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Entanglement, its generation, manipulation, measurement and fundamental un-
derstanding is at the very heart of quantum mechanics. We here report on the
creation and characterization of entangled states of up to 8 trapp ed ions, the in-
vestigation of long-liv ed two-ion Bell-states and on experiments towards entangling
ions and photons.

1. In tro duction

In 1935Erwin Schr•odinger wrote in a seminalpaper intro ducing the phrase
entanglement: \I would call entanglement not onebut rather the character-
istic trait of quantum mechanics, the one that enforcesits entire departure
from classical lines of thought." 1. Entangled particles are described by
a common wavefunction where individual particles are not independent of
each other but wheretheir quantum properties are inextricably interwoven.
Sincethe pioneeringwork of Freedmanand Clauser2 and Aspect3 there has
beena hugeprogressin generatingand characterizing entangled states (see
e.g. the review by Weinfurter4). Here we describe the creation and mea-
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surement of entangled states of trapped ions. In particular, we investigate
three di�eren t aspects: 1. The robustnessof entangled states by observing
the lifetime of two-ion Bell-states, 2. Creation and measurement of many-
particle entangled states, and 3. Proposedexperiments on entanglement of
a single ion with photons.

Regarding the robustnessof entanglement, it is common belief among
physicists that entangled states of quantum systemsloosetheir coherence
rather quickly, as stated e.g. by Yu and Eberly: \Our intuition strongly
suggeststhat a speci�ed entanglement, as a nonlocal property of a com-
posedquantum system, should be very fragile under the in
uence of the
environment" 5. The reasonfor the fragilit y of entangled states is that any
interaction with the environment which distinguishesbetweenthe entangled
sub-systemscollapsesthe quantum state6. We here investigate entangled
states of two trapped Ca+ ions and observe robust entanglement lasting
for more than 20 seconds7. This observation is not only of importance for
fundamental sciencebut also for the emerging �eld of quantum informa-
tion sinceentanglement is believed to be the ingredient making a quantum
computer8 much more powerful than any classicalmachine. Becauseof the
fragilit y of entanglement physicists widely assumethat it is very hard -if
not impossible-to construct such a quantum computer9. Furthermore, the
decoherencepropertiesof entangled statesplay a central role in understand-
ing the emergenceof our classicalworld from quantum mechanics,asstated
by Raimond et al. \En tanglement is also essential to understand decoher-
ence,the processaccounting for the classicalappearanceof the macroscopic
world." 10. Consequently , there is a strong interest and need in generating
entangled states and investigating their coherenceproperties in well con-
trolled physical systems.

As of today, entanglement properties of two and three particles have
been studied extensively and are very well understood. Entanglement of
four ions11 and �v e photons12 was demonstrated experimentally . However,
both creation and characterization of entanglement become exceedingly
di�cult for multi{particle systems. Thus the availabilit y of such multi{
particle entangled states together with the full information on thesestates
in form of their density matrices creates a test-bed for theoretical stud-
ies of multi-particle entanglement, in particular for the development of
entanglement measures. Here, we use as a convenient tool for classi�ca-
tion of genuine multipartite entanglement the instrument of entanglement
witnesses13;14;15. Among the various kinds of entangled states, the W{
state16;17;18 plays an important role since its entanglement is maximally
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persistent and robust even under particle losses. Such states are central
as a resourceto the new �elds of quantum information processing19 and
multi-part y quantum communication20;21. Here we report the determinis-
tic generationof W{t ype entangled stateswith four to eight trapped ions22.
We obtain the maximum possibleinformation on thesestates by perform-
ing full characterization via state tomography23. Moreover, we prove in
a detailed analysis that they carry genuine four-, �v e-, six-, seven- and
eight{particle entanglement, respectively.

Finally, scaling-up of quantum processorsmight require the possibil-
it y to transfer quantum information stored in internal atomic states to a
light �eld by coupling to a cavit y mode24, thereby entangling atomic and
photonic states. The interconnection of multiple atom-cavit y systemsvia
photonic channelsthen allows for transport of quantum information within
distributed quantum networks25. Realization of a quantum network re-
quires an interface between atoms as static quantum bits and photons as
moving quantum bits. Such an interface could be basedon the determin-
istic coupling of a single atom or ion to a high �nesse optical cavit y26;27.
Trapped and laser-cooled ions are ideally suited systemsfor the realization
of such atom-photon interfaces28. Recently , probabilistic entanglement be-
tweena trapped ion's hyper�ne statesand the polarization state of a spon-
taneously emitted photon has been demonstrated29. Here, we proposeto
deterministically entangle an ion and a photon by driving adiabatic Raman
passages28 and convert the resulting photon state from a Fock basis to a
time-bin-entangled basis30.

2. Exp erimen tal Setup

All experiments are performed with an ion{trap quantum processor31. We
trap strings of up to eight 40Ca+ ions in a linear Paul trap. Superpositions
of the S1=2 ground state and the metastable D5=2 state of the Ca+ ions
(lifetime of the jD i {level: � � 1:16 s) represent the qubits. Each ion{qubit
in the linear string is individually addressedby a seriesof tightly focused
laser pulseson the jSi � S1=2(mj = � 1=2)  ! jD i � D5=2(mj = � 1=2)
quadrupole transition employing narrowband laser radiation near 729 nm.
Doppler cooling and subsequent sidebandcooling prepare the ion string in
the ground state of the center{of{mass vibrational mode. Optical pumping
initializes the ions' electronic qubit states in the jSi state. After preparing
a desiredstate with a seriesof laser pulses,the quantum state is read out
with a CCD camera.
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3. Lifetime of entangled states

A sequenceof three laserpulsesaddressingthe ions individually createsthe
entangled Bell state j	 i = (jSD i + jDSi ) =

p
2.23. Via state tomography23

we �nd an overlap of the experimentally generated state with the ideal
one (the �delit y) of up to 96%. For this Bell state we obtain coherence
times of more than 1 s, consistent with the fundamental limit set by the
spontaneousdecay from the D5=2-level23. This observation is due to the fact
that the constituents of the superposition havethe sameenergyand are thus
insensitive to 
uctuations common to both ions (e.g. laser frequency and
magnetic �eld 
uctuations). Similar results have been obtained with Bell
states encoded in hyper�ne levels of Beryllium ions32;33.

In a further experiment, we extend the lifetime of the entangled state by
morethan oneorder of magnitude by encoding the Bell state in Zeemansub-
levels of the ground state. In particular, we coherently transfer - just after
the entangling operation - the population of the jD5=2; mJ = � 1=2i state to
the jS1=2; mJ = +1=2i � j0i state, while leaving the jS1=2; mJ = � 1=2i �
j1i population untouched. The �delit y of the resulting Bell state j	 0i =
(j01i + j10i ) =

p
2 is 89 % where the lossof 7 % is due to imperfect transfer

pulses. For investigating decoherence,we insert a variable delay time before
analyzing the state j	 0i . After a delay of 1 s, full state tomography reveals
that the �delit y of the entangled state is still 86 %. Sincethe tomographic
reconstruction of the full density matrix requiresmany experimental cycles
(� 1000), it is of advantage to employ a �delit y measurethat is basedon
a single density matrix element and thus is easier to access. Indeed, to
determine a lower bound of the �delit y Fmin , it is su�cien t 7;11 to measure
the density matrix element h01j� j10i = 1=2Fmin .We plot the experimentally
determined valuesfor Fmin in Fig. 1 and �nd that the �delit y is larger than
0.5 for up to 20s; thusat leastup to this time the ionswerestill entangled11.

We consideredthe following reasonsfor the observed decay of entan-
glement: slow 
uctuations of the magnetic �eld gradient which a�ect the
ions di�eren tly , heating of the ion crystal, residual light scattering, and
collisions. The latter three were excludedexperimentally .7A magnetic �eld
gradient acrossthe ion trap lifts the energy degeneracyof the two parts
of the superposition by � E = h � 30 Hz such that the relative phase� of
the superposition evolves as � (t) = � E t=~ . Thus relative 
uctuations of
the gradient by 10� 3 within the measurement time of up to 90 minutes per
data point could explain the observed decay rate of jh01j� j10ij . Generally,
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Figure 1. Minim um �delit y of the Bell state as a function of the delay time as inferred
from the density matrix element h01j� j10i . A �delit y of more than 0.5 indicates the
presence of entanglement. The inset shows the 
uorescence image of two Ca+ ions
which were entangled in this measurement.

a slow dephasingmechanism such as 
uctuations of the magnetic �eld gra-
dient leads to a Gaussian decay of the coherence. A Gaussian �t to the
data in Fig. 1 yields a time constant of 34(3) s for the lossof coherenceof
the entangled state.

Previous experiments with single trapped Be+ -ions have demonstrated
that singleparticle coherencecan be kept for more than 10 minutes34. Here
we show that also entangled states can be preserved for many seconds:the
two-ion Bell statesin our investigationsoutliv e the singleparticle coherence
time of about 1 ms in our system35 by more than 4 orders of magnitude.
Even in the presenceof an environment hostile for a single atom quantum
memory, the coherenceis preserved in a decoherencefree subspace32.

4. Multi-particle entanglemen t

An N {particle W{state

jWN i = (jD � � � DDSi + jD � � � DSD i + jD � � � DSDDi + � � � + jSD � � � D i ) =
p

N
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consists of a superposition of N states where exactly one particle is in
the jSi {state while all other particles are in jD i 16;17. W{states are gen-
uine N {particle entangled states of special interest: their entanglement
is not only maximally persistent and robust under particle losses36, but
also immune against global dephasing, and rather robust against bit 
ip
noise. In addition, for larger numbers of particles, W{states may lead to
stronger non{classicality37 than GHZ{states38 and may be used for quan-
tum communication20;21.

The W{states are e�cien tly generatedby sharing one motional quan-
tum betweenthe ions with partial swap{operations18. With the procedure
outlined in Tab. 1 we create jWN i {states (N � 8) in about 500� 1000� s.

Full information on the N {ion entangled state is obtained via quan-
tum state reconstruction by expanding the density matrix in a basis of
observables23 and measuringthe corresponding expectation values. We use
3N di�eren t basesand repeat the experiment 100 times for each basis. For
N = 8, this amounts to 656100experiments and a total measurement time
of 10 hours. To obtain a positive semi{de�nite density matrix � , we fol-
low the iterativ e procedure outlined by Hradil et al.39 for performing a
maximum{lik elihood estimation of � .

The reconstructed density matrix for N = 6 is displayed in Fig. 2. To
retrieve the �delit y F = hWN j� jWN i , we adjust the local phasessuch that
F is maximized. The local character of those transformations implies that
the amount of the entanglement present in the system is not changed. We
obtain �delities F4 = 0:85; F5 = 0:76, F6 = 0:79, F7 = 0:76 and F8 = 0:72
for the 4,5,6,7and 8{ion W{states, respectively.

We investigate the in
uence of quantum projection noiseon the recon-
structed density matrix and quantities derived from it by meansof a Monte
Carlo simulation. Starting from the reconstructed density matrix, we sim-
ulate up to 100 test data sets taking into account the major experimental
uncertainty, i.e. quantum projection noise. Then the test setsare analyzed
and we can extract probabilit y distributions for all observables from the
resulting density matrices.

We analyze the entangled states by investigating (i) the presenceof
genuine multipartite entanglement, (ii) the distillabilit y of multipartite en-
tanglement and (iii) entanglement in reducedstatesof two qubits. For this,
weassociate each particle k of a state � with a (possiblyspatially separated)
party Ak . We shall be interested in di�eren t aspects of entanglement be-
tweenparties Ak , i.e. the non{locality of the state � .

In order to show the presenceof multipartite entanglement, we use
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Table 1. Creation of a jWN i {state (N = f 6; 7; 8g). First we initialize the
ions via sideband cooling and optical pumping in the j0; SS � � � Si {state where
we use the notation jn; xN xN � 1 � � � x1 i . n describes the vibrational quantum
number of the ion motion and x i their electronic state. We then prepare the
j0; D D D � � � D i {state with N � {pulses on the carrier transition applied to ions
#1 to # N , denoted by RC

n (� = � ). Then this state is checked for vanishing

uorescence with a photom ultiplier tub e. The same is done after trying to
driv e a � {pulse on the blue sideband on ion #1 to ensure that the ion crystal
is in the motional ground state. After this initialisation, we transform the state
to j0; SD D � � � D i with a carrier pulse and start the entanglement procedure
in step (1). This is carried out by moving most of the population to the
j1; D D D � � � D i with a blue sideband pulse of length � n = arccos(1=

p
n) leaving

the desired part back in j0; SD D � � � D i . Finally , we use N � 1 blue sideband
pulses (R+

n (� n )) of pulse length � n = arcsin(1=
p

n) such that at each step we
split o� a certain fraction of the wave packet. Note that for an ion string in
the ground state, blue{sideband pulses acting on an ion in the D{state have
no e�ect. For N = f 4; 5g we do not check the 
uorescence, combine steps i 1
and i3 and omit step i 2.

j0; SSS � � � Si

(i1)
R C

N ( � ) R C
N � 1 ( � ) ��� R C

1 ( � )
� � � � � � � � � � � � � � � � � !
j0; D D D � � � D i
Check state via 
uorescence

(i2)
R +

1 ( � )
�� � � �!
j0; D D D � � � D i
Check state via 
uorescence

(i3)
R C

N ( � )
� � � � � !

1p
N

j0; SD D � � � D i

(1)
R +

N (2 arccos(1 =
p

N )
� � � � � � � � � � � � � � !

1p
N

j0; SD D � � � D i +
p

N � 1p
N

j1; D D D � � � D i

(2)
R +

N � 1 (2 arcsin (1 =
p

N � 1)
� � � � � � � � � � � � � � � � � !

1p
N

j0; SD D � � � D i + 1p
N

j0; D SD � � � D i +
p

N � 2p
N

j1; D D D � � � D i

...
...

1p
N

j0; SD D � � � D i + 1p
N

j0; D SD � � � D i + � � � + 1p
N

j1; D D D � � � D i

(N)
R +

1 (2 arcsin (1 =
p

1)
� � � � � � � � � � � � � !

1p
N

j0; SD D � � � D i + 1p
N

j0; D SD � � � D i + � � � + 1p
N

j0; D D D � � � Si

the method of entanglement witnesses13;14;15. An entanglement witness
for multipartite entanglement is an observable with a positive expectation
value on all biseparablestates. Thus a negative expectation value proves
the presenceof genuine multipartite entanglement. A typical witness for
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Figure 2. Absolute values of the reconstructed density matrix of a jW6 i {state as ob-
tained from quantum state tomograph y.

the states jWN i would be15

WN =
N � 1

N
� jWN ihWN j: (1)

This witness detects a state as entangled if the �delit y of the W{state
exceeds(N � 1)=N . However, more sophisticated witnessescan be con-
structed, if there is more information available on the state under inves-
tigation than only the �delit y. To do so, we add other operators to the
witness in Eq. 122 which take into account that certain biseparablestates
can be excluded on grounds of the measureddensity matrix. Table 2 lists
the expectation valuesfor theseadvancedwitnesses.The negative expecta-
tion valuesprove that in our experiment genuine four, �v e, six, seven and
eight qubit entanglement has beenproduced.

Secondly, we consider the question whether one can use many copies
of the state � to distill one pure multipartite entangled state j i by local
means,i.e. whether entanglement contained in � is qualitativ ely equivalent
to multipart y pure state entanglement. Technically, multipartite distilla-
bilit y follows from the possibility to generatemaximally entangled singlet
states j � i = (jDSi � jSD i )=

p
2 betweenany pair of parties Ak ; A l by lo-

cal means40. The latter can be readily shown for all reconstructed density
matrices. Performing measurements of � z on all particles except k; l and
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restricting to outcomesP0 = jD ihD j in all casesresults in the creation of
a two{qubit state � k l . The density operator � k l is distillable entangled if
the concurrenceC, a measurefor two{qubit entanglement 41, is non{zero.
This is the casefor all k; l (seeTab. 2), which implies that � N is multipart y
distillable entangled.

Thirdly , we in-
vestigate bipartite aspects of multiparticle entanglement 42, in particular
the entanglement in the reduced states of two qubits. For W{states this
is of special interest, since for thesestates all reduceddensity operators of
two particles are entangled, and the entanglement is in fact maximal22. We
investigate the bipartite entanglement by tracing out all but particles k; l
and obtain the reduceddensity operators � 0

k l . From thesedensity matrices
we can now calculate the concurrenceC0

k l = C(� 0
k l ) as a measurefor the

entanglement. For all N , we �nd that all reduced density operators are
entangled (seeTab. 2). Note that the previous results (presenceof multi-
partite entanglement and distillabilit y) also imply that � is inseparableand
in fact distillable with respect to any bipartition for all N .

Table 2. Entanglement prop erties of � N . First row: Fidelit y after prop erly adjusting local phases.
Second row: Exp ectation value of the witnesses ~WN (for N = 8 we used additionally local �lters).
Third and fourth row: minimal and average concurrence between two qubits after � z {measurement
on the remaining (N � 2) qubits. Fifth and sixth row: minimal and average concurrence between
two qubits after discarding the remaining (N � 2) qubits. For completeness we also analyzed the
data published previously for N = 3.

N = 3 N = 4 N = 5 N = 6 N = 7 N = 8

F 0:824 0:846(11) 0:759(7) 0:788(5) 0:763(3) 0:722(1)
tr( ~WN � N ) � 0:532 � 0:460(31) � 0:202(27) � 0:271(31) � 0:071(32) � 0:029(8)
min( Ck l ) 0:724 0:760(34) 0:605(23) 0:567(16) 0:589(9) 0:536(8)

�C 0:776 0:794(23) 0:683(15) 0:677(11) 0:668(5) 0:633(3)
min( C0

k l ) 0:294 0:229(21) 0:067(12) 0:049(4) 0:035(4) 0:022(3)
�C0 0:366 0:267(12) 0:162(6) 0:124(3) 0:091(2) 0:073(1)

Finally, we addressthe scalability of our approach. Four major sources
for deviations from the ideal W{states are found: addressingerrors, imper-
fect optical pumping, non{resonant excitations and frequency stabilit y of
the qubit{manipulation{laser 22. All of them are purely technical and thus
represent no fundamental obstacle for increasing the number of particles.
Also the required blue sidebandpulsearea for a jW i {state scalesonly with
logN (seeTab. 1) while the time for a pulsewith given area is proportional
to the squareroot of the ion crystal's mass. Thus the overall favorable scal-
ing behaviour of

p
N logN opensa way to study large scaleentanglement
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experimentally .

5. Towards ion-photon entanglemen t

In order to realizea deterministic ion-photon coupling we have constructed
a setup featuring a linear ion trap inside a high-�nesse optical cavit y. The
cavit y hasbeenrealizedasnear-concentric cavit y (19.92mm mirror spacing,
10 mm radius of curvature high quality mirrors) with a mode waist of
13.1� m and a �nesseof 80.000at 854nm, yielding the coupling parameters
(g; �; 
 ) = 2� (1:28; 0:047; 23) MHz and a cooperativit y of C = 1.5. Emission
of a singlephoton into the cavit y modewill beachievedby adiabatic Raman
passageinvolving an excitation pulseon the Ca+ S1=2 - P3=2 transition (393
nm) and cavit y tuning to the P3=2 - D5=2 transition (854 nm)28. Numerical
simulations of the photon emissionprocessyield a probabilit y for emitting a
singlephoton per pump pulseof about 90%with repetition rates of 20 kHz
(pulse width 50 � s) and vanishing two-photon probabilit y g2(0) < 10� 4.
The transmissionof the generatedphotons out of the cavit y output coupler
is expected to be > 50%.

For investigations on entangling the internal electronic state of the ion
and the cavit y mode we can usethe single photon emissionscheme28. The
static qubit can be encoded in superpositions of either S1=2 and D5=2 states
or of the Zeeman sublevels of the S1=2 ground state. Driving a Raman
passagetransfers part of such a superposition to an excitation of the cavit y
mode, i.e. a transfer from a basis fj Si ; jD ig or f jSi ; jS0ig to the pho-
ton Fock basis fj 0i ; j1ig . For our parameters, the Raman processworks
coherently with a 70% probabilit y, i.e. in 7 out of 10 casesthere is no
spontaneous emissionduring the Raman passagewhich could destroy the
coherenceof the process.We therefore anticipate that the planned experi-
ments should yield almost deterministic entanglement betweenatomic and
photonic states.

The experimental schemestarts with a preparation of a certain super-
position state of the ion. After emissionof a photon, entanglement between
the internal electronic states and the photon state has to be veri�ed. We
proposeto convert the fj 0i ; j1ig photon basis into a time-bin basis f t1; t2g
where the photon state is encoded in two well de�ned time intervals30. In
this scheme, one has to drive two Raman passagesstarting from the two
electronic levels in which the superposition state is encoded. The cavit y
output is coupled into an optical �b er interferometer where a �b er switch
directs the �rst pulseinto a long �b er arm and the secondpulseinto a short
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�b er arm, with a length di�erence equal to the pulseseparation. Both �b er
arms are then recombined in a beamsplitter. If one �b er arm contains a
phaseshifter one can observe interference e�ects. Entanglement between
atomic statesand photonic statescan now be veri�ed by preparation of su-
perpositions of atomic stateswith di�eren t phases,transfer and observation
of interference fringes depending on the phaseshift in one interferometer
arm. The long duration of the photon wavepackets here requires a �b er
length of more than 10 km, certainly a challenging task. However, if the
cavit y coupling can be increasedby new techniques (e.g. by the combi-
nation of miniaturized ion traps and �b er cavities) the requirements for
the experiment are easierto ful�ll: both the repetition rate of emissionin-
creasesand the required �b er length decreasessuch that the signal to noise
ratio for correlation counts increases.
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