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We observe violation of a Bell inequality between the quantum states of two remote Yb� ions separated
by a distance of about 1 m with the detection loophole closed. The heralded entanglement of two ions is
established via interference and joint detection of two emitted photons, whose polarization is entangled
with each ion. The entanglement of remote qubits is also characterized by full quantum state tomography.
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In 1964 Bell showed that in all local realistic theories,
correlations between the outcomes of measurements in
different parts of a physical system satisfy a certain class
of inequalities [1]. Furthermore, he found that some pre-
dictions of quantum mechanics violate these inequalities.
Starting with the first experimental tests of Bell inequal-
ities with photons [2– 4], violation of a Bell inequality has
been observed in a wide range of systems including protons
[5], K mesons [6], ions [7], neutrons [8], B mesons [9],
heterogeneous atom-photon systems [10,11], and atomic
ensembles [12,13]. Demonstration of the violation of a Bell
inequality has also become a routine technique to verify the
presence of entanglement and check the security of a
quantum communication link [14].

In order to exclude all local realistic theories, a rigorous
experimental test of a Bell inequality must satisfy two
conditions. First, the measurement time has to be suffi-
ciently short such that no information traveling at the speed
of light can propagate from one qubit to another during the
measurement (locality loophole). Second, the efficiency of
the quantum state detection has to be high enough such that
it is impossible to mimic a Bell inequality violation by
selective choice of the successful measurement events
(detection loophole). Since photons can propagate over a
long distance and be detected fast, the locality loophole
was first closed in a photon system [3,4]. On the other
hand, high detection efficiency and deterministic prepara-
tion of an entangled state of trapped ions has closed the
detection loophole in a system of two trapped ions sepa-
rated by �3 �m [7]. Although several experimental
schemes for a loophole-free Bell inequality test have
been proposed [15–19], no experiment to date has closed
both loopholes simultaneously.

One of these proposals (by Simon and Irvine [18])
combines the advantages of photons and trapped ions.
This protocol starts by preparing two spatially separated
ions, each entangled with its emitted photon. These pho-
tons are then sent to an intermediate location where a
partial Bell state analysis is performed. Successful detec-
tion of an entangled state of two photons unambiguously
heralds the preparation of an entangled state of the two ions

[20]. The Bell inequality violation is then verified by local
rotation and detection of the ion qubits [7].

In this Letter, we report an important step towards
implementation of this protocol with the observation of a
Bell inequality violation using two 171Yb� ions separated
by about 1 m. In contrast to our previous work where the
photonic qubit was encoded in the frequencies of a photon
[21,22], here we use the polarization degree of freedom for
the photonic qubit and two nearly degenerate states of the
atom to encode the atomic qubit. This allows for measure-
ment of both atomic and photonic qubits in arbitrary bases
and for characterization of the generated ion-photon and
ion-ion entangled states by quantum state tomography,
resulting in an ion-ion entanglement fidelity of 81%.
Together with the high efficiency of detecting the quantum
state of an ion, such a fidelity makes it possible to observe a
Bell inequality violation between two distant particles with
the detection loophole closed. With an even larger separa-
tion between the ions or faster detection of the atomic
qubit, the technique demonstrated here may ultimately
allow for a loophole-free Bell inequality test [18,23].

The experimental setup is shown in Fig. 1. A single
171Yb� ion is stored in each of two rf-Paul traps located
in independent vacuum chambers. The ions are placed in a
magnetic field of 4.6 G parallel to the direction of the
quantization axis. A 700 ns light pulse at 369.5 nm reso-
nant with the 2S1=2, F � 1! 2P1=2, F � 1 transition op-
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FIG. 1. Experimental setup for (a) the ion-photon and (b) ion-
ion experiments. ~B shows the direction of applied magnetic field.
PBS: polarizing beam splitter; PMT: photomultiplier tube; BS:
50=50 nonpolarizing beam splitter; �=2: half-wave plate; �=4:
quarter-wave plate.
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tically pumps the ions in both traps to the 2S1=2, F � 0,
mF � 0 (2S1=2j0; 0i) state. The 2P1=2 state has a probability
of ’ 0:005 to decay to the metastable 2D3=2 state. To
prevent population trapping in this state, the ion is illumi-
nated with 935.2 nm light resonant with the 2D3=2 !
3D�3=2�1=2 transition [24]. After optical pumping, a
’ 2 ps light pulse from a frequency doubled, mode-locked,
Ti-sapphire laser, polarized linearly along the direction of
the magnetic field, transfers the population to the excited
2P1=2j1; 0i state with near unit efficiency. Since the dura-
tion of the excitation pulse is much shorter than the excited
state lifetime ( ’ 8 ns), at most one 369.5 nm photon can
be emitted by the ion [25]. The duration of each optical
pumping and excitation cycle is 1:4 �s. After 107 cycles,
the ions are Doppler cooled for 40 �s. The average overall
excitation rate is 0.52 MHz.

When viewed along the quantization axis, the 2P1=2j1; 0i
state either decays to the 2S1=2j1; 1i state emitting a left
circular (��) polarized photon or to the 2S1=2j1;�1i state
emitting a right circular (��) polarized photon. According
to the dipole radiation pattern, � polarized photons emitted
due to decay to the 2S1=2j0; 0i state cannot propagate along
the quantization axis direction. Therefore, when the photon
is emitted along the quantization axis, the state of each ion
is entangled with the polarization state of its emitted
photon:

 � �
1
���

2
p �j1; 1ij��i � j1;�1ij��i�: (1)

For each ion, the emitted photons are collected by an
imaging lens (numerical aperture 0.23). For convenience
of polarization adjustment, photons are sent through a �=4
wave plate to convert �� or �� circular polarization to
linear horizontal (H) or vertical (V) polarization, respec-
tively. The state of each ion-photon system given the
photon passes the quarter-wave plate can be written as

 � �
1
���

2
p �j1; 1ijVi � ij1;�1ijHi�: (2)

The photons from each ion are coupled to a single mode
fiber to facilitate mode-matching on a nonpolarizing 50=50
beam splitter. Photons at the output ports of the beam
splitter are detected with photomultiplier tubes (PMTs)
[see Fig. 1(b)]. The contrast of interference between two
modes is 97%, the quantum efficiency of each PMT is
about 15%, and the count rate due to the dark counts and
background light leakage is about 3 Hz. The arrival times
of the photoelectric pulses from the PMTs are recorded by
a time to digital converter. Coincidence detection of two
photons interrupts an experimental time sequence and
triggers a sequence of microwave pulses to perform rota-
tion of the ion qubits, followed by state detection of the
ions using standard fluorescence techniques [24].

Given perfect mode-matching of the input single photon
wave packets on the beam splitter, detection of a photon at
each output port of the beam splitter corresponds to a
successful measurement of photons in the state [26]

 �ph �
1
���

2
p �jHijVi � jVijHi�: (3)

This projects ions a and b onto the entangled state [18,22]

 �ion �
1
���

2
p �j1; 1iaj1;�1ib � j1;�1iaj1; 1ib�: (4)

Because of the Zeeman splitting of the ground states of
the ion, the emitted �� and �� polarized photons have a
frequency difference of about 13 MHz. Nevertheless, it is
still possible to get the entangled state of Eq. (4) if the
photons with the same polarization also have the same
frequency.

Quantum state tomography of the atomic qubits requires
the ability to detect the state of each ion in an arbitrary
basis. For this we first apply a�10 �s resonant microwave
� pulse to transfer the population from 2S1=2j1;�1i to the
2S1=2j0; 0i state. Next, a second microwave pulse resonant
with the 2S1=2j0; 0i $

2S1=2j1; 1i transition, with a con-
trolled duration and phase relative to the first pulse, is
applied to perform a qubit rotation (see Fig. 2). As a result,
the state of the ion is transformed as follows:

 cos��i=2�j1; 1i � sin��i=2�ei�j1;�1i ! j1; 1i;

� sin��i=2�e�i�j1; 1i � cos��i=2�j1;�1i ! j0; 0i:
(5)

Here �i is proportional to the duration of the second
microwave pulse, and � is the relative phase between the
first and second pulses [10,21,27].

The fluctuations of the magnetic field at the position of
the ion can change the phase that each ion acquires before
state detection. To keep the magnitude of the magnetic

FIG. 2. The ion-photon entanglement scheme and sequence of
microwave pulses for ion qubit manipulations. �� and �� are
right and left circular polarization of a photon, � is proportional
to the duration of the second microwave pulse, and� is a relative
phase between the first and second microwave pulses.
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field constant, the experimental sequence is interrupted
about 20 times a second to perform a Ramsey experiment.
The ions in each trap are first optically pumped to the j0; 0i
ground state. Two microwave �=2 pulses resonant with the
j0; 0i $ j1;�1i transition separated by 200 �s are applied
and then the state of each ion is detected. The probability of
finding the ion in the j1;�1i state is continuously moni-
tored and the current in the bias coil is adjusted to keep the
magnetic field magnitude constant. We estimate that fluc-
tuations of the magnetic field do not exceed 1 mG over the
several days of experiment.

Following microwave rotations, the state of the Yb� ion
is detected. The 369.5 nm light resonant with the 2S1=2,
F � 1! 2P1=2, F � 0 transition impinges on the ion and
the fluorescence is detected with a PMT for 0.8 ms. Ideally,
if an ion is in the F � 1 state, it scatters this light. On the
other hand, if the ion is in the F � 0 state, it remains dark,
allowing the quantum state of the atomic qubit to be
distinguished with an efficiency of about 98% [24]. It is
important to note that unlike single photon detection, every
attempt to detect the state of an ion gives a result. The
efficiency quoted here is the probability that this result is
correct.

To verify that the emitted photon is indeed entangled
with the ion, we temporarily add an additional half-wave or
quarter-wave plate and a polarizer [see Fig. 1(a)]. In this
case the ion manipulation and detection sequence is trig-
gered on the detection of a single photon.

Quantum state tomography is performed for full char-
acterization of the state of the ion-photon system [23,28].
We chose to measure both the ion and the photon states in
the f�j�k; j; k � x; y; zg bases, where �x, �y, �z corre-
spond to the (�, �) values of (�=2, 0), (�=2, �=2), and (0,
0), respectively. Each measurement is integrated for 100 s
with an average rate of about 25 ion-photon entanglement
events per second. The state tomography algorithm follows
the maximum likelihood estimation technique described in
[29], with the result shown in Fig. 3. From the recon-
structed density matrix, we calculate the entanglement
fidelity Fip � 0:925	 0:003, concurrence Cip � 0:861	
0:006, and entanglement of formation EFip � 0:805	
0:008. We also have measured a Bell inequality parameter
S for our ion-photon system [10]. The result of the mea-

surement (S � 2:54	 0:02> 2) clearly violates the
Clauser-Horne-Simony-Holt (CHSH) version of the Bell
inequality [30], described below.

This high measured entanglement fidelity between a
single ion and a single photon allows us to establish
entanglement between two remote ions in violation of a
Bell inequality. With two ions simultaneously excited, the
photoelectric pulses from the PMTs on both output ports of
a beam splitter arriving within a 	25 ns coincidence win-
dow indicate a successful entanglement event. Following
the second photoelectric pulse from the PMTs, the states of
both ions are rotated and detected as described above.

To verify the Bell inequality violation, we keep the
phase � for both ions at 0 and vary �. Following CHSH
[30], we calculate the correlation function E��a; �b� given
by

 E��a; �b� � p��a; �b� � p��?a ; �?b � � p��
?
a ; �b�

� p��a; �?b �; (6)

where p��a; �b� is the probability to find ion a in the state
cos��a=2�j1; 1i � sin��a=2�j1;�1i and ion b in the state
cos��b=2�j1; 1i � sin��b=2�j1;�1i and �?a;b � �a;b � �.

The CHSH version of a Bell inequality states that for all
local realistic theories
 

S� jE��a;�b��E��0a;�b�j� jE��a;�0b��E��
0
a;�0b�j 
 2:

(7)

The result of the Bell inequality measurement is given in
Table I, based on 2276 coincidence events. On average, we
observed 1 entanglement event per 39 s. The result S �
2:22	 0:07 represents a Bell inequality violation by more
than 3 standard deviations. Since every heralded entangle-
ment event is followed by the measurement of the qubit
states, the Bell inequality violation is observed with the
detection loophole closed.

We also performed state tomography for the entangled
state of the two ions. As in the ion-photon case, ion
measurements were performed in the f�j�k; j; k �
x; y; zg bases, with the result shown in Fig. 4. From this
density matrix we estimate the entanglement fidelity Fii �
0:813	 0:015, concurrence Cii � 0:64	 0:03, and entan-
glement of formation EFii � 0:52	 0:04.
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FIG. 3 (color online). Real (left) and imaginary (right) parts of
the reconstructed density matrix for the system of a single
photon and an ion. Results are based on 42 495 events.

TABLE I. Measured correlation function E��a; �b� and CHSH
parameter S for the ion-ion state. Errors are based on the
statistics of the photon counting events.

�a �b E��a; �b�

�=2 �=4 �0:518	 0:036
�=2 3�=4 �0:546	 0:034
0 �=4 �0:581	 0:034
0 3�=4 0:573	 0:035

S � 2:22	 0:07
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The ion-photon entanglement fidelity is mainly limited
by the detection efficiency of the ion state (3% decrease of
fidelity), a fluctuating ambient magnetic field that causes
ion dephasing (2%), imperfect compensation of the stress-
induced birefringence in the viewports of our vacuum
chambers and imperfections in polarization control for
light propagating through the fibers (1%), decay of the
ion to the mF � 0 state due to nonzero solid angle of the
photon collection (1%), and PMT dark counts (< 0:5%).
In addition, interference contrast of the interferometer
contributes to the reduced entanglement fidelity of two
ions �9	 3�% compared to the ideal interference between
the photons Fideal

ii � 86%, calculated from the recon-
structed ion-photon state. The 13-fold improvement in
the entanglement generation rate compared to our previous
experiment [21] is due to a different excitation scheme that
allows the transfer of all the population to the excited state
and a different direction for photon collection with respect
to the applied magnetic field that does not require polar-
ization filtering of the collected photon.

Here we have successfully extended the separation be-
tween entangled particles by more than 5 orders of magni-
tude, as compared to the previous Bell inequality test
performed with the detection loophole closed [7].
However, a much larger separation between the ions or a
shorter detection time are necessary for a loophole-free test
of a Bell inequality. For example, a realistic 50 �s detec-
tion time will require 15 km separation between the ions
[10]. This may be difficult, since absorption of 369.5 nm
light in the optical fiber is relatively large ( ’ 0:2 dB=m).
Therefore, frequency conversion [31] or free space light
transmission may be an alternative solution. Entanglement
over larger distances could also be generated using the
quantum repeater protocol [32]. Remote entanglement of
atomic qubits is also an important step towards the imple-
mentation of scalable quantum information processing and
scalable quantum communication networks.
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FIG. 4 (color online). Real (left) and imaginary (right) parts of
the reconstructed density matrix for the system of two entangled
ions. Results are based on 2121 coincidence events.

PRL 100, 150404 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
18 APRIL 2008

150404-4


