonant optical standing wave, sandwiched between two
an irreversible scattering process, even when position imnicrowave-(RF) zones. Before the interaction with the
formation is not obtained from the scattered photon. Irfields, the atom is prepared in the state
contrast to this, a more distinct demonstration of the prin- { L2
ciple of complementarity can be obtained from recently ;) = ——= [ lz) ® |a)dz, 1)
proposed experiments with virtual slits [3—5], which em- VL J-1p
ploy a two-step measurement scheme. In the first step, Ely

entanglement between the pOSi“OF‘ of the particle and thg is andL characterizes the size of the wave packet, larger
state of a second quantum system is generated by meansQl o optical wavelength = 27 /k. In the first RF

a reversible interaction. A subsequent measurement per-

formed on thissecondsystem allows one to determine the Zone, the atom is excited into a coherent superposition of
. " . ; - the state$a) and|b) by means of ar /2 pulse. This gives
particle’s position, while the resulting change of the parti- $a) 1b) by /2p 9

\ . > .~ rise to an atomic dipole moment oscillating at frequency
frlltzsr)gwrgggntum can be observed without directly aﬁ‘ectmgwRF — (E, — E,)/h, whereE, andE, are the energies

of the two ground states, respectively. Next, the atom

| Seve:al _?ﬁhemﬁs Welre propos_te_d t% prodgcetthls e?ta asses the standing-wave light field which couples states
giement. ey all employ a position dependent coupiin a) and |b) to the excited statéc). The ac-Stark effect

:%epqgththbeegﬁﬁﬂﬁaeﬁ] diﬁg;ﬂ%f ilrllg?r:eﬁ?]lg d[ggl ar':graen);i'?hifts the energies of the two ground states by an amount
nodes of a near-resonant standing-wave light field in aAE“ and AE;, respectively, wher@\E, ,(z) = cos (kz).
le>
atomic wave

high-finesse cavity leads to a position dependent phase
RF-n/2-pulse

here|z) denotes the position eigenfunctions along the

shift of the light field. The atom’s position can be de-
termined by observing the light field after the atom has
passed the cavity [3—5], or in real time during the atom-
field interaction [7—9]. A similar entanglement can be

used to obtain which-path information in a Ramsey-type YOOOKX standing-wave A/{V\
la>—5——

interferometer [10], or to determine the photon number in light field
a cavity [11]. In this case, atoms in a superposition of
tvlvo lon? g)lvtevs |nte[rr]1al states te}re em%lo)éﬁ.?’ a?(t:ihthe er:t?r]flG. 1. Principle of the experiment. Left: a delocalized atom

glement between the occupation probabiiity of (nese sta eﬁasses a standing-wave light field sandwiched by a microwave-

and the strength of the radiation field is exploited. We(RF)-Ramsey interferometer. Right: simplified level scheme of
now report on an atom optics experiment where we use the atom.

®
RF-n/2-pulse Ib> —Y—
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This changes the phase of the atomic dipole moment by the standing-wave light field. A detection of the atom
1 (7 withoutinternal state measurement does not give position
o(z) = —f [AE,(z,1) — AE,(z,1)]dt = 2a cos(kz), information. In this case, the momentum distribution
hJo reflects only the disturbance of the atomic de Broglie wave
wherer is the interaction time. The parametedescribes due to the interaction with the light field. In contrast to
the ac-Stark shift at an antinode. It can be adjusted bghe virtual amplitude grating induced by the localization,
controlling the intensity and the detuning of the light field. this interaction leads to the diffraction of a plane de
Note that the transverse motion along thaxis induced Broglie wave from a thin phase grating. This results in
by the presence of the light field is neglected during théhe well-known Raman-Nath diffraction pattern [14].
interaction, i.e., the Raman-Nath approximation is made The experiment is performed with rubidium atoms of
[12]. Finally, the phase shifio(z) is transformed into a isotope 85. The two stateB = 3,mp = 0 (state|a))
position dependent occupation probability of stdtésand ~ andF = 2, mp = 0 (state|b)) of the atomic ground state
|b) by applying a second RF~/2 pulse. When the light 5s2S;/, are used to store the position information. They
frequencyw, is adjusted in order to induce an energy shiftare coupled to the optically exciteip P/, state (state
AE,(z) = —AE,(z) (see Fig. 1), the outgoing state is [13] |c)) by the light of wavelength = 780 nm. The ex-
perimental setup is similar to that described in Ref. [15].

lr) = 1 {ly®) + g2}, (2) A magneto-optical vapor-cell trap serves as the source of
‘ V2 cold rubidium atoms. After trapping, the cloud of atoms is
where cooled in optical molasses to a temperature belov K.
L2 The atoms are then released by switching off all laser
)y = V2 f sife(2)/2]1z) ® la)dz, light, and move through the vertically aligned setup in free
VL J-rp fall. Next, a small magnetic bias field is applied along

J2 (L2 the horizontaly direction, which defines the quantization
g’y = = f —code(z)/2]1z) ® |b)dz. axis. The atoms are then optically pumped into staje
VL Jo1p with 7-polarized laser light, which drives the transition
Equation (2) describes the entanglement between th®s 2SiF = 3 — 5p2P;3,F’ = 3 with Amr = 0, and an
atom’s positionz and its internal state. The state vectoradditional repumping laser on the transition’s; ,F =
of the outgoing atom is a coherent superposition of th@ — 5p 2P3,,F' = 3. (For this configuration, state) is
two states|“) and |¢*) which have different internal dark due to a vanishing Clebsch-Gordan coefficient.) This
states,|a) and |b), and complementary spatial distri- allows one to transfer more then 70% of all atoms into
butions, |49(z)|> = sif[a cos(kz)] and |y?(z)]> = statela), while the remaining atoms are distributed over
cod[a cos(kz)], respectively. A measurement of the the manifold of state§s %S, ,F = 3 with mp # 0.
internal state of the atom, i.e., a projection onto one of the After optically pumping, the atoms pass the encoding
two statesys“) or |4*), localizes the atom in one or the region, which generates the entanglement between the
other of the two spatial distributions. Figure 2 shows theposition and the internal state. It is located 20 cm below
two spatial distributions forw = 7. When measuring the trap, where the atoms have a velocity of 2sm
the atom in the internal stafa), for example, the atom To apply the RF field, a rectangular microwave cavity
is periodically localized as indicated by the solid line, tuned to the atomic transition frequency ®gr = 27 X
i.e., the atom has passed the displayed amplitude grating.035 GHz is used. The magnetic field of the BE
The resulting back action onto the atom’s momentummode, polarized along the quantization axis, drives the
can be regarded as a diffraction from this grating. Wemagnetic dipole transition between statesand|») and
emphasize that the grating is not induced before measuririgduces az /2 pulse within1.1 us. This time is short
the atom’s internal state long after the atom has passeebmpared to the transit time of the atoms through the
resonator,r = 15 ms, thus allowing one to realize the
Ramsey interferometer by applying the two RF pulses
while the atoms are located inside the cavity. Between
the pulses, the atoms interact with the standing-wave light
field, generated by retroreflecting a Gaussian laser beam
from a flat mirror, which is mounted inside the microwave
resonator. With alaser beam waist@f = 8.2 mm along
the verticalx direction, the curvature of the wave fronts
FIG. 2. Localization patterng(z) of atoms after encoding can be neglected over the size of the atomic cloud. Short
with « = 7. The standing wave has an antinodezat 0. '}£teraction times less thah us are required to fuffill the

The solid curve shows the spatial distribution of atoms detecte Nath diti 121, This | lized b Isi
in state|a), corresponding to a localization between the nodesi@man-Nath condition [12]. This is realized by pulsing

and antinodes of the standing wave. The dashed curve shoWde light field on when the cloud of falling atoms is located
the complementary distribution for atoms detected in gtate  in front of the mirror. The light field is7 polarized

o(z)

position z
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and couples statén) to the sublevelsF’ = 4, mp = 0 detected independent of their internal state. As discussed
andF’ = 2,ml = 0, and statdb) to the sublevelg’ = above, position information cannot be obtained in this case,
3,mp =0andF' = 1,mr = 0 of state|c), respectively. and the atomic momentum spectrum is due to diffraction
The resulting ac-Stark shift of both ground stafe$,and  from the standing-wave light field with period/2. This

|b), is the sum of the two light shifts due to the two gives rise to diffraction orders separated byk. The
couplings, and the two energy shiffsE, , are equal in  solid line shows the theoretical prediction, taking into ac-
magnitude but opposite in sign when the light is bluecount the initial momentum distribution. No adjustable pa-
detuned by 1.44 GHz with respect to the frequency ofameter is used to fit the data. The lower plot shows the
the F = 3 — F’ = 4 transition. A peak running-wave momentum spectrum recorded with the same control pa-
light intensity of40 mW/cn? induces an energy shift at rameters for the position encoding, however, only atoms
an antinode ofAE,/h = 1.28 X 10° rad/s. Therefore, in state|a) are detected. Thus the atomic state is pro-
a = misrealized by employing 25 us long light pulse. jected on statéy?), and the atoms are localized halfway

Finally, the atoms are detected 25 cm below the encodsetween the nodes and antinodes of the standing wave, as
ing region by means of spatially resolved fluorescence dandicated in Fig. 2 (solid line). The measurement process
tection. By choosing the appropriate laser frequencies foeffectively produces an amplitude grating with periodicity
the excitation, either atoms in stake) or both |a) and  A/4, thereby inducing a diffraction pattern with diffraction
|b) can be observed. This allows one to record a statesrders separated byfik. The solid line shows the theo-
selective momentum distribution of the atomic sample asetical prediction for the momentum distribution of state
a Fraunhofer diffraction pattern with a resolutionop = l#*) [13], which is in good agreement with the experimen-
0.35ak (FWHM) [15]. tal data.

Delocalized atoms with a well-defined vertical veloc- In order to demonstrate further possibilities of the en-
ity v, and good spatial coherence are required for theoding process, Fig. 4 displays the results of a similar mea-
experiment. While sufficient longitudinal coherence ofsurement but now, witlhk = 27 realized, using twice the
v,/Av, = 40 (FWHM) is guaranteed by the low tem- lightintensity. The calculated amplitude grating for atoms
perature of the atomic cloud, high transverse coherencdetected in statéa) is shown in the inset of the lower
is achieved by collimating the atomic sample using aplot. Again, the spatial periodicity is/4, but now the nar-
200 um wide slit just above the interaction region. The row double-peaked structure induces a relative phase shift
resulting initial momentum width of.5/4k (FWHM) isdue of 7 on the atomic de Broglie wave. This gives rise to
mainly to the finite size of the atomic cloud after molassedestructive interference in the forward direction and con-
cooling [0.7 mm (FWHM)] and some heating during the structive interference into the odd-numbered interference
optical pumping process. orders*=2hk, =6hk,.... This explains the apparent shift

Figure 3 shows the experimental results for= 7.  of the diffraction pattern. Again, the solid lines show the
The upper plot displays the momentum distribution ob-theoretical predictions.
tained without state-selective detection, i.e., all atoms are The measurements clearly demonstrate the back action
of the localization onto the momentum. Nevertheless,
the experimental results presented so far could also be

-6 -4 -2 0 2 4 6
momentum /hk

N =
» o
o -

FIG. 3. Measured momentum distribution after encoding with -6 —4 -2 0
a = 7. Upper plot: non-state-selective detection of atoms in momentum /hk

state|a) and|b) (no localization). The momentum spectrum is

due to diffraction from a thin phase grating. Lower plot: state-FIG. 4. Measured momentum distribution after encoding with
selective detection of atoms in stdte, i.e., projection on state o = 277. Upper plot: non-state-selective detection. Lower
l#%). The difference between the upper and lower distributionplot: state-selective detection of atoms in stdte. The

is due to the localization between the nodes and antinodes @ésulting localization pattern is displayed in the inset, where
the standing light wave. the dashed line indicates the standing wave.
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interpreted as a position measurement taking place at the

instant of the encoding process. In this case, the atoms 5.410*
would leave the interaction zone not in a coherent super-
position of stategy*) and|¢?) but in one of these states
with equal probability. The density matrix would repre-
sent the density matrix of a classical mixture of the two
states with vanishing off-diagonal elements, and the inter-
action would not be a reversibencodingprocess but an I !
irreversiblemeasurement To demonstrate the unitary na- -6 -4 -2 0 2
ture of the encoding process, we now show experimentally momentum /hk

that it can be totally reversed. A suitable process for thig; 5 Measured momentum distribution after encoding with
“decoding” is a second sequence, which is identical to the, = 7 and subsequent erasing with a second, identical process
first one used to produce the entanglement and is appligdtars). For comparison, the open circles show the momentum
immediately after the first one. Experimentally, this is per-distribution of Fig. 3. The effect of the encoding process is
formed by applying a third RFz/2 pulse followed by a ttally erased.

second light pulse and a fourth RF£2 pulse, while the

atoms are in front of the mirror inside the RF cavity. Thethe position information is read out from the atom’s in-
total sequence thus consists of a RFF2 pulse and a light ternal states. Besides illustrating the fundamental proper-
pulse, followed by a RFF pulse, another light pulse, and a ties of the quantum-mechanical measurement process, the
final RF-r /2 pulse. The intermediate RfFpulse changes described localization scheme could have other interest-
the phase of the atomic dipole momént(z) — —¢(z)],  ing applications in the field of atom optics. For example,
so that the phase shift induced by the second interactiothe possibility of producing narrow localization structures
with the light field, together with the final RF~/2 pulse,  with widths below A/20, together with the high spatial
restores the atom’s initial state vector. A phase stable Rperiodicity of the virtual slits, has potential applications in
source has to be used, and the total pulse sequence musttigh-resolution atom imaging, atom lithography, and atom
short(<10 us) in order to neglect the motion of the atom. interferometry.
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