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Entanglement is a puzzling prediction of quantum theory 

  
 

For pure states: 

  -> ψ entangled 

Outcomes of measurements (of sufficiently high entangled states) 

violate Bell inequality: S=E(a,b)+E(a,b’)+E(a’,b)-E(a’,b’) ≤2 

 

   
 

 

Entanglement – a fundamental property 
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Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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tionally investigated for not-yet demonstrated quantum
transduction between telecommunication and microwave
photons[? ? ].

| i12 6= | i1 ⌦ | i2

Our experimental setup, outlined in Fig. 1 and further
detailed in the Methods and Extended Data Fig. 1, con-
sisted of four distinct parts: a source of entangled pho-
ton pairs; two solid-state memories for light (one doped
with thulium, and one with erbium); and a detection
system comprising analyzers, coincidence electronics and
data processing software. Appropriate configuration of
the setup allowed measuring the cross-correlation func-
tion, reconstructing density matrices, and testing Bell
inequalities with photon pairs before and after storage.

To create time-bin entangled pairs of photons at 794
and 1535 nm wavelengths, short laser pulses at 523 nm
and 80 MHz repetition rate were split by an unbal-
anced Mach-Zehnder (MZ) interferometer into early, e,
and late, `, temporal modes, and then used to pump
a non-linear crystal that is phase-matched for frequency
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Our experimental setup, outlined in Fig. 1 and further



Entanglement between distant quantum systems (qubits) is at the heart 

of quantum communication 

 

 

-  Individual measurements allow establishment of secret (classical) 

bits (QKD) 

-  Joint measurement with a third qubit allows transmitting its quantum 

state via quantum teleportation 

 

Entanglement – a resource 
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(Dated: November 14, 2018)

Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-

⇤
These authors contributed equally to this work.

†
Correspondence and requests for materials should be addressed to

W. Tittel (email: w.tittel@tudelft.nl).

tionally investigated for not-yet demonstrated quantum
transduction between telecommunication and microwave
photons[? ? ].

| +i12 =
�
|01i12 + |10i12

�
/
p
2

| �i12 =
�
|01i12 � |10i12

�
/
p
2

|�+i12 =
�
|00i12 + |11i12

�
/
p
2

|��i12 =
�
|00i12 � |11i12

�
/
p
2

Our experimental setup, outlined in Fig. 1 and further
detailed in the Methods and Extended Data Fig. 1, con-
sisted of four distinct parts: a source of entangled pho-
ton pairs; two solid-state memories for light (one doped
with thulium, and one with erbium); and a detection
system comprising analyzers, coincidence electronics and
data processing software. Appropriate configuration of

1 2 



-  the probability for transmission of entangled photons across an 

optical fibre decreases exponentially with distances 

-  amplifiers, used in classical communications, are not suitable in 

the quantum context (no-cloning theorem) 

Quantum communication and distance 
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HJ Briegel, W Dür, JI Cirac, P Zoller, Phys. Rev. Lett. 81, 5932 (1998)   

-  and yet, a quantum repeater 

allows improving the scaling 



Key ingredient: projection onto Bell 
states 

BS 

PBS PBS 

DV DV� 

DH� 
DH 

a b 

c d 

|0〉a |1〉b → (i |0〉c + |0〉d) (|1〉c + i |1〉d) = i |0〉c |1〉c – |0〉c |1〉d + |1〉c |0〉d +i |0〉d |1〉d  

|1〉a |0〉b → (i |1〉c + |1〉d) (|0〉c + i |0〉d) = i |0〉c |1〉c – |1〉c |0〉d + |0〉c |1〉d +i |0〉d |1〉d  

polarization qubits 

BS 

Dt1,t2
� Dt1,t2 

a b 

c d 
t1 t1 

t2 t2 

time-bin qubits 

|ψ�〉 = |0〉a |1〉b -  |1〉a |0〉b   → – |0〉c |1〉d + |1〉c |0〉d  

|ψ+〉 = |0〉a |1〉b +  |1〉a |0〉b → i |0〉c |1〉c + i |0〉d |1〉d  

Bell state measurement only 50 % efficient (lin. optics, no addtl. photons ) 

N. Lütkenhaus et al., PRA 59, 3295 (1999).  

requires photons 
B and C to be 
indistinguishable 



Key ingredients: entanglement swapping 

-  Start with entangled pairs (A,B) and (C,D) 

-  Projecting (B,C) onto a Bell state results in heralded entanglement 

between A and C 
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Long distance entanglement swapping with photons from separated sources.

H. de Riedmatten, I. Marcikic, J.A.W. van Houwelingen, W. Tittel, H. Zbinden, and N. Gisin
Group of Applied Physics, University of Geneva, Switzerland

(Dated: September 11, 2018)

We report the first experimental realization of entanglement swapping over large distances in
optical fibers. Two photons separated by more than two km of optical fibers are entangled, although
they never directly interacted. We use two pairs of time-bin entangled qubits created in spatially
separated sources and carried by photons at telecommunication wavelengths. A partial Bell state
measurement is performed with one photon from each pair which projects the two remaining photons,
formerly independent onto an entangled state. A visibility high enough to violate a Bell inequality
is reported, after both photons have each travelled through 1.1 km of optical fiber.

Quantum teleportation is a process that enables the
quantum state of an object to be transferred from one
place to a distant one without ever existing anywhere in
between. The quantum teleportation channel is noth-
ing like an ordinary channel: it follows no path in space,
but consists of entangled particles. Entanglement is a
property at the roots of quantum physics which leads to
non-local correlations between distant particles that can-
not be explained by classical physics. Entangled particles
behave as if they were a single object, non separable into
its constituents. Now, entanglement itself can be tele-
ported, if the state to be teleported is part of an entan-
gled state. This process, called entanglement swapping
[1], allows one thus to concatenate quantum teleporta-
tion channels. This protocol beautifully illustrates the
oddness of quantum physics since it enables one to en-
tangle two particles that have never directly interacted.
Hence, two particles with no common past can act as a
single object. The principle of entanglement swapping
is explained in Fig.1. Besides its fascinating aspect, en-
tanglement swapping also plays an essential role in the
context of quantum information science. It is for instance
the building block of protocols such as quantum repeaters
[2, 3] or quantum relays [4, 5, 6] proposed to increase
the maximal distance of quantum key distribution and
quantum communication. It also allows the implemen-
tation of an heralded source of entangled photon pairs
[1]. Finally, it is a key element for the implementation
of quantum networks [7] and of Linear Optics Quantum
Computing [8].
The entanglement swapping protocol has been first pro-
posed by Zukowski and colleagues in 1993 [1]. The
first experimental demonstration has been reported in
1998, using polarization entangled qubits encoded in
photons around 800nm [9]. In 2002, an improved ver-
sion of this experiment allowed a violation of a Bell in-
equality with the teleported entanglement [10], thus con-
firming the non-local character of this protocol. More
recently, two quantum teleportation experiments using
mode-entangled qubits have been performed, that can be
interpreted as entanglement swapping experiments, al-
though they differ from the original proposal since they

involved only two photons instead of four [11, 12]. Fi-
nally, an experiment demonstrating the principle using
continuous variables has also been reported [13]. All the
experiments realized so far have demonstrated the prin-
ciple of entanglement swapping over short distances (of
the order of a meter).
In this paper, we present the first experimental demon-

Bell�state
measurement

entangled�photons
that�never�interacted

EPR�source EPR�source

A B C D

FIG. 1: Scheme of principle of entanglement swapping. The
idea is to start from two independent pairs of entangled par-
ticles (EPR sources) and to subject one particle from each
pair to a joint measurement called Bell state measurement
(BSM). This BSM projects the two other particles, formerly
independent onto an entangled state [1]

stration of entanglement swapping over large distances
in optical fibers. We use two pairs of time-bin entangled
qubits encoded in photons at telecommunication wave-
lengths created by parametric down conversion (PDC).
Contrary to previous swapping experiments involving
four photons, the two pairs are created in spatially sep-
arated sources although pumped by the same laser. A
partial Bell state measurement (BSM) is performed onto
one photon from each pair, entangling the two remaining
photons which have each travelled over separated 1.1 km
spools of optical fiber. A two photon interference visi-
bility high enough to violate a Bell inequality is demon-
strated, conditioned on a successful BSM. Hence, two

Entanglement and non-locality between disparate solid-state quantum memories

mediated by photons

Marcel.li Grimau Pugibert,1, 2, ⇤ Mohsen Falamarzi Askarani,1, 3, ⇤ Jacob H. Davidson,1, 3 Varun B. Verma,4 Matthew
D. Shaw,5 Sae Woo Nam,4 Thomas Lutz,1, 6 Gustavo C. Amaral,1, 3, ⇤ Daniel Oblak,1 and Wolfgang Tittel1, 3, †

1Institute for Quantum Science and Technology, and Department of Physics & Astronomy,
University of Calgary, 2500 University Drive NW, Calgary, Alberta, T2N 1N4, Canada

2University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
3QuTech and Kavli Institute of Nanoscience, Delft University of Technology, 2600 GA Delft, The Netherlands

4National Institute of Standards and Technology, 325 Broadway, Boulder, Colorado 80305, USA
5Jet Propulsion Laboratory, California Institute of Technology,
4800 Oak Grove Drive, Pasadena, California 91109, USA
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Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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tionally investigated for not-yet demonstrated quantum
transduction between telecommunication and microwave
photons[? ? ].
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Our experimental setup, outlined in Fig. 1 and further
detailed in the Methods and Extended Data Fig. 1, con-
sisted of four distinct parts: a source of entangled pho-
ton pairs; two solid-state memories for light (one doped
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many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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(Dated: November 15, 2018)

Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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Entangling distant quantum-information-processing devices using photons underpins the realiza-
tion of the future quantum internet [? ], an ambitious project that is currently being pursued by
many countries world-wide [? ? ? ]. A key to success is the possibility to interface, via light,
fundamentally di↵erent and widely spaced quantum systems that may be optimized for di↵erent
tasks. An important step towards this goal has been the recent transfer of a photonic state between
a cold atomic gas and a rare-earth-ion doped crystal [? ]. Going beyond this demonstration, here
we show photon-mediated entanglement and non-locality between a thulium-doped crystal and an
erbium-doped fibre, which may serve as quantum information-bu↵ering [? ? ] or -transducing [? ?

] devices in di↵erent nodes along a quantum-repeater-based communication link [? ]. Our proof-of-
principle demonstration can readily be translated into workable quantum technology by employing
optimized host materials [? ? ] and cavity-enhanced light-atom interaction [? ]. It will provide
distant quantum network users with unprecedented information-processing capabilities that range
from information-theoretically secure communication to blind and networked quantum computing.

The ultimate task of a quantum network is to dis-
tribute entanglement between any set of nodes in the net-
work. The nodes may hold quantum-processing devices
that allow for distributed or blind quantum computing [?
], or components of a quantum repeater, which promises
extending the network in theory to arbitrarily large dis-
tances [? ]. The nodes may also include interfaces to map
quantum data between optical photons, used for commu-
nication purposes, and microwave photons, which can in-
teract with superconducting qubits – a currently heavily
researched approach to building a large-scale quantum
computer[? ? ]. There is little doubt that, depending on
the task, these constituents—processors, repeater-related
components, and interfaces—will be di↵erent in nature,
including in their atomic composition.

However, to date, no experiment has succeeded in en-
tangling two di↵erent atomic species, let alone two that
promise performing di↵erent tasks in a quantum network.
With this letter we fill this gap by demonstrating entan-
glement between ensembles of erbium and thulium ions.
Both allow bu↵ering and re-emitting quantum data in
feed-forward-controlled temporal or spectral modes [? ?

], and hence meet the requirements for quantum memory
in a quantum repeater. Furthermore, erbium is addi-
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-  Create heralded entanglement via swapping over elementary links 

-  Connect elementary links using second swapping operation 

-  Improvement of scaling is achieved by decoupling transmissions over 

elementary links.   

 



N. Sinclair, WT et al., Phys. Rev. Lett. 113, 053603 (2014), S. Guha, WT et al., arXiv:1404.7183  

-  Heralding of entanglement through BSM A 
-  Many spectral modes, PEL ->1 
-  Feed-forward-based mode-mapping M (requires τmem = LEL /v) 
-  Connection of ELs by BSM B 
-  No entanglement distillation  
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Quantum repeater based on spectral 
multiplexing 

N. Sinclair, WT et al., Phys. Rev. Lett. 113, 053603 (2014), S. Guha, WT et al., arXiv:1404.7183  

-  Heralding of entanglement through BSM A 
-  Many spectral modes, PEL ->1 
-  Feed-forward-based mode-mapping M (requires τmem = LEL /v) 
-  Connection of ELs by BSM B 
-  No entanglement distillation  
-  High clock rate 1/τqubit, not limited by round-trip time Ltot /v or LEL/v 
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Photon pair source:  
-  Spectrally (spatially, temp., 

pol.) multiplexed (1000 
modes), high-rate emissions 

-  # modes determined by 
elementary link loss 

-  Only one member per pair 
has to be at telecom λ

Memory:  
-  Storage of multiplexed (spectral, 

temporal, polarization and spatial 
modes) qubits 

-  Storage time given by 
elementary link length (500 µsec 
for 100 km) 

-  Feed-forward-based mode 
mapping may be performed 
internally or through external 
circuits 

-  Fixed storage time is sufficient 

BSM:  
-  Linear optics based 
-  Limited efficiency of BSM A can 

be compensated by more modes 
-  Limited efficiency of BSM B 

impacts final rate and scaling  
Detectors: 
-  In BSM A: Mode resolved and at 

telecom λ 
-  Modest rates per channel 
-  In BSM B: High-rate, but only 

one channel 

Quantum repeater based on spectral 
multiplexing 
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System performance - assumptions 

-  Frequency-multiplexed photon-pair sources with fibre coupling efficiency per 
 photon of 90% 

-  Fibre loss of 0.2 dB/km 

-  Quantum memories with 90% efficiency, Γtot = 300 GHz (-> Rclock= f(# of bins)), 
 and ~500 µsec storage time (-> 100 km elem. link length) 

-  (Frequency-resolved) detectors with 90% efficiency  

N. Sinclair et al., Phys. Rev. Lett. 113, 053603 (2014) 
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System performance 
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BSM BSM 

-  for given number of 
elementary links, rate 
remains ~ constant as 
total distance increases 
until  PEL drops below 1 

-  adding another 
elementary link 
decreases rate,  
reflecting limited BSM 
efficiency 

-  SPDC sources without 
additional features not 
useful 

Psuccess=(PEL)n x (Pconnect)n-1;  R = Rclock x Psuccess 

a) 10 GHz source (direct transmission) 
b) Perfect pair sources, 100 modes, 50% BSM 
c) Perfect pair sources, 1000 modes, 50% BSM 
d) Perfect pair sources, 1000 modes, 75% BSM 
e) SPDC sources, 1000 modes, 50% BSM, F=0.9 
 

a) b) c) 

d) 

e) 

N. Sinclair et al. PRL (2014), S. Guha et al., arXiv:1404.7183, M. Takeoka, S. Guha, M. Wilde, Nature Comm. 5, 5235 (2014) 
S. Guha et al., arXiv:1505.03470 



Solid state quantum memory 

- Compared to atomic vapors, optical centers in solids do not move 

-> allows potentially for longer storage times 

-> no laser cooling necessary  

-> compact and robust devices  
 

- Many possibilities (color centers in diamond, RE ions in crystals, 
quantum dots,..) 

-  More degrees of freedom to explore (and master) 

-  More spectroscopy needed 

 

 

 



Rare-earth-ion doped crystals 



Rare-earth-ion doped crystals 

G.H. Dieke, Spectra and Energy Levels of Rare Earth Ions in Crystals, Wiley Interscience, New York, 1968. 
 

10
64

 n
m 

79
5 

nm
 

15
32

 n
m 

15
50

 n
m 

88
3 

nm
 

60
6 

nm
 

10
30

 n
m 

58
0 

nm
 

21
00

 n
m 

19
00

 n
m 

Commercial Solid 
State Lasers 

Quantum 
memory 

E
ne

rg
y 

[x
10

3  c
m

-1
] 

Rare earths ions (RE3+) in crystals 
-  crystal field is treated as a perturbation 
-  narrow, free-atom-like 4f-4f transitions in 

the visible and NIR 



Rare-earth-ion (RE3+) doped crystals 
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-  4f-4f transitions in the visible and NIR 
-  Energy levels barely affected by host material 
-  (almost) parity-forbidden transitions result in long optical T1 
-  at 2 K: Γhom ≈ 50 Hz – 100 kHz, T2 up to 4 ms 
� Γinhom ≈ 100 MHz – 500 GHz 
-  at 2 K: ground state levels with up to hour-long T1 (allowing 

spectral hole burning) and sec-long T2 
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Γhom ∝ T7 

-> Suitable for quantum memory 
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defects and strain -> inhomogeneous broadening 
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Freeman & Watson, Phys. Rev. (1962) 
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Gd3+- radial electron 
distribution functions. 



Storage of light using two-pulse photon-echoes 

 Kurnit, Abella & Hartmann, Phys. Rev. Lett. (1964), Mossberg, Opt. Lett. (1982) 
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Photon-echo quantum memory (CRIB) 
1.  Preparation of an optically thick, single absorption line 

2.  Controlled reversible inhomogeneous broadening (CRIB) 

3.  Absorption of light in arbitrary quantum state -> fast dephasing 

4.  Reduction of broadening to zero 

5.  Phase matching: φ(z) = -2kz ; Ein ∝ eikz → Eout ∝ e-ikz 

6.  Re-establishment of broadening, with reversed sign   
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(interaction with 
external electric field) 

-> Time reversed evolution of atomic system and re-emission of light in 
backward direction with unity efficiency and fidelity 
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Moiseev et al., PRL (2001); Nilsson et al., Opt. Comm. (2005); Kraus, WT et al., PRA(2006); Alexander et al., PRL (2006) 

Δi -> -Δi ∀ i 

φi = Δit 

Experiments: 
Canberra, Geneva 
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Photon echo quantum memory (AFC) 
1. Preparation of an atomic frequency comb 

 

2. Absorption of a photon -> fast dephasing 

  
 

3. Rephasing at t =1/νcomb: 2πΔjt=2π(nνcomb)/νcomb = n 2π

frequency Δ
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->  Re-emission of photonic qubits with unity efficiency* and fidelity. 

frequency 

ab
so

rp
tio

n Γhom 

Afzelius et al., PRA (2009); De Riedmatten et al., Nature (2008) 
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Experiments: 
Geneva, Lund, 
Paris, Calgary, 
Barcelona, Hefei, 
Caltech 

Needed: inhomogeneously broadened transition, long-lived auxiliary state, narrow 
 homogeneous linewidth 

-> long storage times require small νcomb, i.e. narrow homogeneous lines 

*some additional steps required 

|s> 



Conclusion 

-  The future will bring quantum networks that extend over large 
areas   

-  By decoupling transmissions over shorter (elementary) links, a 
quantum repeater improves the scaling of entanglement 
distribution with distance 

-  Building a quantum repeater requires work on many different 
components. While all basic elements have been 
demonstrated, more work is required to improve efficiencies, 
storage times, interfaces,… 
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Thank you 


