
P H Y S I C A L R E V I E W L E T T E R S week ending
23 APRIL 2004VOLUME 92, NUMBER 16
Entanglement Interferometry for Precision Measurement of Atomic Scattering Properties
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We report on a matter wave interferometer realized with entangled pairs of trapped 87Rb atoms. Each
pair of atoms is confined at a single site of an optical lattice potential. The interferometer is realized by
first creating a coherent spin superposition of the two atoms and then tuning the interstate scattering
length via a Feshbach resonance. The selective change of the interstate scattering length leads to an
entanglement dynamics of the two-particle state that can be detected in a Ramsey interference
experiment. This entanglement dynamics is employed for a precision measurement of atomic inter-
action parameters. Furthermore, the interferometer allows us to separate lattice sites with one or two
atoms in a nondestructive way.
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FIG. 1 (color online). Ramsey interferometer sequence
(shaded bars). Ramsey fringes are obtained by varying the
phase � of the last microwave �=2 pulse. The magnetic field
can be ramped to different magnetic field values in order to
on the scattering properties of the systems. The entangle- change the interaction properties of the atoms.
The controlled creation of entanglement is one of the
most subtle and challenging tasks in modern quantum
mechanics, with both wide reaching practical and funda-
mental implications. In neutral atom based systems, sig-
nificant progress has been made during recent years in the
generation of large spin-squeezed samples of atomic
gases [1] or the controlled creation of Greenberger-
Horne-Zeilinger (GHZ) states [2] in cavity QED systems
[3]. In addition, it has been recognized early on that in
binary spin superpositions of Bose-Einstein condensed
quantum gases (with spin states j0i and j1i) a large
amount of entanglement could be created by controlling
the difference in interaction strengths � � 1=2 �U00 �
U11 � 2U01� between the particles in different spin
states [4–8]. Here, Uij denotes the interaction matrix
element between atoms in spin states i and j. Such con-
trol can either be achieved by moving atoms on dif-
ferent sites in spin-dependent optical lattice potentials
[5,8–11] or by tuning the scattering lengths, such that
� � 0 [4,7,12]. In the latter case, the simple creation
of a coherent spin superposition, e.g., by an initial �=2
pulse, followed by a subsequent evolution of the spin
system, would automatically lead to highly spin-squeezed
or entangled N-particle GHZ-like states. Here we dem-
onstrate such entanglement dynamics with pairs of atoms
trapped in the ground state of a potential well in an
optical lattice. Such pairs form a unique and highly con-
trollable model system to study interactions between two
particles. By using a recently predicted interstate
Feshbach resonance in 87Rb [13], we are able to control
� and thus accelerate the ensuing entanglement evolution,
so that it is observable in a Ramsey type experiment
within our coherence time. We show that this dynamical
evolution of the atom pairs into entangled and disen-
tangled states can be used to obtain precise information
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ment interferometer makes it furthermore possible to
separate singly occupied lattice sites from doubly occu-
pied sites in a nondestructive way.

The Ramsey interferometer sequence used in
the experiment consists of two �=2 pulses that couple
the two states j0i � jF � 1; mF � �1i and j1i �
jF � 2; mF � �1i. Here, F and mF denote the total an-
gular momentum and its projection, respectively. The
pulse separation is thold and the phase � of the last pulse
can be varied. Between the two �=2 pulses, the inter-
action behavior � of the atoms is modified by using a
Feshbach resonance occurring between atoms in hyper-
fine states j0i and j1i [13,14]. In the case of a single
isolated atom, initially in the state  i1 � j0i, the effect
of a changing interaction behavior has no consequence for
the particle since it does not interact with other particles.
After applying the experimental sequence shown in Fig. 1,
the final state reads  f1 � 1=2 �b�j0i � b�j1i� with b	 �
1	 e
i�. The probability of finding the atom in state j1i
is simply given by Pf1��� �

1
2 �1� cos��, which describes

the usual Ramsey fringes without decoherence.
2004 The American Physical Society 160406-1



P H Y S I C A L R E V I E W L E T T E R S week ending
23 APRIL 2004VOLUME 92, NUMBER 16
In the case of two particles, the change of inter-
action parameters leads to an additional entangling-
disentangling dynamics which is markedly different.
Let us consider two bosonic atoms in the internal state
 i2 � j0i � j0i � j00i. First, a �=2 pulse places the atoms
in a coherent superposition of the two internal states  2 �
1
2 �j00i � j01i � j10i � j11i�. After a time t, each two-
particle state obtains a phase factor e�i�ij due to inter-
actions, where �ij � �Uij= �h�thold is the collisional phase
shift, with Uij � �4� �h2aij�=m�

R
d3x j’ij

2j’jj
2 being

the on-site interaction matrix element. Here, aij repre-
sents the elastic scattering length between particles in
states i and j, ’i�j� is the ground state wave function of
an atom in spin state i�j�, andm the mass of a single atom.
For t � thold=2, the two-particle state then evolves into
 2 � 1

2 �e
�i��00=2�j00i � e�i��01=2�j01i � e�i��01=2�j10i �

e�i��11=2�j11i�, where �01 � �10. After a spin echo �
pulse, a further interaction time thold=2 and a last �=2
pulse, the final state reads  f2 � 1

2 fc
�
c j00i � cs�j01i �

j10i� � c�c j11ig, where c	c � e
i��cos�	 e�i���, cs �
i sin�, and�� � ���00 ��11 � 2�01�=2. The probabil-
ity of finding an atom in state j1i can then be expressed by
Pf2��;��� �

1
2 �1� cos� cos���, which is modulated in

amplitude compared to the case of single atoms.
Four main cases illustrate the dynamics of the two-

particle system. (i) For �� � 0 the Ramsey fringe
Pf2��;�� � 0� � 1

2 �1� cos�� is identical to the fringe
of an isolated particle as shown above. (ii) If the inter-
actions lead to a phase difference of �� � �=2, the final
state  f2 ��� � �=2� is a maximally entangled Bell-like
state. For such a state, the corresponding Ramsey fringe
Pf2��;�� � �=2� � 1

2 does not exhibit any modulation
[11]. (iii) When the phase difference is increased to �� �
�, the system is disentangled again, and the correspond-
ing Ramsey fringe Pf2��;�� � �� � 1

2 �1� cos�� is
phase shifted by � with respect to the case of a single
particle. It should be noted that for this interaction phase
the state vectors of isolated atoms and atoms being part of
an atom pair are orthogonal to each other. Therefore, by
choosing a specific single particle phase, either isolated
atoms or atom pairs can be transferred into the jF � 2i
state and removed by a subsequent resonant laser pulse.
The remaining atoms would form a pure lattice of
either single atoms or atom pairs, which again can
evolve to Bell-like pairs. For even larger phase differ-
ences, the system entangles and disentangles again, until
for (iv) �� � 2� the system exhibits a Ramsey fringe
which is in phase with the fringe of a single atom. In a
system containing N1 isolated single atoms and N2=2
isolated pairs of atoms, the total fringe will be a weighted
sum of the two distinct fringes and will have a visibility
according to:

V��� � V0e
��t=�1�f�1� n2� � n2e

��t=�2� cos��g; (1)

where we have included decoherence and two-body losses
with time constants �1 and �2, respectively, V0 is a finite
160406-2
initial visibility [15] and ni�Ni=�N1�N2�, i�1;2 with
n1�n2�1. Whereas the contribution of isolated atoms to
the fringe visibility V remains unaffected under a change
of �, the total fringe signal shows a dynamics with the
same periodicity as Pf2 . In the following, we consider the
experimentally relevant case N1>N2. For zero phase dif-
ference �� � 0, we expect to measure a Ramsey fringe
with high visibility V. The visibility decreases for in-
creasing �� and reaches a minimum for �� � � where
the fringes from single atoms and from atom pairs are out
of phase and partially compensate each other in the total
signal. For larger interaction phase differences, the total
visibility increases, until it shows a maximum for �� �
2�, where the two Ramsey fringes are completely in
phase again. It should be noted that the interaction time
tR after which �� � 2� depends on the difference in the
interaction matrix elements Uij, and for constant overlap
of the wave functions on the elastic scattering length
difference �as;� � � 1

2 �a00 � a11 � 2a01�.
The experimental setup is similar to our previous work

[16,17]. We start with a BEC of up to 3� 105 87Rb atoms
trapped in the hyperfine ground state jF � 1; mF � �1i.
We load the BEC into a pure two- or three-dimensional
optical lattice potential formed by three mutually or-
thogonal standing waves of far detuned light. For the
three-dimensional case, the system undergoes a Mott-
insulator transition [16,18] with one and two atoms per
site. The wavelengths used for the different standing
waves are 829 nm (y and z axis) and 853 nm (x direction),
with trapping frequencies at each lattice site of !x �
2�� 33, !y � 2�� 43, and !z � 2�� 41 kHz. In or-
der to preserve spin polarization of the atoms in the
optical trap, we maintain a 1 G magnetic offset field along
the x direction. The atoms are prepared in the Feshbach
resonance sensitive spin superposition by transferring the
population from the jF � 1; mF � �1i state into the
j0i � jF � 1; mF � �1i hyperfine level via a radio fre-
quency (rf) Landau-Zener sweep. We then increase the
magnetic field to 8.63 G. By applying a microwave field
around 6.8 GHz and rf radiation around 6 MHz, we are
able to coherently couple the two internal states j0i and
j1i with a two-photon transition similar to [19].

In order to locate the position of the Feshbach reso-
nance through enhanced atomic losses, we load the BEC
into a two-dimensional (x and y axis) optical lattice
potential. The atomic density is thereby strongly in-
creased compared to a simple dipole trap, thus loss pro-
cesses occur with higher probability. The magnetic field is
subsequently increased to different values within 10 "s.
After holding the atoms for 1 ms at a specific magnetic
field, we switch off all trapping potentials and magnetic
fields to measure the remaining total atom number in a
time-of-flight (TOF) measurement (see Fig. 2). The mag-
netic field has been calibrated by measuring the fre-
quency of the jF � 1; mF � �1i ! jF � 2; mF � �2i
microwave transition at different magnetic field values
and employing the Breit-Rabi formula to determine the
160406-2
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FIG. 2. Measurement of total atom number versus magnetic
field in a 2D optical lattice. The solid line is a Lorentzian fit to
the data with center at 9.121(9) G and a width of 20(5) mG. The
hold time at the various magnetic field values is 1 ms.
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actual field strength. Because of background magnetic
field fluctuations, the magnetic field calibration has an
uncertainty of 3 mG, noise of the magnetic field creating
current source introduces an uncertainty of 2 mG and an
additional systematic error of 4 mG is added by the
optical trapping potential. The measured position of
9.121(9) G of the resonance agrees well with the predicted
value of 9.123 G within our measurement uncertainty
[20]. In order to determine the ratio of single to paired
atoms in our three-dimensional lattice potential, we
monitor the loss of atoms when we hold the atomic
sample at the resonance magnetic field for a variable
time (see Fig. 3).

Lattice sites which are occupied by more than one
atom are depleted within 3 ms due to the increased
two-body collision rates and the high density at single
lattice sites. Isolated atoms, however, are protected from
collisions and remain trapped. Assuming a negligible
number of sites with three atoms, a fit with an exponential
decay yields a time constant of 1:3�2� ms and a ratio
N1=N2 � 1:1.
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FIG. 3. Time resolved measurement of the total atom number
at the measured Feshbach resonance in a 3D lattice potential.
Sites with more than one atom are emptied within 3 ms,
whereas sites with only one atom are protected from loss.
The solid line is a fit to an exponential decay with offset,
from which we find to have a ratio N1=N2 � 1:1.
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In order to determine the elastic scattering properties,
we apply the Ramsey interferometer sequence that has
been described earlier (see Fig. 1). At each magnetic field
value, we record the Ramsey fringe visibility for differ-
ent interaction times thold (see, e.g., Fig. 4 for a field of
B � 9:081 G).

The revival time tR at which the visibility shows its
maximum is determined by a fit using Eq. (1). This
revival time depends on the difference in the interaction
matrix element. A single revival of the fringe visibility
could in principle also be caused by a complete loss of
lattice sites with two atoms. We have, however, checked
that even for the more pronounced losses at the Feshbach
resonance the system exhibits dynamics due to interaction
after the first revival. In this case, losses would shift the
revival time by a few percent.

In order to extract information on the changes in the
scattering length from the revival times, one can measure
the the on-site matrix element U00 through a collapse and
revival experiment that we have demonstrated earlier
[17]. For the same experimental parameters, we find
U00 � h=396�11� "s. Using this information we can cal-
culate �=U00 � �as;�=a00, which expresses the change in
scattering length measured in units of the scattering
length a00. In order to map out the change in the elastic
scattering length on the Feshbach resonance, �as;�=a00
has been measured for several magnetic fields and is
shown in Fig. 5. Since the entanglement interferometer
can only measure absolute values of �as;�=a00, we per-
form a usual time of flight measurement to obtain infor-
mation on the sign of the scattering length differences.
For this, we leave the Feshbach field switched on for the
first 3 ms of the TOF [21]. During this time, the altered
interaction energy is converted into kinetic energy, and
the size of the atom cloud is measured. For magnetic fields
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FIG. 4. Measured visibility dynamics due to entanglement in
the system for a magnetic field value of 9.081 G. The solid line
is a fit using Eq. (1) yielding a revival time tR � 2� thold=�� �
9:5�2� ms, V0 � 0:82�4�, n2 � 0:5, �1 � 41�13� ms, and �2 �
20�5� ms. The inset is a measurement of the Ramsey sequence
for a constant magnetic field B � 8:63 G, away from the
Feshbach resonance, and the solid line is a fit describing an
exponential decay of the fringe visibility.
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FIG. 5. Measured absolute value of the change of elastic
scattering length for magnetic field values around the
Feshbach resonance (dots). Both sides were fitted separately
to a dispersive curve with a common center [9.128(9) G] and
width [15(4) mG]. In order to illustrate the dispersive behavior
of �as;� (dashed line), the fitted branch above the resonance is
flipped to negative values according to the sign determined by
the TOF measurement.
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below the Feshbach resonance, we have found the cloud to
be slightly larger (9% change in size) in the axial direc-
tion, whereas it is slightly smaller above the Feshbach
resonance. From this, we conclude that the interspecies
scattering length grows and shrinks below and above the
Feshbach resonance field, respectively.

Since we ramp the magnetic field through the reso-
nance in order to address the region above the resonance,
atoms acquire a small collisional phase before the hold
time starts. This is why we fit both branches of the
scattering length change separately to a dispersive profile,
with the constraint of a common center and width. The fit
yields a center of 9.128(9) G and a width of 15(4) mG, in
good agreement with our loss measurements. The two
branches show an offset from �as;� � 0, because even
far away from the Feshbach resonance, the different
scattering lengths aij do not compensate to � � 0. The
difference in sign of the offsets below and above the
resonance is artificial, since our measurement is insensi-
tive to the sign of �as;�, which has been obtained through
the TOF measurement.

The interferometric method presented allows for
high precision measurements of relative changes of the
scattering lengths. In order to demonstrate this, we as-
sume an error-free scattering length a00 � 100:4 a0 [22],
where a0 is the Bohr radius. With this, we determine the
change of elastic scattering length for B � 9:081 G to be
�as;� � 4:2�1� a0.

In conclusion, we have presented a novel interferomet-
ric method to create and investigate entanglement dy-
namics in an array of spin superpositions of neutral
atoms. The observed entanglement oscillations allow the
precise determination of interaction properties between
atoms in different spin states. We have demonstrated the
160406-4
versatility of the interferometer by characterizing the
elastic scattering properties of a recently predicted
weak interstate Feshbach resonance in 87Rb. We have
found both the elastic and inelastic channel of the mea-
sured Feshbach resonance to be in good agreement with
the theoretical prediction. The two-particle interferome-
ter furthermore enables the direct creation of arrays of
Bell states, together with the nondestructive separation of
singly from doubly occupied sites.
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