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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 at
position is encoded (entangled) with the excitation amplitude of two long lived electronic sta
Position information can be obtaineda posterioriby measuring the electronic state. If this measureme
is performed, the atom is localized in an array of virtual slits. This gives rise to diffraction of the atom
de Broglie waves from a measurement induced amplitude grating, thus showing the back action
the momentum due to the localization. We further demonstrate experimentally that the encoding
be totally erased. [S0031-9007(97)02677-X]

PACS numbers: 03.75.Be, 03.65.–w, 32.80.Pj, 42.50.–p
u

e

o
i
I
n
l

x
t

-

e

i

t

an-
al

d

ar-
o

e

er

of

y

es

nt

e-
f

Complementarity and the measurement of noncomm
ing observables represent some of the most nonintuiti
ingredients of quantum theory and have been the subj
of controversial discussions since the early days. For e
ample, the famous Heisenberg microscope [1,2], as t
archetype of a position measurement apparatus, shows h
the particle’s momentum changes during the interactio
with the quantized light field. In this case, the back ac
tion onto the particle’s momentum occurs at the instant
an irreversible scattering process, even when position
formation is not obtained from the scattered photon.
contrast to this, a more distinct demonstration of the pri
ciple of complementarity can be obtained from recent
proposed experiments with virtual slits [3–5], which em
ploy a two-step measurement scheme. In the first step,
entanglement between the position of the particle and t
state of a second quantum system is generated by mean
a reversible interaction. A subsequent measurement p
formed on thissecondsystem allows one to determine the
particle’s position, while the resulting change of the part
cle’s momentum can be observed without directly affectin
the particle.

Several schemes were proposed to produce this ent
glement. They all employ a position dependent couplin
strength between an atom and a light field [6]. For e
ample, the atom-field interaction in the nodes and an
nodes of a near-resonant standing-wave light field in
high-finesse cavity leads to a position dependent pha
shift of the light field. The atom’s position can be de
termined by observing the light field after the atom ha
passed the cavity [3–5], or in real time during the atom
field interaction [7–9]. A similar entanglement can b
used to obtain which-path information in a Ramsey-typ
interferometer [10], or to determine the photon number
a cavity [11]. In this case, atoms in a superposition o
two long lived internal states are employed, and the enta
glement between the occupation probability of these sta
and the strength of the radiation field is exploited. W
now report on an atom optics experiment where we use
0031-9007y97y78(11)y2038(4)$10.00
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combination of the described schemes to produce an ent
glement between the position of an atom and its intern
state.

The main ingredients of our experiment are illustrate
in Fig. 1. A delocalized rubidium atom with two long
lived hyperfine-structure ground states,jal and jbl, and
an optically excited state,jcl, passes the encoding zone
where the entanglement is generated: It consists of a ne
resonant optical standing wave, sandwiched between tw
microwave-(RF) zones. Before the interaction with th
fields, the atom is prepared in the state

jcil 
1

p
L

Z Ly2

2Ly2
jzl ≠ jal dz , (1)

wherejzl denotes the position eigenfunctions along thez
axis andL characterizes the size of the wave packet, larg
than the optical wavelengthl  2pyk. In the first RF
zone, the atom is excited into a coherent superposition
the statesjal andjbl by means of apy2 pulse. This gives
rise to an atomic dipole moment oscillating at frequenc
vRF  sEa 2 Ebdyh̄, whereEa andEb are the energies
of the two ground states, respectively. Next, the atom
passes the standing-wave light field which couples stat
jal and jbl to the excited statejcl. The ac-Stark effect
shifts the energies of the two ground states by an amou
DEa and DEb , respectively, whereDEa,bszd ~ cos2skzd.

FIG. 1. Principle of the experiment. Left: a delocalized atom
passes a standing-wave light field sandwiched by a microwav
(RF)-Ramsey interferometer. Right: simplified level scheme o
the atom.
© 1997 The American Physical Society
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This changes the phase of the atomic dipole moment b

wszd 
1
h̄

Z t

0
fDEasz, td 2 DEbsz, tdgdt  2a cos2skzd ,

wheret is the interaction time. The parametera describes
the ac-Stark shift at an antinode. It can be adjusted
controlling the intensity and the detuning of the light field
Note that the transverse motion along thez axis induced
by the presence of the light field is neglected during t
interaction, i.e., the Raman-Nath approximation is ma
[12]. Finally, the phase shiftwszd is transformed into a
position dependent occupation probability of statesjal and
jbl by applying a second RF-py2 pulse. When the light
frequencyvL is adjusted in order to induce an energy sh
DEaszd  2DEbszd (see Fig. 1), the outgoing state is [13

jcfl 
1

p
2

hjcal 1 jcblj , (2)

where

jcal 

p
2

p
L

Z Ly2

2Ly2
sinfwszdy2g jzl ≠ jal dz ,

jcbl 

p
2

p
L

Z Ly2

2Ly2
2 cosfwszdy2g jzl ≠ jbl dz .

Equation (2) describes the entanglement between
atom’s positionz and its internal state. The state vecto
of the outgoing atom is a coherent superposition of t
two statesjcal and jcbl which have different internal
states, jal and jbl, and complementary spatial distri
butions, jcaszdj2  sin2fa cos2skzdg and jcbszdj2 
cos2fa cos2skzdg, respectively. A measurement of th
internal state of the atom, i.e., a projection onto one of t
two statesjcal or jcbl, localizes the atom in one or the
other of the two spatial distributions. Figure 2 shows th
two spatial distributions fora  p . When measuring
the atom in the internal statejal, for example, the atom
is periodically localized as indicated by the solid line
i.e., the atom has passed the displayed amplitude grat
The resulting back action onto the atom’s momentu
can be regarded as a diffraction from this grating. W
emphasize that the grating is not induced before measu
the atom’s internal state long after the atom has pas

FIG. 2. Localization patternsrszd of atoms after encoding
with a  p. The standing wave has an antinode atz  0.
The solid curve shows the spatial distribution of atoms detec
in statejal, corresponding to a localization between the nod
and antinodes of the standing wave. The dashed curve sh
the complementary distribution for atoms detected in statejbl.
by
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the standing-wave light field. A detection of the atom
without internal state measurement does not give positi
information. In this case, the momentum distributio
reflects only the disturbance of the atomic de Broglie wa
due to the interaction with the light field. In contrast t
the virtual amplitude grating induced by the localization
this interaction leads to the diffraction of a plane d
Broglie wave from a thin phase grating. This results
the well-known Raman-Nath diffraction pattern [14].

The experiment is performed with rubidium atoms o
isotope 85. The two statesF  3, mF  0 (state jal)
andF  2, mF  0 (statejbl) of the atomic ground state
5s 2S1y2 are used to store the position information. The
are coupled to the optically excited5p 2P3y2 state (state
jcl) by the light of wavelengthl  780 nm. The ex-
perimental setup is similar to that described in Ref. [15
A magneto-optical vapor-cell trap serves as the source
cold rubidium atoms. After trapping, the cloud of atoms
cooled in optical molasses to a temperature below10 mK.
The atoms are then released by switching off all las
light, and move through the vertically aligned setup in fre
fall. Next, a small magnetic bias field is applied alon
the horizontaly direction, which defines the quantization
axis. The atoms are then optically pumped into statejal
with p-polarized laser light, which drives the transitio
5s 2S1y2F  3 ! 5p 2P3y2F0  3 with DmF  0, and an
additional repumping laser on the transition5s 2S1y2F 
2 ! 5p 2P3y2F0  3. (For this configuration, statejal is
dark due to a vanishing Clebsch-Gordan coefficient.) Th
allows one to transfer more then 70% of all atoms in
statejal, while the remaining atoms are distributed ove
the manifold of states5s 2S1y2F  3 with mF fi 0.

After optically pumping, the atoms pass the encodin
region, which generates the entanglement between
position and the internal state. It is located 20 cm belo
the trap, where the atoms have a velocity of 2 mys.
To apply the RF field, a rectangular microwave cavi
tuned to the atomic transition frequency ofvRF  2p 3

3.035 GHz is used. The magnetic field of the TE102
mode, polarized along the quantization axis, drives t
magnetic dipole transition between statesjal and jbl and
induces apy2 pulse within 1.1 ms. This time is short
compared to the transit time of the atoms through t
resonator,t  15 ms, thus allowing one to realize the
Ramsey interferometer by applying the two RF puls
while the atoms are located inside the cavity. Betwe
the pulses, the atoms interact with the standing-wave lig
field, generated by retroreflecting a Gaussian laser be
from a flat mirror, which is mounted inside the microwav
resonator. With a laser beam waist ofvx  8.2 mm along
the verticalx direction, the curvature of the wave front
can be neglected over the size of the atomic cloud. Sh
interaction times less than7 ms are required to fulfill the
Raman-Nath condition [12]. This is realized by pulsin
the light field on when the cloud of falling atoms is locate
in front of the mirror. The light field isp polarized
2039
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and couples statejal to the sublevelsF0  4, m0
F  0

andF0  2, m0
F  0, and statejbl to the sublevelsF0 

3, m0
F  0 andF0  1, m0

F  0 of statejcl, respectively.
The resulting ac-Stark shift of both ground states,jal and
jbl, is the sum of the two light shifts due to the two
couplings, and the two energy shiftsDEa,b are equal in
magnitude but opposite in sign when the light is blu
detuned by 1.44 GHz with respect to the frequency
the F  3 ! F0  4 transition. A peak running-wave
light intensity of 40 mWycm2 induces an energy shift at
an antinode ofDEayh̄  1.28 3 106 radys. Therefore,
a  p is realized by employing a2.5 ms long light pulse.

Finally, the atoms are detected 25 cm below the enco
ing region by means of spatially resolved fluorescence d
tection. By choosing the appropriate laser frequencies
the excitation, either atoms in statejal or both jal and
jbl can be observed. This allows one to record a sta
selective momentum distribution of the atomic sample
a Fraunhofer diffraction pattern with a resolution ofDp 
0.35h̄k (FWHM) [15].

Delocalized atoms with a well-defined vertical veloc
ity yx and good spatial coherence are required for th
experiment. While sufficient longitudinal coherence o
yxyDyx ø 40 (FWHM) is guaranteed by the low tem-
perature of the atomic cloud, high transverse coheren
is achieved by collimating the atomic sample using
200 mm wide slit just above the interaction region. The
resulting initial momentum width of1.5h̄k (FWHM) is due
mainly to the finite size of the atomic cloud after molasse
cooling [0.7 mm (FWHM)] and some heating during th
optical pumping process.

Figure 3 shows the experimental results fora  p.
The upper plot displays the momentum distribution ob
tained without state-selective detection, i.e., all atoms a

FIG. 3. Measured momentum distribution after encoding wi
a  p. Upper plot: non-state-selective detection of atoms
statejal andjbl (no localization). The momentum spectrum is
due to diffraction from a thin phase grating. Lower plot: state
selective detection of atoms in statejal, i.e., projection on state
jcal. The difference between the upper and lower distributio
is due to the localization between the nodes and antinodes
the standing light wave.
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detected independent of their internal state. As discuss
above, position information cannot be obtained in this cas
and the atomic momentum spectrum is due to diffractio
from the standing-wave light field with periodly2. This
gives rise to diffraction orders separated by2h̄k. The
solid line shows the theoretical prediction, taking into ac
count the initial momentum distribution. No adjustable pa
rameter is used to fit the data. The lower plot shows th
momentum spectrum recorded with the same control pa
rameters for the position encoding, however, only atom
in state jal are detected. Thus the atomic state is pro
jected on statejcal, and the atoms are localized halfway
between the nodes and antinodes of the standing wave,
indicated in Fig. 2 (solid line). The measurement proces
effectively produces an amplitude grating with periodicity
ly4, thereby inducing a diffraction pattern with diffraction
orders separated by4h̄k. The solid line shows the theo-
retical prediction for the momentum distribution of state
jcal [13], which is in good agreement with the experimen-
tal data.

In order to demonstrate further possibilities of the en
coding process, Fig. 4 displays the results of a similar mea
surement but now, witha  2p realized, using twice the
light intensity. The calculated amplitude grating for atoms
detected in statejal is shown in the inset of the lower
plot. Again, the spatial periodicity isly4, but now the nar-
row double-peaked structure induces a relative phase sh
of p on the atomic de Broglie wave. This gives rise to
destructive interference in the forward direction and con
structive interference into the odd-numbered interferenc
orders62h̄k, 66h̄k, . . . . This explains the apparent shift
of the diffraction pattern. Again, the solid lines show the
theoretical predictions.

The measurements clearly demonstrate the back acti
of the localization onto the momentum. Nevertheless
the experimental results presented so far could also b

FIG. 4. Measured momentum distribution after encoding with
a  2p. Upper plot: non-state-selective detection. Lower
plot: state-selective detection of atoms in statejal. The
resulting localization pattern is displayed in the inset, wher
the dashed line indicates the standing wave.
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interpreted as a position measurement taking place at
instant of the encoding process. In this case, the ato
would leave the interaction zone not in a coherent sup
position of statesjcal and jcbl but in one of these states
with equal probability. The density matrix would repre
sent the density matrix of a classical mixture of the tw
states with vanishing off-diagonal elements, and the int
action would not be a reversibleencodingprocess but an
irreversiblemeasurement. To demonstrate the unitary na
ture of the encoding process, we now show experimenta
that it can be totally reversed. A suitable process for th
“decoding” is a second sequence, which is identical to t
first one used to produce the entanglement and is app
immediately after the first one. Experimentally, this is pe
formed by applying a third RF-py2 pulse followed by a
second light pulse and a fourth RF-py2 pulse, while the
atoms are in front of the mirror inside the RF cavity. Th
total sequence thus consists of a RF-py2 pulse and a light
pulse, followed by a RF-p pulse, another light pulse, and
final RF-py2 pulse. The intermediate RF-p pulse changes
the phase of the atomic dipole momentfwszd ! 2wszdg,
so that the phase shift induced by the second interact
with the light field, together with the final RF-py2 pulse,
restores the atom’s initial state vector. A phase stable
source has to be used, and the total pulse sequence mu
shorts,10 msd in order to neglect the motion of the atom

Figure 5 (stars) shows the momentum distribution
atoms subject to an encoding process witha  p and
the subsequent reversal by the decoding sequence. O
atoms in statejal are detected. Figure 5 (open circles
shows the result of the non-state-selective detection a
one encoding process witha  p. (This measurement
is identical to the one shown in Fig. 3, upper plot.) B
comparing the areas underneath the signals of the
measurements, it is obvious that after the second seque
nearly all atoms are found in statejal. In addition, most
of the atoms have about zero momentum, i.e., the fi
momentum distribution resembles the initial one. Thu
the effect of the encoding sequence is totally erased,
the state vectorjcfl is transformed back into the initial
state jcil, as given by Eq. (1). The small satellites a
64h̄k are produced by atoms which are not optical
pumped into statejal, as was discussed above. The
atoms are not affected by the RF-Ramsey pulses beca
of the Zeeman shift in the magnetic bias field. Howeve
the two consecutive interactions with the light field (eac
with a  p) give rise to diffraction from a standing wave
with a  2p, as shown in Fig. 4 (upper curve).

The experiment clearly demonstrates how the entang
ment between the atom’s position and its internal sta
allows one to localize the atom withoutdirectly affect-
ing the particle’s spatial wave function. In particular, th
encoding is a reversible process, while the irreversib
back action onto the momentum does not occur befo
the
ms
r-

-
o
r-

lly
is
e

ied
r-

e

on

F
t be

.
f

nly
)
ter

wo
nce

al
s,
nd

t
y
e
use
r,
h

le-
te

e
le
re

FIG. 5. Measured momentum distribution after encoding with
a  p and subsequent erasing with a second, identical proce
(stars). For comparison, the open circles show the momentu
distribution of Fig. 3. The effect of the encoding process is
totally erased.

the position information is read out from the atom’s in-
ternal states. Besides illustrating the fundamental prope
ties of the quantum-mechanical measurement process,
described localization scheme could have other interes
ing applications in the field of atom optics. For example
the possibility of producing narrow localization structures
with widths belowly20, together with the high spatial
periodicity of the virtual slits, has potential applications in
high-resolution atom imaging, atom lithography, and atom
interferometry.
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