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1. Global Quantum Communication

2nd Quantum Revolution

1st Revolution ⟹ solid state physics (microelectronics, computers, lasers)

quantum devices performing classical tasks

2nd Revolution ⟹ quantum computing, communication, sensing

quantum devices performing quantum tasks

• Quantum strategies for 

solving problems

• Quantum programming

• Quantum engineering

Engineers and computer 

scientists with knowledge of 

quantum mechanics



1. Global Quantum Communication

1st application: Quantum Key Distribution (BB84)

Figure by Iqbal et. al 2016

No Cloning: quantum states cannot be duplicated

Completely secure public distribution of cryptographic Keys, 

since eavesdropper would disturb the state and could be detected

Bennett & Brassard, in Int. Conf. Computers, Systems & Signal Processing, Bangalore 175-179 (1984)



First experiment in 

quantum cryptography Bennett et al., J. of Cryptology 5, 3 (1992) 

1. Global Quantum Communication

Criptografia Quântica - empresas
1999 a 2019: EUA, Suíça, UK, China, Rússia, Canada, Alemanha, Bulgaria, Polônia, 

Austrália, Índia, França, Japão



1. Global Quantum Communication

No Cloning ⟹ no amplification initial limitation to city-wide networks

local networks

First large scale application of

quantum cryptography

(City of Geneva + id Quantique)

securing data transfer

for city elections2007

April 1, 2008 9:39 SECOQC-Poppe

Outline of the SECOQC Quantum-K ey-Distr ibution Network in V ienna 5

3.1. Telecom fi ber r i ng networ k f rom Si emens

All the links will be operated on a typical ring-shaped network to connect office-

buildings of SIEMENS Austria. Fig. 3 shows the fiber ring with a circumference

of approximately 63 km. We use four node-stat ions dist ributed well over the whole

city of Vienna and one in St . Poelten, another city connected by an 85 km long

fiber. The fibers for both cross-connect ions are also physically deployed in the ring

(connect ing the two pairs of non-neighboring nodes respect ively).

Fig. 3. (Color online). City map of V ienna including the fiber ring network and the stat ions SIE,

ERD, GUD and BREIT . Another stat ion, St . Pölten, is located far outside of V ienna.

Each QKD-device pair is connected by their own dark fiber serving as an exclu-

sive quantum channel. The classical communicat ion is managed by dedicated node

modules using one addit ional fiber-loop in the ring, which is realized by a set of

communicat ion lasers mult iplexed using CWDM spacing.

3.2. QK D -li nk-devi ces for the Quantum B ack B one QB B

For a convincing demonstrat ion of the network features, SECOQC has decided to

develop high-rate stable QKD-Link devices. Only devices with a secure key rate of

more than 1 kbit / s after authent icat ion over 25 km of fibers are accepted for the

stage of deployment . Clearly the link devices must fulfill t ight security standards.3

Moreover, the devices must be autonomously delivering the key for more than 6

months without human interact ion. The latency t ime for a new start (for example,

after change of the fiber connect ion) is limited to 1 minute.

For the stage of deployment the following systems have met these criteria and

form the QBB-network:

Vienna

2008

Chicago 2020

Tokyo

2010

Cambridge 2019
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sends out the photons of wavelength M1, the light will be 

separated by WDM1 and transmitted to WDM2, then be 

assembled to the link to Bob by WDM2. When Alice wants to 

exchange the quantum keys with Bob, David and Charley 

simultaneously, she can send out the photons of M1, M2 and M3 at 

the same time. The communication procedure of other users is 

the same as Alice. There are only two WDMs added into the 

point to point link of Alice to Bob and the system security is not 

deduced, so that arbitrary point-to-point QKD protocols can be 

used by Alice and Bob to perform QKD. 

The network can be extended to N users by using an N-port 

QR. The connection scheme concurs with the edge coloring 

theorem in graph theory [11]. Each WDM, link, and wavelength 

corresponds to a vertex, edge and color in the graph 

respectively. Duet to the edge coloring theorem, it needs N-1 

colors to render a complete graph with N vertexes when N is 

even, and N colors when N is odd. This means for an N-port QR, 

each WDM should be an N-1(when N is even) or N (when N is 

odd) wavelength multiplexer. It is worth mentioning that 

according to this structure, no matter how many users are added, 

the photon can be sent from one node to any other node only 

passing through two WDMs and the network performance will 

not degrade theoretically. When multi couples are working 

simultaneously, the crosstalk is primarily limited by the 

isolation of WDMs. For commercial WDM products N can 

exceed 40 and the isolation for adjacent (non-adjacent) channel 

can over 30dB (45dB). For a QKD network covering a region of 

50km diameter, the ratio of the crosstalk to effective signal is 

less than 0.06%. This indicates that, in such a QKD network, the 

error due to crosstalk is negligible comparing with other factors 

such as dark counts of single photon detector (SPD) or 

imperfect interference. 

 

III. EXPERIMENT SETUP AND RESULT 

Fig. 2 shows the experiment setup of the four-user network in 

which three wavelengths are necessary. Alice acts as sever who 

sends quantum keys to client Bob, David and Charley. Alice 

uses the attenuated light from three DFB lasers of 1550nm, 

1530nm and 1510nm (Advanced Photonic System) as photon 

sources. Each receiver is assigned a wavelength as its unique 

address. The light from laser is divided into quantum signal and 

sync signal for triggering the detection system. There are two 

4-port QRs of the same structure in the center of star topology, 

one for the quantum light and the other for the sync light. The 

three-wavelength quantum lights from Alice are multiplexed 

into a fiber link and the three sync lights are multiplexed into the 

other fiber. Each receiver of Bob, David and Charley also has 

two fiber links connecting to the QR for quantum and sync light. 

The classical communication is directly accomplished by the 

fiber optic transceiver with individual fibers. 

Faraday-Michelson (F-M) QKD systems [4] is used in the 

network The system can automatically compensate for the 

birefringence of fiber so that it can work stably for a long time 

without active polarization recovery. Strict BB84 protocol [12] 

is used to perform QKD in the experiment. Alice applies the 

driving signals to its phase modulator (PMA) to randomly 

encode the information unto the photon phases of 0, O/2, Oand 

3O/2. Then the second light pulse output from the interferometer 

is attenuated to average 0.1photon/pulse and sent into the 

quantum channel. The receiver also randomly selects the four 

phases of PMB, and the interference result is delivered into an 

InGaAs/InP avalanche single-photon detector (id Quantique 

id200). According to BB84 protocol, the basis was divided into 

two sets of {0, O} and {O/2, 3O/2} in which phases 0 and O/2 

denotes key 0, Oand 3O/2 denotes key 1. The four-phase random 

selection and single-SPD scheme used in the receiver 

immunizes our system from fake-state attack [13], and its 

security is better than two-phase selection and double-SPD 

setup. The couples declare the basis set they selected in every 

time bin when the receiver detected photons and the sifted key 

of the same basis set are kept.  

Fig. 3 shows the actual positions of the four users accessed 

into the backbone fiber network of CNC, Beijing branch. The 

transmitter Alice (node A) and receiver Bob (node D) are in 

Wanjing bureau; receiver David (node B), Charley (node C) is 

Fig. 2. System diagram of four-user QKD network. FMI_E: F-M

interferometer encoder; FMI_D: F-M interferometer decoder; Controller: the 

electronic control board. PM Control: phase modulation driving voltage; Att 

Control: electronic variable optical attenuator control signal; QR: quantum 

router; SPD: single photon detector. 

Fig. 3 Node positions of QKD network in Beijing. The quantum router is 

located in the center node (Node R). The area below center node is the

Forbidden City and the Tiananmen Square. The fiber length of A to R is 

19.88km, B to R is 22.8km, C to R is 12km. 

Beijing 2007



1. Global Quantum Communication

Micius

China’s first quantum satellite

transmission through thin atmosphere

allows to reach long distances



1. Global Quantum Communication

cascading links for Quantum Key Distribution

Beijing – Shangai

2017

Sustained an encrypted videoconference 

between China and Austria for 75 min 

Problem: Cascanding QKD 

requires trusted relys (ground 

or satellite) that have 

knowledge of all keys.

Solution: to use quantum 

entanglement



1. Global Quantum Communication

Development of Quantum Key Distribution Protocols

So far, huge development on a specific communication task (QKD).

How to move forward?

1984: BB84 protocol with single photons

1990s – 2000s: widespread use of              

attenuated laser pulses

(unsafe alternative to single photons)

2005: decoy-state BB84 protocol makes 

attenuated lasers safe for QKD 

Use of attenuated laser pulses is 

nowadays the standard for QKD 

between 2 sites

1991: Ekert protocol with 

quantum entangled photon pairs

2000: Experimental implementation of 

Ekert protocol [PRL 84, 4729 (2000); 4733 (2000); 

4737 (2000)]



1. Global Quantum Communication

Entanglement-based quantum communication 

Quantum state cannot be copied (No Cloning), 

but can be transported from site A to site B if 

these sites share quantum entanglement

Quantum entanglement as a new 

type of communication channel

Quantum teleportation (1993)

Quantum communication with 

entangled states is scalable 

(not limited by No Cloning theorem)

Quantum repeaters [PRL 81, 5932 (1998)]



1. Global Quantum Communication

China’s Micius satellite

June 2017: distribution of quantum entanglement

between systems separated by 1200 km.

Network of satellites up 2030



1. Global Quantum Communication

source of entangled photon pairs:

Spontaneous Parametric Down-Conversion

Setup for QKD with quantum entanglement 

[PRL 84, 4733 (2000)] 

correlated 

spontaneous emission

relatively mundane physical system

tip of the iceberg 

of quantum resources



2. Global Quantum Systems

isolated 

quantum 

system

Usual quantum 

mechanical treatment

More realistic approach 

open 

quantum 

system

world

statistical mixture

master equation

quantum 

system

Even more realistic… 

quantum 

world

intrinsically multi-partite 

(quantum information)

addressing an individual 

system in contact to another
addressing all 

interacting systems



interest → simplest quantum system to model light-matter interaction

→ widely applied classical models

challenges → lack of structure prevents most filtering techniques

→ mix of different contributions may hide purely quantum effects

laser

2.(a) Global Quantum Systems: Rayleigh scattering
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wavevector k1. Thus, considering vi the velocity of atom i, we

can write

fi (t) = (k0 − k1) · ri (t) = (k0 − k1) · [ri (0) + vi t] , (25)

and

fi (t + t) − fi ( t) = (k0 − k1) ·vit= vnkqt. (26)

Following the definition of bin Eq. (14), this leads to

1

N

N

Â
i= 1

hexp{ i [fi (t + t) − fi ( t)]} i = b= e−
k2q2kbTt2

2m . (27)

Substituting this result in Eq. (24), we obtain finally Eq. (18)

again.

3. EXPERIMENT

In our experiment we use a Hanbury-Brown and Twiss inter-

ferometer to measure g2(t) for the light scattered by a cloud of

cold rubidium 87 atoms. The decay times of g2(t), from its max-

imum in t= 0 down to one, characterise the memory times of

the medium. We introduce our experimental setup in Sec. 3A. It

is relatively simple, with just a single pulse of light sequentially

acting on a cold atomic ensemble and generating the scattered

field. However, there are various subtleties when treating the

statistics of light in this system. For example, even though we

work with cycling transitions, spurious magnetic fields may

induce transitions to open levels and result in some degree of

optical pumping. This may affect assumptions of a stationary

process in the determination of g2(t) and require a different

procedure for its calculation. Also, long term fluctuations of the

cold atomic cloud introduce some extra noise that may turn the

thermal statistics predicted in Sec. 2 into super-thermal, with

g2(t) > 2. These two effects may compromise the comparison

of experimental data to the respective theoretical analysis. Sec-

tion 3B explains how we approached these issues in order to

properly treat our data.

A. Setup

Our sample is a cloud of rubidium 87 atoms obtained from a

Magneto-Optical Trap (MOT), cooled to the range of hundreds

of microkelvins. The trapping laser is tuned 12 MHz below

the transition |5S1/ 2(F = 2) i ! |5P3/ 2(F0 = 3) i , while the

repumper laser is resonant with the transition |5S1/ 2(F = 1) i !
|5P3/ 2(F0 = 2) i . The trap’s light and magnetic field prepares the

cold sample during 23 ms and are then turned off for 2 ms, see

Fig. 2a. During the off time, the trap’s repumper beam is kept

on for an extra 0.9 ms to pump all atoms to the |5S1/ 2(F = 2) i
ground level. The optical depth OD of the sample ranged from

OD = 10 to 26, being varied by tuning the total trap-light power

to the MOT [3]. It was determined following the method of

Ref. [4], i.e., by measuring the width of the absorption curve

around resonance on the transversal mode of the excitation

beam.

After the repumper light is off, the Single Photon Count-

ing Modules (SPCM, model SPCM-AQRH-13-FC from Perkin

Elmer) based on avalanche photodetectors are turned on for

1 ms, together with a sequence of sampling periods of duration

Tr , ranging from Tr = 0.5 to 2µs. At each period a laser pulse of

70 ns duration excites the atoms. The excitation laser is circularly

polarized and detuned by dfrom resonance with the trapping

transition, see Fig. 2b. It rapidly optically pumps the atoms to

the extreme mF = 2 Zeeman state, so that the two-level cycling

Tr 

Fig. 2. (Color online) (a) Experimental time sequence, with Tr

the period for the train of excitation pulses. (b) Zeeman struc-

ture of levels participating in the experiment, with all atoms

pumped to the mF = 2 state and acted upon by a circularly po-

larized excitation field detuned by d. (c) Setup for analysis of

the linear scattering of light from the cold atomic ensemble at

an angleq. PBS: polarizing beam splitter; FBS: fiber beam split-

ter; SPCM: single photon counting module (detectors Da,Db);

M: mirrors; MOT: magneto-optical trap; l/ 2: half-wave plate;

l/ 4: quarter-wave plate.

transition |5S1/ 2(F = 2, mF = 2) i ! |5P3/ 2(F = 3, mF = 3) i
is largely dominant to the whole process. The excitation beam

goes through a single-mode optical fiber to the experimental

region, and may be well approximated to a Gaussian beam with

4sdiameter of 420µm in the cloud. In order to control the

polarization of the excitation pulse, we first clean its linear po-

larization by passing it through a sequence of two polarizing

beam splitters (PBS), before turning its polarization to circular

s+ using a quarter-wave plate (l/ 4). We attenuate the intensity

of this beam so that the probability p to detect a scattered photon

is relatively low, between p = 2% and 11%.

For the detection, the spontaneously scattered light is col-

lected by a single mode fiber that projects on the ensemble

another Gaussian mode with 4sdiameter of 150µm passing

through the center of the excitation beam forming an angle of q

with it, see Fig. 2c. Light inside the collection fiber passes then

through a Fiber Beam Splitter (FBS), whose outputs reach two

SPCMs, the avalanche photo-detectors D1 and D2. The scattered

light in the circular basis is transformed to the linear basis by

means of a second l/ 4 in the output of the vacuum chamber.

Its degree of polarization is checked by a polarizer placed right

before the input to the single mode fiber. The polarizer consists

of a half-wave plate (l/ 2) followed by a PBS. We observed a

degree of polarization of the scattered light of 98.3± 0.4, given

by the visibility of the detected signal as the l/ 2 is rotated. The

polarizer is kept in place during all measurements to filter out

any residual spurious light in the opposite polarization.

In the following, we will discuss specifically three aspects

of our experimental system that affects the data significantly.

First, we detail our procedure to cancel spurious magnetic fields

during the experimental trials. In Sec. 2 we modelled only the

effect of the ensemble’s temperature over the decay of g2(t).
However, in practice, spurious magnetic fields also play a role in

this decay, and we will come back to this point when analysing

theexperimental data. Second, wereport theobservation of long-

term fluctuations of our apparatus, which later will be correlated

APD

APD

Fiber BS

Detected 

mode

Hanbury-Brown-Twiss (HBT) 

interferometer
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acting on a cold atomic ensemble and generating the scattered
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of experimental data to the respective theoretical analysis. Sec-

tion 3B explains how we approached these issues in order to

properly treat our data.
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cold sample during 23 ms and are then turned off for 2 ms, see

Fig. 2a. During the off time, the trap’s repumper beam is kept

on for an extra 0.9 ms to pump all atoms to the |5S1/ 2(F = 2) i
ground level. The optical depth OD of the sample ranged from

OD = 10 to 26, being varied by tuning the total trap-light power

to the MOT [3]. It was determined following the method of

Ref. [4], i.e., by measuring the width of the absorption curve

around resonance on the transversal mode of the excitation

beam.

After the repumper light is off, the Single Photon Count-

ing Modules (SPCM, model SPCM-AQRH-13-FC from Perkin

Elmer) based on avalanche photodetectors are turned on for

1 ms, together with a sequence of sampling periods of duration
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the period for the train of excitation pulses. (b) Zeeman struc-

ture of levels participating in the experiment, with all atoms

pumped to the mF = 2 state and acted upon by a circularly po-

larized excitation field detuned by d. (c) Setup for analysis of

the linear scattering of light from the cold atomic ensemble at

an angleq. PBS: polarizing beam splitter; FBS: fiber beam split-

ter; SPCM: single photon counting module (detectors Da,Db);

M: mirrors; MOT: magneto-optical trap; l/ 2: half-wave plate;

l/ 4: quarter-wave plate.

transition |5S1/ 2(F = 2, mF = 2) i ! |5P3/ 2(F = 3, mF = 3) i
is largely dominant to the whole process. The excitation beam

goes through a single-mode optical fiber to the experimental

region, and may be well approximated to a Gaussian beam with

4sdiameter of 420µm in the cloud. In order to control the

polarization of the excitation pulse, we first clean its linear po-

larization by passing it through a sequence of two polarizing

beam splitters (PBS), before turning its polarization to circular

s+ using a quarter-wave plate (l/ 4). We attenuate the intensity

of this beam so that the probability p to detect a scattered photon

is relatively low, between p = 2% and 11%.

For the detection, the spontaneously scattered light is col-

lected by a single mode fiber that projects on the ensemble

another Gaussian mode with 4sdiameter of 150µm passing

through the center of the excitation beam forming an angle of q

with it, see Fig. 2c. Light inside the collection fiber passes then

through a Fiber Beam Splitter (FBS), whose outputs reach two

SPCMs, the avalanche photo-detectors D1 and D2. The scattered

light in the circular basis is transformed to the linear basis by

means of a second l/ 4 in the output of the vacuum chamber.

Its degree of polarization is checked by a polarizer placed right

before the input to the single mode fiber. The polarizer consists

of a half-wave plate (l/ 2) followed by a PBS. We observed a

degree of polarization of the scattered light of 98.3± 0.4, given

by the visibility of the detected signal as the l/ 2 is rotated. The

polarizer is kept in place during all measurements to fi lter out

any residual spurious light in the opposite polarization.

In the following, we will discuss specifically three aspects

of our experimental system that affects the data significantly.

First, we detail our procedure to cancel spurious magnetic fields

during the experimental trials. In Sec. 2 we modelled only the

effect of the ensemble’s temperature over the decay of g2(t).
However, in practice, spurious magnetic fields also play a role in

this decay, and we will come back to this point when analysing

theexperimental data. Second, wereport theobservation of long-

term fluctuations of our apparatus, which later will be correlated

cold Rb atoms

Moreira et al., Opt. Commun. 459, 127075 (2021)

g(2)(0) = 2

g(2)(𝜏 →∞) = 1

thermal light 

source

2.(a) Global Quantum Systems: Rayleigh scattering



Criteria for quantum 

correlations: Cauchy-Schwarz 

inequality

R  1: classical 

correlations

cross-correlation

auto-correlations

g11(0) ≈ g22(0) ≈ 2

thermal states

g12(𝜏) > 2
quantum region

2.(a) Global Quantum Systems: Rayleigh scattering



• (s)

non-classical correlations!

Quantum correlations prevail over the Rayleigh scattering background

Classical models may predict some experimental results but not all

auto-correlationscross-correlations

2.(a) Global Quantum Systems: Rayleigh scattering

Decay of quantum correlations faster than predicted⟹ superradiance



Superradiance

same vacuum mode shared by a large 

number of atoms

coherent coupling of atoms 

through the vacuum

low density or # atoms (N)

high density or # atoms (N)

1st experiment

2.(a) Global Quantum Systems: Rayleigh scattering



field 1

field 1

write

write

: excitation probability

First implementation: Kuzmich et. al, Nature 423, 731 (2003)

Theoretical proposal (DLCZ protocol): Duan et. al, Nature 414, 413 (2001)

...

√  click!

Conditional preparation of entangled 

collective state with 1 excitation

measurement on the 

quantum reservoir

2.(b) Global Quantum Systems: Raman scattering



read

read

field 2

field 2

superradiant

emission

Fock state (no classical analogue)

Large suppression of all other |n2> components

2.(b) Global Quantum Systems: Raman scattering



suppression of 2-photon component (field 2)

<< 1 (coherent state)

Single photon 

emitted collectively

accelerated decay

1 atom: (Γ/2)-1 = 60 ns

observed: (χΓ/2)-1 = 16 ns

2.(b) Global Quantum Systems: Raman scattering



Beyond discussion 

single photon X attenuated laser

two-photon superradiance

2.(b) Global Quantum Systems: Raman scattering



2.(b) Global Quantum Systems: Raman scattering



entangled state between remote sites

quantum entangled

Concurrence: entanglement 

quantification (Wooters, 1998)

3. From quantum networks to the quantum internet



polarization entanglement

quantum cryptography     

(Ekert, 1992)

3. From quantum networks to the quantum internet



DLCZ protocol

entanglement swapping

capabilities

cryptography

teleportation

3. From quantum networks to the quantum internet



3. From quantum networks to the quantum internet

quantum networks (1997)

decade2,4, including with atomic ensembles13,16. The reversible mapping of 
quantum states between light and matter provides the basis for quantum-
optical interconnects and is a fundamental primitive (building block) 
for quantum networks. Although the original schemes for such inter-
connects are sensitive to experimental imperfections, a complete set of 
theoretical protocols has subsequently been developed for the robust 
distribution of quantum information over quantum networks, inclu-
ding, importantly, the quantum repeater4,17 and scalable quantum 
networks with atomic ensembles13. 

A generic quantum interface between light and matter is depicted 
in Fig. 1b. This interface is described by the interaction hamiltonian 
Hint(t), where for typical states Hint(t)  ≈ χ(t), with  being h/2π (where 
h is Planck’s constant) and χ(t) being the time-dependent coupling 
strength between the internal material system and the electromagnetic 
field. Desirable properties for a quantum interface include that χ(t) 
should be ‘user controlled’ for the clocking of states to and from the 

quantum memory (for example, by using an auxiliary laser), that the 
physical processes used should be robust in the face of imperfections 
(for example, by using adiabatic transfer) and that mistakes should be 
efficiently detected and fixed (for example, with quantum error correc-
tion). In qualitative terms, the rate κ, which characterizes the bandwidth 
of the input–output channel, should be large compared with the rate γ, 
which characterizes parasitic losses, and both of these rates should be 
small compared with the rate of coherent coupling χ. 

Examples of physical systems for realizing a quantum interface and 
distributing coherence and entanglement between nodes are shown 
in Fig. 1c, d. In the first example (Fig. 1c), single atoms are trapped in 
optical cavities at nodes A and B, which are linked by an optical fibre. 
External fields control the transfer of the quantum state Ψ  stored in the 
atom at node A to the atom at node B by way of photons that propagate 
from node A to node B6,18. In the second example (Fig. 1d), a single-
photon pulse that is generated at node A is coherently split into two 

a b

c

d

Quantum 

node

Quantum channel

out(t)

Node A

Node B
k

in(t)

(t)

(t)

k

k

Node B

Node C

k

Node A

c »
áH

int
ñ

k

c »
áHint

ñ

g

Y

AW Y

BW

BW

CW

g

g

g

Figure 1 | Quantum networks. a, Shown is a notional quantum network 
composed of quantum nodes for processing and storing quantum states and 
quantum channels for distributing quantum information. Alternatively, such 
a network can be viewed as a strongly correlated many-particle system. b, The 
quantum interface between matter (coloured cube) and light (red curves) is 
depicted. Coherent interactions in the node are characterized by the rate χ; 
coupling between the node and photons in the external channel occurs at the 
rate κ; and parasitic losses occur at the rate γ. c, Quantum state transfer and 
entanglement distribution from node A to node B is shown in the setting of 
cavity quantum electrodynamics (QED)6. At node A, a pulse of the control 
field ΩA

out(t) causes the transformation of atomic state Ψ  into the state of a

propagating optical field (that is, into a flying photon). At node B, the pulse 
Ωi

B
n(t) is applied to map the state of the flying photon into an atom in the 

cavity, thereby realizing the transfer of the state Ψ  from node A to node B 
(ref. 18). d, The distribution of entanglement by using ensembles of a large 
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split into two entangled components that propagate to node B and node C 
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decade2,4, including with atomic ensembles13,16. The reversible mapping of 
quantum states between light and matter provides the basis for quantum-
optical interconnects and is a fundamental primitive (building block) 
for quantum networks. Although the original schemes for such inter-
connects are sensitive to experimental imperfections, a complete set of 
theoretical protocols has subsequently been developed for the robust 
distribution of quantum information over quantum networks, inclu-
ding, importantly, the quantum repeater4,17 and scalable quantum 
networks with atomic ensembles13. 

A generic quantum interface between light and matter is depicted 
in Fig. 1b. This interface is described by the interaction hamiltonian 
Hint(t), where for typical states Hint(t)  ≈ χ(t), with  being h/2π (where 
h is Planck’s constant) and χ(t) being the time-dependent coupling 
strength between the internal material system and the electromagnetic 
field. Desirable properties for a quantum interface include that χ(t) 
should be ‘user controlled’ for the clocking of states to and from the 

quantum memory (for example, by using an auxiliary laser), that the 
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External fields control the transfer of the quantum state Ψ  stored in the 
atom at node A to the atom at node B by way of photons that propagate 
from node A to node B6,18. In the second example (Fig. 1d), a single-
photon pulse that is generated at node A is coherently split into two 
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cavity, thereby realizing the transfer of the state Ψ  from node A to node B 
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split into two entangled components that propagate to node B and node C 
and then are coherently mapped by the control fields Ωin
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is entangled between collective excitations in each ensemble at node B and 
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4. Connecting global and local quantum networks

Yin et al., Science 356, 1140 (2017) polarization entangled photon pairs at 800 nm

based on Sagnac interferometer

Similar source implemented at UFPE

Mendes et al., J. Opt. Soc. Am. B 32, 1670 (2015)

Moreira et al., Opt. Commun. 428, 212 (2018) 



4. Connecting global and local quantum networks

Mendes et al., J. Opt. Soc. Am. B 32, 1670 (2015)

Moreira et al., Opt. Commun. 428, 212 (2018) 

interaction of ultrabroad band single 

photons with atomic ensembles

Proposal for mapping of ultrabroad band

single photons into an atomic memory

Pathway to connect ultrabroad band flying

photons into a narrow band memory

compatible to local quantum networks 



5. Conclusions and perspectives

• The evolution of our understanding of quantum mechanics led to 

the field of quantum information, which engendered the ongoing 

2nd quantum technological revolution.

• A central aspect of this revolution is quantum entanglement.

• We are just starting to understand the role of quantum entanglement 

in nature and its potential applications.

• We presented some of our recent work on this problem, pointing 

out its connection to the development of a quantum internet.
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