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Atom-Atom Entanglement by Single-Photon Detection
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A scheme for entangling distant atoms is realized, as proposed in the seminal paper by [C. Cabrillo
et al., Phys. Rev. A 59, 1025 (1999)]. The protocol is based on quantum interference and detection of a
single photon scattered from two effectively one meter distant laser cooled and trapped atomic ions. The
detection of a single photon heralds entanglement of two internal states of the trapped ions with high rate
and with a fidelity limited mostly by atomic motion. Control of the entangled state phase is demonstrated
by changing the path length of the single-photon interferometer.
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The generation of entanglement between distant physi-
cal systems is an essential primitive for quantum commu-
nication networks [1,2] and further tests of quantum
mechanics. The realization of heralded entanglement
between distant atomic ensembles [3,4] was amongst the
first major achievements in this direction. Probabilistic
generation of heralded entanglement between single atoms
[5] was demonstrated using single trapped ions [6] and
neutral atoms [7] with an entanglement generation rate
given by the probability of coincident detection of the
two photons coming from the atoms [8,9]. More recently,
single neutral atoms trapped at distant locations were
entangled by first generating the single atom-photon
entanglement and then mapping the photonic state on the
electronic state of the second atom [10]. A heralding
mechanism will however be essential for efficient entan-
glement and scalability of quantum networks using realis-
tic channels [2], and single qubit operations are required
for distributed quantum information processing schemes
[11]. In this Letter we report on the realization of a
fundamental process which fulfills both these conditions
by showing entanglement between two well-defined
atomic qubits via emission and detection of a single light
quantum [12]. In this scheme, both the energy and the
phase of the emitted single photon are used for entangle-
ment generation. In addition, this mechanism allows
the demonstration of a large speedup in entanglement
generation rate compared to the previously realized
heralded entanglement protocol with single atoms [6,8].
This result will enable the practical distribution of quantum
information over long distances using single atom
architectures.

Entanglement of distant single atoms through the detec-
tion of a single photon, as proposed in the seminal work of
Cabrillo et al. [12], is both a fundamental and a promising
technique for the field of quantum information. The
interconnection between quantum nodes based on this
scheme would provide efficient distribution of quantum
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information in large scale quantum networks [8,9]. To
generate heralded entanglement, two atoms (A, B) are both
prepared in the same long-lived electronic state |gg). Each
atom is excited with a small probability p, to another
metastable state |e) through a spontaneous Raman process
(lg) — li) — le)) by weak excitation of the |g) — |i)
transition and spontaneous emission of the single photon
on the |i) — |e). Here |i) denotes an auxiliary atomic
state with a short lifetime. This Raman process entangles
each of the atom’s internal states with the emitted photon
number, so the state of each atom and its corresponding
light mode can be written as /T — p,lg O)e'®: +
JPele, 1)e'®p. Here, the phases ¢; and ¢, correspond
to the phase of the exciting laser at the position of atom A
and the phase acquired by the spontaneously emitted
photon on its way to the detector, respectively. Indistin-
guishability of the photons from the two atoms is achieved
by overlapping their corresponding modes, for example
using a beam splitter. The total state of the system consist-

ing of both atoms and the light modes is then (1 —

pe)el'(¢l_,A+¢L,R)|gg, 0) + M(65(¢L,A+¢D,B)|eg, 1)+
el PLstdoa)|ge, 1)) + p,el(Ppateos)|ee, 2). Single photon
detection projects the two-atom state onto an entangled
state |W?) = \/LE(Ieg) + ¢'?|ge)). Since at least one atom

must be excited, the probability of measuring such a state
is then 1-p2. Here p?2 is the probability of simultaneous
excitation of both atoms. The absolute success probability
of the entangled state generation in one experimental run is
then Pgy.. = 2p.(1 — p.)n, where 7 is the overall detec-
tion efficiency of the generated photons. The phase of the
generated entangled state ¢ corresponds to the sum of the
phase difference acquired by exciting beam at the position
of the two atoms and the phase difference acquired by the
photons from the respective atoms upon travelling to the
detector. The only limiting factor here is the probability of
simultaneous excitation of the two atoms p2, which can be,
in principle, made arbitrarily small.
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To experimentally demonstrate the creation of such a
single-photon heralded entanglement two barium ions are
trapped and cooled in a linear Paul trap [13]. As shown in
Figs. 1(a) and 1(b), laser light at 493 nm is used to Doppler
cool the ions and to detect their electronic states by means
of electron shelving, and a laser field at 650 nm repumps
the atoms to the P/, level from the metastable D5, state.
By carefully adjusting the cooling and trapping parame-
ters, the ions are always well within the Lamb-Dicke limit
so that the photon recoil during the Raman scattering
process is mostly carried by the trap. This ensures that
only minimal information is retained in the motion of
the ion about which atom scattered the photon during the
entanglement generation process. The fluorescence pho-
tons are efficiently collected by two high numerical
aperture lenses (NA = 0.4) placed 14 mm away from the
atoms. A magnetic field of 0.4 mT is applied at an angle of
45 degrees with respect to the two-ion axis and defines
the quantization axis. After passing through a polarizing
beam splitter that blocks the w-polarized light and lets
o-polarized light pass, the spatial overlap of the photons
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FIG. 1 (color). Experimental procedure for entanglement gen-
eration. (a) The fluorescence of the two ions is overlapped using
a distant mirror which sets the effective distance between them
to d = 1 meter. A half wave plate (HWP), a polarizing beam
splitter (PBS), single-mode fiber (SMF), beam splitter (BS),
piezoelectric transducer (PZT) and a single-mode optical fiber
select the polarization and the spatial mode before an avalanche
photodiode (APD1). A nonpolarizing beam splitter and an addi-
tional avalanche photodiode (APD2) can be inserted to form a
Hanbury Brown-Twiss setup. See details in main text. (b) Level
scheme of 1*¥Ba™ including the wavelengths of the lasers used in
our experiment. (c) Experimental sequence. Spontaneous Raman
scattering to |e) triggers emission of a single photon from the
two atoms. Upon successful detection of a o~ photon, state
analysis comprising coherent radio-frequency (rf) pulses at
11 MHz, and electron shelving to the 5Ds, level are performed.
See details in main text.

is guaranteed by collecting the atomic fluorescence of the
first ion in a single mode optical fiber, whilst the fluores-
cence of the second ion is sent to a distant mirror that
retroreflects it in the same optical fiber [15]. The fluores-
cence of the two ions (including the Raman scattered light)
is then detected by an avalanche photodiode with a quan-
tum efficiency of 60%.

For efficient generation of the two-atom entangled state,
the emitted photons must be indistinguishable in all
degrees of freedom at the position of the triggering detec-
tor. We characterize their indistinguishability by a mea-
surement of the first and second order correlation functions
(see Supplemental Material A [14]). These measurements
yield unambiguous separation between the major decoher-
ence mechanisms and lead to the conclusion that which-
way information given by atomic motion is the main
source of distinguishability.

In the entanglement generation procedure, we first
Doppler cool the ions and stabilize the mirror-ion distance
d/2 by locking the position of the interference fringe
measured during the Doppler cooling sequence to a chosen
position, see Fig. 1(a). The ion internal states are then prep-
ared to the Zeeman substates |65} 5, m; = —1/2) = |g) by
optical pumping with a circularly polarized laser pulse
propagating along the magnetic field. Then, a weak hori-
zontally polarized laser pulse (Raman excitation) excites
both ions on the §,/, < P/, transition with a probability
p. = 0.07 through a resonant spontaneous Raman scatter-
ing to the other Zeeman sublevel (m; = +1/2) of the 65/,
state, |e). The electronic state of each ion is at this point
entangled with the number of photons [0) or |1) in the
o~ polarized photonic mode. Provided that high indistin-
guishability of the two photonic channels is assured and
that simultaneous excitation of both atoms is negligible,
detection of a single o~ photon on the avalanche photo-
diode (APD) projects the two-ion state onto the maximally
entangled state |W) = 715(|ge> + leg)e*d), where k is
the wave number of the 493 nm fluorescence. The phase
factor e’*? corresponds here solely to the phase difference
¢p.a — ¢p p acquired by the emitted photon upon its way
to the detector. The phase difference of the excitation laser
at the position of two ions ¢; 4 — ¢ pis fixed to n X 27,
n € I by setting the mutual distance between the ions in
the trap to z = nA/ cosf, where 0 is the angle between the
Raman-excitation laser direction and the ion-crystal axis.
We will first demonstrate a successful preparation of the
Bell state | W) for the phase e’*¢ = 1 corresponding to an
antinode of the interference fringe.

Following the detection of a Raman scattered o~ pho-
ton, we coherently manipulate the generated two-atom
state to allow for measurements in different bases. As
shown in Fig. 1(c), this is done by first applying radio-
frequency (rf) pulses that are resonant with the |g) < |e)
transition of both atoms. Discrimination between the two
Zeeman sublevels of the S/, state is finally done by
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shelving the population of the m; = —1/2 state to the
metastable Ds/, level using a narrow band 1.76 um laser
[13]. The fluorescence on the S, < P, transition allows
us to measure the two-atom state. By setting the appropri-
ate thresholds on the fluorescence counting histogram, we
can discriminate the three possible cases where no excita-
tions are present in the two atoms, a single excitation is
shared between the two atoms, and where two atoms are
excited. These events can all be separated with 98% proba-
bility, enabling us to efficiently reconstruct the relevant
parts of the density matrix of the two-atom state. The
614 nm laser field then resets the ions to the 65/, state
and the same experiment is repeated 100 times.

Figure 2(a) shows the measurement results obtained
without the rf analysis pulses. The results tell us that
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FIG. 2 (color). Characterization of the entangled state.
(a) Two-atom state populations after the detection of a o~
photon showing that the total probability of measuring the state
with a single excitation is 90%. (b) Parity measurements as a
function of the rf phase. Trace (ii) corresponds to the measure-
ment of the atomic populations after two global rotations
R#(7/2, $)R8(ar/2, 7/2). In the measurement of trace (i) only
a single global rf pulse R%(7/2, ¢) is applied. The dashed line
shows the threshold for entanglement, estimated from the mea-
sured diagonal terms. (c) Real part of the coherence between the
|ge) and |eg) states as a function of the phase of the optical path
difference between the two ions.

89 * 3% of all the triggering events signal that only one
of the atoms was excited to the |e) state. The remaining
10% errors are caused by APD dark counts and double
excitation of the ions. Our detection process using a single
photomultiplier doesn’t allow us to resolve individual p,,
and p,, populations directly, but it tells us the number of
the excited atoms, and so, the sum of these terms. Although
individual populations of the p,, and p,, states are not
needed for estimation of the fidelity with the state | W),
we also experimentally prove that p,, and p,, populations
are approximately the same and depend only on the
overall fluorescence detection efficiencies from the two
ions. In order to measure the quantum coherence of the
generated state, we then apply two consecutive global
if pulses, each corresponding to the rotation R(6, ¢) =

exp[—ig(cosdJS'x + sin¢§y)], where Sx,y = 6'&,1; ® 6'%), is

the global Pauli operator acting on both ions. The rotation
angle 0 and rotation axis ¢ on the Bloch sphere are
determined by the duration and the phase of the rf pulses,
respectively. We first apply the pulse R(7/2, 77/2) which
performs the unitary rotation R(7/2, 7/2)|W*) — |d~),
where |®7) = 715(|gg> — |ee)). A second rf pulse with the
same duration, but with a phase ¢, then performs the
rotation R(7/2, ¢)|®~). After shelving the state |e) to
the metastable level Ds/,, we scatter light from both ions
on the cooling transition. From the measured fluorescence
rate at different phases ¢, we extract the mean value of the
parity operator defined as pP= Pog T Dee = Peg — Pges
where p;; are the projection operators on states lij),i,j €
{g, e} [16] (see Supplemental Material B [14]).

Figure 2(b), trace (ii), shows the results of the parity
operator measurements preceded by two global rf rotations
R(7/2, ¢)R(7r/2, 7/2). The measured parity clearly oscil-
lates as a function of phase ¢ with contrast of 58.0 = 2.5%
and a period of 7, a proof that we indeed succeed in
preparing an entangled two-ion state close to [W*) [16].
The mean value of the parity operator at zero phase <13>¢,_,0
corresponds to the difference between the inner parts
and outermost coherence terms of the density matrix.
We evaluate it to be 2Re(pge ey — Pggee) = 0.38 + 0.03.
To precisely quantify the fidelity of our state with | ¥ "), we
however need to estimate the real part of the coherence
Pge,eq itself. This is done by measuring the parity without
the first rf rotation. Trace (i) of Fig. 2(b) shows the expec-
tation value of the parity as a function of the phase ¢
of the single rf pulse R(7/2, ¢). The only oscillatory
term contributing to this parity measurement reads
2[sin(2¢)Imp e cc —c0S(2p)RePyq |- The measured data,
however, shows the independence of the parity signal with
respect to the phase ¢ within the measurement error.
Therefore, only the coherence corresponding to the state
|W*) contributes to the parity signal (ii). The value of the
coherence Re(p,, ) estimated from these measurements
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is Re(pg,..) = 0.00 = 0.03. We finally estimate that the
fidelity of the generated state with the maximally entangled
state |W*) is F = 64 * 2%. The threshold for an entangle-
ment is thus surpassed by more than six standard deviations.

The coherence between the |ge) and |eg) states of
38 = 3% is limited by three main processes. First, imper-
fect populations of |ge) and |eg) states set a limit of 89%
[17]. Around 4% of the coherence loss can be attributed to
the finite coherence time of the individual atomic qubits
(120 ws) due to collective magnetic field fluctuations.
Although the generated | W) state is intrinsically insensi-
tive against collective dephasing [18,19], a loss of coher-
ence is indeed expected after the rotation of |¥*) out of
the decoherence-free subspace. The highest contribution to
the coherence loss can be attributed to atomic motion,
which can provide information about which atom emitted
the photon. Around 55% of the coherence is lost due to
the atomic recoil kicks during the Raman scattering (see
Supplemental Material C [14]). Error bars in the presented
measurements results correspond to one standard deviation
and are estimated statistically from several experimental
runs each giving approximately 120 measurement out-
comes. Up to 60% of the measurement error is caused
by the quantum projection noise. Additional uncertainty
comes from slow magnetic field drifts with a magnitude of
several tens of nT making the rf driving off-resonant by
tens of kHz.

An intrinsic feature of the realized entangling protocol is
the dependence of the generated entangled state phase on
the optical path difference between the ions. To demon-
strate this, we measure the real part of the coherence
between the |ge) and |eg) states as a function of the phase
factor kd. Figure 2(c) reveals a large change of the real part
of the coherence from positive to negative values when
going from the maximum to the minimum of the interfer-
ence signal, in agreement with the e’ phase dependence
of the entangled state.

An important feature of the single-photon heralding
mechanism is the high entanglement generation rate that
can be achieved. With our experimental setup, the single
photon detection scheme indeed yields a higher rate com-
pared to the two photon scheme proposed by Simon et al.
[5,7,8,20]. The probability of preparing an entangled state
depends on the probability of the single photon detection
and the Raman scattering probabilities [8], which in our
case gives a total of Py, = 1.1 X 1074 for each trial run.
With an experimental duty cycle of 2.3 kHz, this corre-
sponds to 15.4 successful entanglement generation events/
minute, which is in good agreement with the experimen-
tally observed 14 * 2 events/minute. A detailed analysis
of the overall photon-detection efficiency can be found in
the Supplemental Material E [14].

We have demonstrated a fundamentally new protocol
for generating heralded entanglement between two ions.
This was achieved via the scheme proposed in the seminal

work of Cabrillo et al. [12], where two atoms are entangled
with the emission and detection of only one photon. Such a
single-photon scheme allowed us to reach a rate of entan-
glement generation of 14 events/minute, more than two
orders of magnitude higher than the rate obtainable with
protocols relying on a two-photon coincidence event with
our experimental parameters. The maximally entangled
state |W*) is produced with a fidelity of 63.5% limited
mostly by residual atomic motion. These results can be
improved by cooling all of the involved motional modes
close to their ground state [13] or choosing a different
excitation direction to minimize residual which-way infor-
mation. These improvements, together with the experimen-
tal results presented, will enable efficient creation and
distribution of entanglement between distant sites with
well-defined and controllable atomic qubits. Such entan-
glement generation corresponds to an essential building
block of scalable quantum communication [11] and dis-
tributed quantum computation [21-23] architectures with
single atoms.
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