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Quantum Networks

General goal: To implement various quantum information
protocols using distributed physical resources

“The quantum internet”, H.J. Kimble, Nature 453, 1023 (2008)



Motivation

Quantum Information

new technologies new frontier of physics

• quantum computation

• quantum communication

• quantum correlated 
systems at larger scales 
(N>>2)

• foundations of quantum 
mechanics

• new level of control of 
physical systems

Þ new way to compute
Þ potential for great impact

Þ ultra-security

• quantum sensing
Þ ultra-sensitivity



Quantum networks

Atomic 
Physics

Quantum 
Optics

Quantum 
Information

* new problems
* new approach

* well-controlled systems
* well-stablished experimental techniques
* good agreement theory× experiment

Ideal for quantum engineering 
and tests of fundamental concepts
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A B S T R A C T

The quantum internet is on the cusp of a revolution. While it shares the same purpose as the
classical internet — connecting devices and transmitting information, the underlying principle of
quantum physics makes the quantum internet a disruptive technology that will enable services
unmatched by the classical internet. The quantum internet design has moved beyond theory.
The past decade has seen a surge of efforts among researchers worldwide in building quantum
network testbeds, a crucial stepping stone toward the quantum internet. In this review paper,
we will summarize recent progress on quantum network testbeds, highlighting their major
demonstrations and achievements. This progress report is the first of its kind in the literature,
offering a holistic view of past regional efforts and prompting the community to assess our
current position. Moreover, this paper will discuss open challenges and envision a collaborative
pathway forward for the development of the quantum internet.
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Fig. 1. Timeline of surveyed quantum network testbeds and their major demonstrations. The testbeds connected by dashed lines belong to the same research
initiative but were built in different phases.

Fig. 2. The 44-km quantum teleportation experiment [5].

2.1. Fermilab Quantum Network (FQNET) and Caltech Quantum Network (CQNET)

Following the success of the DARPA quantum network [1], two laboratory scale quantum network testbeds were developed at
Caltech and Fermi National Accelerator Laboratory (Fermilab) [5] in 2017. The highlight of these testbeds is the realization of
quantum teleportation with high fidelity (g0.9) over the distance of Ì44 k m.
2.1.1. Testbed setup

The testbed was established in a lab environment to demonstrate quantum teleportation of time-bin qubits in telecom wavelength.
The testbed involves three subsystems: Alice, Bob, and Charlie as shown in Fig. 2. The role of Alice is to create the information qubit
to be teleported to Bob, while Charlie makes the joint measurement of Alice’s information qubit and one of the Bob’s entanglement
qubits. Specifically, in Alice’s subsystem, a 1536.5 nm CW pump laser provides the initial light source, which is then modulated by
a lithium niobate AM driven by an AWG to create time-bin qubits with 2 ns separations. A high-bandwidth amplifier amplifies these
pulses to achieve a high extinction ratio. A 90:10 polarization-maintaining fiber BS and PWM help maintain this extinction ratio. The
optical pulses are band-pass filtered by a FBG to match the spectrum of the entangled photon source, with polarization controlled
by a polarization controller and a PBS. Finally, a VOA attenuates the pulses to the single-photon level, forming the desired time-bin
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Whaƚ iƐ DCͲQNeƚ͗
DCͲQNeƚ iƐ a cŽŶƐŽƌƚiƵŵ Žf Ɛiǆ DCͲaƌea fedeƌaů ageŶcieƐ cŽŵiŶg ƚŽgeƚheƌ ƚŽ
bƵiůd a ƌeaůͲůife ƌegiŽŶaů ƋƵaŶƚƵŵ ŶeƚǁŽƌŬ ;QNͿ ƚeƐƚbed ƚŽ adǀaŶce
cŽŽƉeƌaƚiŽŶ aŵŽŶg ƚhe ageŶcieƐ iŶ QN ƌeƐeaƌch aŶd deǀeůŽƉŵeŶƚ͘ Iƚ ǁiůů be
a ŶŽŶͲƉƌŽƉƌieƚaƌǇ eŶǀiƌŽŶŵeŶƚ fŽƌ ƚeƐƚ aŶd eǀaůƵaƚiŽŶ Žf QN cŽŶceƉƚƐ͕
cŽŵƉŽŶeŶƚƐ͕ ƉƌŽƚŽcŽůƐ aŶd aƌchiƚecƚƵƌeƐ deǀeůŽƉed bŽƚh ǁiƚhiŶ aŶd
beǇŽŶd ƚhe ŵeŵbeƌ ageŶcieƐ͘ Iƚ ǁiůů eŶabůe cƌŽƐƐͲcƵƚƚiŶg ageŶcǇ ƐǇŶeƌgǇ iŶ
ƐeŶƐŽƌ deǀeůŽƉŵeŶƚ͕ ƐecƵƌe cŽŵŵƵŶicaƚiŽŶƐ͕ diƐƚƌibƵƚed cŽŵƉƵƚiŶg aŶd
Žƚheƌ ƵƐe caƐe aƉƉůicaƚiŽŶƐ͘

The DCͲQNeƚ ǁaƐ cŽdified bǇ aŶ iŶƚeƌageŶcǇ MOU ŽŶ MaǇ ϭϴƚh͕ ϮϬϮϮ͘ The
Ɛiǆ ageŶcieƐ aƌe͗ Naǀaů ReƐeaƌch LabŽƌaƚŽƌǇ ;NRLͿ͕ AƌŵǇ ReƐeaƌch
LabŽƌaƚŽƌǇ ;ARLͿ͕ NaƚiŽŶaů IŶƐƚiƚƵƚe Žf SƚaŶdaƌdƐ aŶd TechŶŽůŽgǇ ;NISTͿ͕
LabŽƌaƚŽƌǇ fŽƌ TeůecŽŵŵƵŶicaƚiŽŶ ScieŶceƐ ;LTSͿ͕ US Naǀaů ObƐeƌǀaƚŽƌǇ
;USNOͿ aŶd NaƚiŽŶaů AeƌŽŶaƵƚicƐ aŶd SƉace AdŵiŶiƐƚƌaƚiŽŶ ;NASAͿ͘
AƐƐŽciaƚe ŵeŵbeƌƐ iŶcůƵde Naǀaů IŶfŽƌŵaƚiŽŶ Waƌfaƌe CeŶƚeƌ Ͳ Pacific
;NIWCͲPacific͕ SaŶ DiegŽ͕ CAͿ aŶd Aiƌ FŽƌce ReƐeaƌch Lab ;AFRL͕ RŽŵe͕ NYͿ͘

DCͲQNeƚ KeǇ AƚƚƌibƵƚeƐ͗
• FŽcƵƐ ŽŶ metroůogy Θ foundationaů Ɖrocesses ƐƵƉƉŽƌƚiŶg QN ƉƌecƵƌƐŽƌ

ƚŽ oƉen architectures aŶd fƵƚƵƌe standards͘
• SeƌǀeƐ aƐ dedicated QN resource fŽƌ DCͲaƌea fedeƌaů gŽǀeƌŶŵeŶƚ ǁheƌe

ƉŽůicǇ ŵaŬeƌƐͬfƵŶdiŶg ŽƌgaŶiǌaƚiŽŶƐ caŶ ǀiƐiƚ aŶd Ɛee ƚechŶŽůŽgǇ aƐ iƚ
geƚƐ cƌeaƚed aŶd aƐ aƉƉůicaƚiŽŶƐ aƌe deǀeůŽƉed͘

• Fedeƌaů eŵƉůŽǇeeƐ fŽƌ ceƌƚaiŶ ƚechŶicaů acƚiǀiƚieƐ ŵeaŶƐ DCͲQNeƚ caŶ
ƉƵƌƐƵe ƉreͲdecisionaů and CUI research͘

• TaŬeƐ adǀaŶƚage Žf eǆƉertise aǀaiůabůe from ůeading agencies iŶ fieůdƐ
ƐƵch aƐ ƚiŵeŬeeƉiŶg͕ ŵeƚƌŽůŽgǇ͕ ƐecƵƌiƚǇ aŶd ŵŽƌe͘

• PƌŽǀideƐ fŽƌ ƚhe unique needs of federaů goǀernment ƐƵch aƐ beiŶg
ƉůaƚfŽƌŵ fŽƌ ƚhe DŽD ƚŽ ƚeƐƚ iƚƐ ƐƉeciaů QN ƌeƋƵiƌeŵeŶƚƐ͘

• SƵƉƉŽƌƚƐ ƚhe NaƚiŽŶaů QƵaŶƚƵŵ IŶiƚiaƚiǀe ;NQIͿ Žbjecƚiǀe iŶ deǀeůŽƉiŶg
͚rightͲsiǌed͛ QNs acƌŽƐƐ ƚhe cŽƵŶƚƌǇ͘

DCͲQNeƚ AcƚiǀiƚieƐ aŶd SƚƌƵcƚƵƌe͗
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Fibeƌ iŶfƌaƐƚƌƵcƚƵƌe 
ǁiƚh ƌŽƵƚiŶg aŶd 

ŵaŶageŵeŶƚ cŽŶƚƌŽů
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fƌeƋƵeŶcǇ 

cŽŶǀeƌƐaƚiŽŶ aŶd ŶŽde  
ƐǇŶchƌŽŶiǌaƚiŽŶ

• DeǀeůŽƉŵeŶƚ Žf highͲfideůiƚǇ quantum memory nodes͕ ƐiŶgůeͲƉhŽƚŽŶ deǀiceƐ͕ 
ŶeƚǁŽƌŬ ŵeƚƌŽůŽgǇ͕ ƋƵbiƚ ƉůaƚfŽƌŵƐ͕ ƚƌaŶƐdƵcƚiŽŶ aŶd fƌeƋƵeŶcǇ cŽŶǀeƌƐiŽŶ͕ 
ƐǇŶchƌŽŶiǌaƚiŽŶ͕ aŶd cŽŶƚiŶƵed ƌeƐeaƌch aŶd deǀeůŽƉŵeŶƚ iŶƚŽ eŶabůiŶg ƐcieŶce 
aŶd ƚechŶŽůŽgǇ

• DeǀeůŽƉŵeŶƚ Žf ƚhe netǁorŬ infrastructure to connect the siǆ metroƉoůitan 
agencies

• ReƐeaƌch aŶd deǀeůŽƉŵeŶƚ iŶƚŽ ƚhe transfer of quantum entangůement 
beƚǁeeŶ ŶŽdeƐ

• EŵƵůaƚiŽŶ͕ ŵŽdeůiŶg aŶd simuůation of the netǁorŬ 
• ReƐeaƌch aŶd deǀeůŽƉŵeŶƚ iŶƚŽ cůaƐƐicaů ŵaŶageŵeŶƚ aŶd cŽŶƚƌŽů͕ ƌŽƵƚiŶg͕ 

ŵŽŶiƚŽƌiŶg͕ ŵeƚƌŽůŽgǇ͕  aŶd aƐƐŽciaƚed softǁare of the quantum netǁorŬ͘ 
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Jian-Yu Wang2,5, Li Li1,2, Nai-Le Liu1,2, Feihu Xu1,2, Xiang-Bin Wang4, Cheng-Zhi Peng1,2ಞᅒ & 
Jian-Wei Pan1,2ಞᅒ

Quantum key distribution (QKD)1,2 has the potential to enable secure communication 
and information transfer3. In the laboratory, the feasibility of point-to-point QKD is 
evident from the early proof-of-concept demonstration in the laboratory over 32 
centimetres4; this distance was later extended to the 100-kilometre scale5,6 with 
decoy-state QKD and more recently to the 500-kilometre scale7–10 with measurement- 
device-independent QKD. Several small-scale QKD networks have also been tested 
outside the laboratory11–14. However, a global QKD network requires a practically (not 
just theoretically) secure and reliable QKD network that can be used by a large number 
of users distributed over a wide area15. Quantum repeaters16,17 could in principle provide  
a viable option for such a global network, but they cannot be deployed using current 
technology18. Here we demonstrate an integrated space-to-ground quantum 
communication network that combines a large-scale !bre network of more than 700 
!bre QKD links and two high-speed satellite-to-ground free-space QKD links. Using a 
trusted relay structure, the !bre network on the ground covers more than 2,000 
kilometres, provides practical security against the imperfections of realistic devices, 
and maintains long-term reliability and stability. The satellite-to-ground QKD achieves  
an average secret-key rate of 47.8 kilobits per second for a typical satellite pass—more 
than 40 times higher than achieved previously. Moreover, its channel loss is comparable  
to that between a geostationary satellite and the ground, making the construction of 
more versatile and ultralong quantum links via geosynchronous satellites feasible. 
Finally, by integrating the !bre and free-space QKD links, the QKD network is 
extended to a remote node more than 2,600 kilometres away, enabling any user in the 
network to communicate with any other, up to a total distance of 4,600 kilometres.

A quantum network based on trusted relays is feasible with today’s 
technology, and has a widely accepted roadmap for implementation: 
intracity metropolitan networks over fibre, intercity connections 
using a backbone and ultralong-distance communication via satel-
lite. Although previous experiments have verified the feasibility of 
small-scale quantum metropolitan-area networks (QMANs)11–14,19–22 and 
key services23, constructing a practical large-scale quantum wide-area 
network requires several challenges to be overcome. A practical quan-
tum wide-area network should: (1) be compatible with diverse topo-
logical structures that connect distributed users in a large-scale area;  
(2) address the basic network architecture and administration method; 

(3) use standard QKD devices that adapt to convenient extension;  
(4) maintain security against known3,24 and potential attacks;  
(5) allow different practical services; and (6) preserve reliability and 
long-term stability. Similarly to the construction of a classical network, 
addressing these important issues is not only an engineering problem, 
but also a scientific one.

For long-distance or intercontinental users, satellite–ground QKD 
provides the most appealing solution, owing to the low transmission 
attenuation and negligible decoherence of quantum signals in space 
(see ref. 25 for a review). There has been substantial progress along 
this route. The satellite-based QKD with the Tiangong-II space lab 
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implemented a key rate of about 91 bits per second (bps) in a passage 
with a distance range from 388 km to 719 km26. Micius-satellite-based 
QKD has been implemented, achieving a secret key rate of about 1 kbps 
(1 kbps = 103 bps) in a passage with a distance range from 645 km to 
1,200 km27. Intercontinental quantum communication28 has also been 
demonstrated, using the satellite as a relay. To push the technique 
further, suitable for practical applications, it is necessary to increase 
the key rate by developing high-speed satellite-based QKD.

Here we address the above issues by constructing a large-scale quan-
tum network (Fig. 1), consisting of four fibre QMANs, a long-distance 
fibre backbone network and two satellite–ground links. On the ground, 

the fibre network serves more than 150 users, contains 700 QKD fibre 
links and covers a distance of 2,000 km—collectively more than 10 times 
larger than existing networks11–14,19–22. We develop different types of 
topology to investigate and address wide ranges of parameters such as 
the trade-offs between cost, security and performance. Furthermore, 
we demonstrate several core techniques, including InGaAs/InP and 
up-conversion single-photon detectors, dense wavelength-division 
multiplexing for multiple QKD systems, high-efficiency satellite–
ground transmission, real-time post-processing and monitoring, 
adherence with information security standards and, most importantly, 
countermeasures against known quantum attacks3.
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Fig. 1 | Illustration of the integrated space-to-ground quantum network. 
The network consists of four QMANs (in Beijing, Jinan, Shanghai and Heifei; red 
arrows), a backbone fibre link over 2,000 km (orange line) and two ground–
satellite links that connect Xinglong and Nanshan (blue squares), separated by 
2,600 km. There are three types of node in the network: user nodes (purple 
circles), all-pass optical switches (green circles) and trusted relays (pink 
circles). Each QMAN consists of all three node types (see insets). The backbone 

is connected by trusted relays (shown as yellow and black circles in the main 
image and red circles in the insets). A quantum satellite is connected to the 
Xinglong and Nanshan ground stations; Xinglong is also connected to the 
Beijing QMAN via fibre. In Beijing, the Beijing control-centre node is located at 
the same location as the backbone connection node (indicated by the red 
circle). Map data: Google, Data SIO, NOAA, US Navy, NGA, GEBCO, Landsat/
Copernicus; copyright ZENRIN.

Table 1 | Network information

Network Number 
of relays

Number 
of nodes

Number 
of users

Number 
of links

Average 
length (km)

Loss (dB) Rate (kbps)
Minimum Average Maximum Minimum Average Maximum

Backbone 32 0 0 135 63.8 10.3 16.0 20.5 28.1 79.3 235.4

Beijing 9 19 19 39 29.8 2.5 9.3 13.5 2.7 12.9 32.5

Jinan 3 50 95 437 7.6 3.0 5.8 12.5 12 26.3 47.6

Hefei 3 11 14 8 25 2.1 5.8 10.3 2.9 19.7 49.4

Shanghai 5 26 26 82 27.5 5.7 9.8 13.2 2.8 11.2 19.4

Xinglong 4 1 1 5 51.7 10.7 14.7 20.5 2.9 16.6 40.5

Satellite 1 2 2 2 500–2,043 20.0 40.0 1.1 47.8

The number of users refers to the number of users that are connected; each user node may have more than one user. The number of links refers to number of links between two users. The  
average length, loss and rate are only for the ground links.

more than 2000 km and 700 QKD fiber links
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Extended Data Fig. 1 | Hardware at the relay nodes of the backbone network. a, Overview of the typical hardware. b, QKD devices. c, Control and classical 
communication devices. SPD, single-photon detector; PDU, power distribution unit.
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For satellite–ground links, we achieve high-speed satellite–ground 
QKD by substantially enhancing the system design in hardware and 
software. In hardware, we optimize the optical systems in the ground 
receiver and increase the clock rate of the QKD system; in software, 
we apply a more efficient QKD protocol to generate secret keys29–31. 
Consequently, the achieved key rates are maintained at 47.8 kbps, 40 
times higher than previous work27. Furthermore, we extend the sat-
ellite–ground QKD distance from 1,200 km26–28 to 2,000 km, with a 

corresponding coverage angle of about 170° (nearly the whole sky). 
This channel loss is comparable to that between a medium-Earth-orbit 
satellite and the ground (roughly 40,000 km). Finally, by integrating 
the fibre-space links in our network, a remote user at Nanshan (Fig. 1) 
can perform QKD with any node in the backbone network without the 
need for additional ground stations or fibre links.

Metropolitan networks
For the four metropolitan networks, we explore different types of topol-
ogy. For the Beijing network (Fig. 1), circle, tree and star topologies are 
used (each line represents a QKD link). The circle network consists of 12 
trusted nodes; the circle topology has the advantage of avoiding failure 
or denial of service of a single node. The Beijing control-centre node, 
one of the 12 circle nodes, takes the controlling role of the whole net-
work. Most of the end users are connected to the trusted nodes, forming 
a star topology structure. Most of the end users are equipped with only 
QKD emitters, no single-photon detectors21, which greatly reduces 
the cost (single-photon detectors are the most expensive part of a 
QKD system). However, some nodes have emitters and single-photon 
detectors for flexibility; for example, the starting node of the backbone 
line is connected to the Beijing control-centre node. The Xinglong 
observatory node, where the quantum key is generated between the 
Micius satellite and the ground station, is also connected to the Beijing 
control-centre node.

All the end users share a quantum key with their neighbouring trusted 
node, through which they can further share it with everyone in the net-
work. However, there are some higher-level end users who, for example, 
in the future, would like to pay more for enhanced security. For these 
users, we offer an all-pass optical switch, which can maximally con-
nect 16 users and help to generate quantum keys directly between any 
two connected users. Acting as an intermediate node for the all-pass 
optical switch, all the users can be connected via the switch, forming 
a tree-type network. In total, the Beijing network has 12 trusted-node 
users and 19 end users.

The Hefei, Jinan and Shanghai networks have similar designs to the 
Beijing network (Fig. 1). The Jinan network has the largest number of 
user nodes, up to 50. The Jinan network was constructed from Novem-
ber 2011 to November 2013. The network consists of 50 nodes, including 
3 trusted relays as the major nodes for three subnetworks, 3 all-pass 
optical switches, 50 user nodes, 95 users and 437 QKD links. Details of 
the four networks are summarized in Table 1.

Backbone network
The backbone network constitutes a line topology, with 32 trusted relay 
nodes and 31 links. To establish a large-scale quantum communication 
network that can efficiently support a large number of users, we use a 
network architecture that consists of five layers12–14: quantum physical 
layer, quantum logical layer, classical physical layer, classical logic layer 
and application layer (Fig. 2a). Taking an example of how the network 
works, we consider the procedure of secure data transfer from the 
Beijing QMAN to the Shanghai QMAN. At the application layer, the user 
sends the data transfer request, which distributes an order to the classi-
cal logic layer. To send the message in a classical network, the classical 
logic layer sends the order to the classical physical layer to prepare 
the message, and finds an optimal route for message transfer. The 
classical physical layer first checks whether there are sufficient shared 
keys. If there are too few, it sends an order to the quantum logical layer, 
which finds the optimal path for QKD; if there are enough, it encodes 
and then sends the message along the path provided by the classical 
logical layer. The quantum logical layer controls the generation, stor-
age and transmission of the keys, and the routeing of two nodes via an 
optical switch. Note that using an optical switch cannot increase the 
transmission distance. The quantum physical layer generates nearly 
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Fig. 2 | Network architecture and administration. The network consists of 
five layers: the application layer, the classical logical layer, the classical physical 
layer, the quantum logical layer and the quantum physical layer. As an example, 
we consider how a secure transmission from Beijing to Shanghai works. The 
message transmission order is sent from the user in Beijing to the computer (1). 
The computer sends an order to the key management system to ask for the key 
(2) and to the router to find the classical route for classical information transfer 
(3). The key management system checks whether the key is sufficient. If it is, it 
sends the key to the computer (4); otherwise, it sends an order to the quantum 
system server to generate more keys (5). The quantum system server sends the 
order to the quantum control system (6), which finds the optimal key 
generation route and sends the order to generate keys (7). The keys are 
generated in the quantum physical layer and stored in the key management 
system (8). After encoding or decoding the message with the key (9), the 
information can be transferred securely to the user in Shanghai (10).
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a beam splitter, a half-wave plate and two polarized beam splitters are 
combined to analyse the polarization of the entangled photons ran-
domly in the bases of Z  ∈ {|H", |V"} and X ∈ {|+", |−"}, where 

H V±"= ( "± ")/ 2∣ . After being transmitted or reflected by the beam 
splitter and polarized beam splitters, the photons are collected by four 
multimode fibres with the core diameter of 105 µm and detected by 
four single photon detectors (SPDs) respectively. We carefully selected 
the four SPDs to ensure that the detector efficiency is better than 53%, 
the efficiency consistency is better than 98.5% and the dark counts are 
less than 100 counts per second (see Extended Data Table 1 for details). 
A motorized half-wave plate (HWP1) is used to compensate the relative 
rotation between the transmitter and the receiver, where the correction 
angle offsets are calculated in advance. The entangled photons are 
filtered in both the frequency and spatial domains to satisfy the fair 
sampling assumption and to guarantee practical security. In particular, 
an extra field diaphragm, consisting of two lenses with focal length of 
8 mm and a pinhole of 100 µm, is used as the spatial filter to unify the 
field of view of different channels, where the field of view is narrowed 
to 27 µrad. A broad-bandwidth filter and a narrow-bandwidth filter of 
5 nm are used to reject frequency side channels. These frequency filters 
can also help to reduce the background counts. The output signals of 
the SPDs are recorded by a time-to-digital converter.

To optimize the link efficiency, we develop cascaded multistage 
acquiring, pointing and tracking systems both in the satellite trans-
mitters and the optical ground station receivers, achieving a tracking 
accuracy of 2 µrad and 0.4 µrad, respectively. The beacon laser (532 nm, 
10 kHz) from the satellite is also used as a synchronization laser. It is 
sampled, frontier identified and recorded by the same time-to-digital 
converter as well as quantum signals. The distant time-to-digital con-
verters are first roughly synchronized using a global positioning system 

(GPS) one-pulse-per-second (1PPS) signal. As the frequency of the syn-
chronization laser is relatively stable, a least-squares method is used to 
fit the selected pulses, which can eliminate the time jitter of synchro-
nization detectors. The time synchronization accuracy of entangled 
photon pairs is 0.77 ns (1σ). We set a narrow coincidence time gate of 
2.5 ns to reduce the accidentally coincident events.

The satellite flies along a Sun-synchronous orbit, and comes into 
both Delingha’s and Nanshan’s view once every night, starting at around 
2:00AM Beijing time and lasting for a duration of 285 s (>13° elevation 
angle for both ground stations). Figure 2a plots the physical distances 
from the satellite to Delingha and Nanshan during one orbit, together 
with the sum channel length of the two downlinks. As shown in Fig. 2b, 
the measured overall two-downlink channel attenuation varies from 
56 dB to 71 dB. As compared to previous experiment23, this two-photon 
count rate, and thus the signal-to-noise ratio, is greatly improved. To 
increase the collection efficiency for downlink entangled photons, we 
have upgraded both the main system of the telescope and the follow-up 
optics. For the main system, we improved the receiving efficiency by 
recoating the main lens (+1.5 dB) and redesigning the high-efficiency 
beam expander (+0.9 dB). For the follow-up optics, we increased the 
collection efficiency through optical pattern matching, especially 
shortening the optical path by 20 cm to avoid beam spreading by 
0.65 mm (+0.6 dB).

As a result, we have increased the collection efficiency of each 
satellite-to-ground link by a factor of about 2 over the previous experi-
ment23. This was quantified by measuring the single-downlink efficien-
cies of each ground station for several orbits. The best-orbit data were 
taken on a clear night with no clouds in the sky and no haze near the 
ground, which had the highest atmospheric transmittance (Extended 
Data Fig. 1). Under these conditions, the link efficiency is related only 
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Fig. 1 | Overview of the experimental set-up of entanglement based 
quantum key distribution. a, An illustration of the Micius satellite and the two 
ground stations. Image credit: Fengyun-3C/Visible and Infrared Radiometer, 
with permission (2020). The satellite flies in a Sun-synchronous orbit at an 
altitude of 500 km. The physical distance between Nanshan and Delingha 
ground station is 1,120 km. b, The spaceborne entangled-photon source. A free 
space isolator is used to minimize back reflection to the 405-nm pump laser. A 
pair of off-axis concave mirrors is used to focus the pump laser and collimate 
the down-converted photon pairs. PBS, polarization beam splitter; DM, 

dichroic mirror; LP, long-pass edge filter; PI, piezo steering mirror; HWP, 
half-wave plate; QWP, quarter-wave plate; PPKTP, periodically poled KTiOPO4. 
c, The follow-up optic at the optical ground station. The tracking and 
synchronization laser is separated from the signal photon by DM3 and 
detected by the single photon detector (SPD5). The spatial filter (SF), 
broad-bandwidth filter (BF) and interference filter (IF) are used to filter out the 
input light in frequency and spatial domains. BS, beam splitter; BE, beam 
expander; FSM, fast steering mirror.
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Chao-Yang Lu1,2,3, Xiang-Bin Wang2, Feihu Xu1,2,3, Jian-Yu Wang2,3,4, Cheng-Zhi Peng1,2,3ಞᅒ,  
Artur K. Ekert7,8 & Jian-Wei Pan1,2,3ಞᅒ

Quantum key distribution (QKD)1–3 is a theoretically secure way of sharing secret keys 
between remote users. It has been demonstrated in a laboratory over a coiled optical 
!bre up to 404 kilometres long4–7. In the !eld, point-to-point QKD has been achieved 
from a satellite to a ground station up to 1,200 kilometres away8–10. However, 
real-world QKD-based cryptography targets physically separated users on the Earth, 
for which the maximum distance has been about 100 kilometres11,12. The use of trusted 
relays can extend these distances from across a typical metropolitan area13–16 to 
intercity17 and even intercontinental distances18. However, relays pose security risks, 
which can be avoided by using entanglement-based QKD, which has inherent 
source-independent security19,20. Long-distance entanglement distribution can be 
realized using quantum repeaters21, but the related technology is still immature for 
practical implementations22. The obvious alternative for extending the range of 
quantum communication without compromising its security is satellite-based QKD, 
but so far satellite-based entanglement distribution has not been e"cient23 enough to 
support QKD. Here we demonstrate entanglement-based QKD between two ground 
stations separated by 1,120 kilometres at a !nite secret-key rate of 0.12 bits per second, 
without the need for trusted relays. Entangled photon pairs were distributed via two 
bidirectional downlinks from the Micius satellite to two ground observatories in 
Delingha and Nanshan in China. The development of a high-e"ciency telescope and 
follow-up optics crucially improved the link e"ciency. The generated keys are secure 
for realistic devices, because our ground receivers were carefully designed to 
guarantee fair sampling and immunity to all known side channels24,25. Our method  
not only increases the secure distance on the ground tenfold but also increases the 
practical security of QKD to an unprecedented level.

Our experimental arrangement is shown in Fig. 1. The two receiving 
ground stations are located at Delingha (37°22′ 44.43′′ N, 97°43′ 37.01′′ E; 
altitude 3,153 m) in Qinghai province, and Nanshan (43°28′ 31.66′′ N, 
87°10′ 36.07′′ E; altitude 2,028 m) in Xinjiang province, China. The physi-
cal distance between Delingha and Nanshan is 1,120 km. To optimize the 
receiving efficiencies, both the two ground telescopes are newly built 
with a diameter of 1.2 m, specifically designed for the entanglement 
distribution experiments. All the optical elements, such as mirrors, in 
the telescopes maintain polarization.

The satellite is equipped with a compact spaceborne entangled pho-
ton source with a weight of 23.8 kg. A periodically poled KTiOPO4 crys-
tal inside a Sagnac interferometer is pumped in both the clockwise and 
anticlockwise directions simultaneously by a continuous-wave laser 

with a wavelength centred at 405 nm and a linewidth of 160 MHz, and 
generates down-converted polarization-entangled photon pairs at 
810 nm close to the form of Ψ H V V H| % = (| % | % + | % | % )/ 212 1 2 1 2 , where |H% 
and |V% denote the horizontal and vertical polarization states, respec-
tively, and the subscripts 1 and 2 denote the two output spatial modes. 
The entangled photon pairs are then collected and guided by two 
single-mode fibres to two independent transmitters equipped in the 
satellite. Both transmitters have a near-diffraction-limited far-field 
divergence of about 10 µrad. Under a pump power of 30 mW, the source 
distributes up to 5.9 × 106 entangled photon pairs per second.

The photons are collected by the telescopes on two optical ground 
stations. For each one, the follow-up optics is installed on one of the 
rotating arms and rotates along with the telescope. As shown in Fig. 1c, 
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which can be avoided by using entanglement-based QKD, which has inherent 
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realized using quantum repeaters21, but the related technology is still immature for 
practical implementations22. The obvious alternative for extending the range of 
quantum communication without compromising its security is satellite-based QKD, 
but so far satellite-based entanglement distribution has not been e"cient23 enough to 
support QKD. Here we demonstrate entanglement-based QKD between two ground 
stations separated by 1,120 kilometres at a !nite secret-key rate of 0.12 bits per second, 
without the need for trusted relays. Entangled photon pairs were distributed via two 
bidirectional downlinks from the Micius satellite to two ground observatories in 
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follow-up optics crucially improved the link e"ciency. The generated keys are secure 
for realistic devices, because our ground receivers were carefully designed to 
guarantee fair sampling and immunity to all known side channels24,25. Our method  
not only increases the secure distance on the ground tenfold but also increases the 
practical security of QKD to an unprecedented level.
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cal distance between Delingha and Nanshan is 1,120 km. To optimize the 
receiving efficiencies, both the two ground telescopes are newly built 
with a diameter of 1.2 m, specifically designed for the entanglement 
distribution experiments. All the optical elements, such as mirrors, in 
the telescopes maintain polarization.

The satellite is equipped with a compact spaceborne entangled pho-
ton source with a weight of 23.8 kg. A periodically poled KTiOPO4 crys-
tal inside a Sagnac interferometer is pumped in both the clockwise and 
anticlockwise directions simultaneously by a continuous-wave laser 

with a wavelength centred at 405 nm and a linewidth of 160 MHz, and 
generates down-converted polarization-entangled photon pairs at 
810 nm close to the form of Ψ H V V H| % = (| % | % + | % | % )/ 212 1 2 1 2 , where |H% 
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tively, and the subscripts 1 and 2 denote the two output spatial modes. 
The entangled photon pairs are then collected and guided by two 
single-mode fibres to two independent transmitters equipped in the 
satellite. Both transmitters have a near-diffraction-limited far-field 
divergence of about 10 µrad. Under a pump power of 30 mW, the source 
distributes up to 5.9 × 106 entangled photon pairs per second.

The photons are collected by the telescopes on two optical ground 
stations. For each one, the follow-up optics is installed on one of the 
rotating arms and rotates along with the telescope. As shown in Fig. 1c, 
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A quantum network1–3 provides an infrastructure that connects quantum devices  
with revolutionary computing, sensing and communication capabilities. A quantum 
satellite constellation o!ers a solution to facilitate the quantum network on a  
global scale4,5. The Micius satellite has veri"ed the feasibility of satellite quantum 
communications6–9; however, scaling up quantum satellite constellations is 
challenging, requiring small lightweight satellites, portable ground stations and  
real-time secure key exchange. Here we tackle these challenges and report the 
development of a quantum microsatellite capable of performing space-to-ground 
quantum key distribution using portable ground stations. The microsatellite payload 
weighs approximately 23 kilograms, and the portable ground station weighs about 
100 kilograms, representing reductions by more than 1 and 2 orders of magnitude, 
respectively. Using this set-up, we demonstrate satellite-based quantum key 
distribution with multiple ground stations and achieve the sharing of up to 
1.07 million bits of secure keys during a single satellite pass. In addition, we multiplex 
bidirectional satellite–ground optical communication with quantum communication, 
enabling key distillation and secure communication in real time. Also, a secret key, 
enabling one-time pad encryption of images, is created between China and South 
Africa at locations separated by over 12,900 kilometres on Earth. The compact 
quantum payload can be readily assembled on existing space stations10,11 or small 
satellites12, paving the way for a satellite-constellation-based quantum and classical 
network for widespread real-life applications.

The quantum internet1–3 holds promise to interlink quantum devices 
at distant nodes, harnessing the transformative capabilities of quan-
tum information processing. As the quintessential application of a 
quantum internet, quantum key distribution (QKD)13,14 offers a secure 
means of communication based on the fundamental laws of phys-
ics15. Substantial progress has been made in extending the transmis-
sion distance through optical fibres16–18 or terrestrial free space19–21. 
In particular, satellite-based QKD provides a promising solution for 
global quantum communication4,22,23. By using the Micius satellite, 
satellite–ground quantum communications6–9,24 have been extensively 

verified, representing an essential step towards a global-scale quantum 
network4,5.

Until now, the demonstration of satellite-based QKD has employed 
large-size scientific satellites and massive optical ground stations 
(OGSs)6,25, which poses challenges for constructing a practical quantum 
satellite constellation. This motivates the development of lightweight 
and low-cost quantum satellites. Indeed, several proposals26–32 and a 
preliminary test33 for CubeSats and quantum constellations have been 
reported in recent years. Despite the progress, the CubeSat proposal 
remains to be verified in experiments, especially with small-aperture 
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Microsatellite-based real-time quantum key 
distribution

Yang Li1,2,3,14, Wen-Qi Cai1,2,3,14, Ji-Gang Ren1,2,3,14, Chao-Ze Wang1,2,3, Meng Yang1,2,3, 
Liang Zhang3,4, Hui-Ying Wu5, Liang Chang5, Jin-Cai Wu3,4, Biao Jin6, Hua-Jian Xue1,2,3, 
Xue-Jiao Li1,2,3, Hui Liu6, Guang-Wen Yu1,2,3, Xue-Ying Tao1,2,3, Ting Chen5, Chong-Fei Liu3,4, 
Wen-Bin Luo1,2,3, Jie Zhou6, Hai-Lin Yong6, Yu-Huai Li1,2,3, Feng-Zhi Li1,2,3, Cong Jiang7, 
Hao-Ze Chen8, Chao Wu8, Xin-Hai Tong9, Si-Jiang Xie9, Fei Zhou7, Wei-Yue Liu1,2,3, 
Yaseera Ismail10,11, Francesco Petruccione10,12,13, Nai-Le Liu1,2,3, Li Li1,2,3, Feihu Xu1,2,3, 
Yuan Cao1,2,3, Juan Yin1,2,3, Rong Shu3,4, Xiang-Bin Wang7, Qiang Zhang1,2,3,7, Jian-Yu Wang3,4, 
Sheng-Kai Liao1,2,3ಞᅒ, Cheng-Zhi Peng1,2,3ಞᅒ & Jian-Wei Pan1,2,3ಞᅒ

A quantum network1–3 provides an infrastructure that connects quantum devices  
with revolutionary computing, sensing and communication capabilities. A quantum 
satellite constellation o!ers a solution to facilitate the quantum network on a  
global scale4,5. The Micius satellite has veri"ed the feasibility of satellite quantum 
communications6–9; however, scaling up quantum satellite constellations is 
challenging, requiring small lightweight satellites, portable ground stations and  
real-time secure key exchange. Here we tackle these challenges and report the 
development of a quantum microsatellite capable of performing space-to-ground 
quantum key distribution using portable ground stations. The microsatellite payload 
weighs approximately 23 kilograms, and the portable ground station weighs about 
100 kilograms, representing reductions by more than 1 and 2 orders of magnitude, 
respectively. Using this set-up, we demonstrate satellite-based quantum key 
distribution with multiple ground stations and achieve the sharing of up to 
1.07 million bits of secure keys during a single satellite pass. In addition, we multiplex 
bidirectional satellite–ground optical communication with quantum communication, 
enabling key distillation and secure communication in real time. Also, a secret key, 
enabling one-time pad encryption of images, is created between China and South 
Africa at locations separated by over 12,900 kilometres on Earth. The compact 
quantum payload can be readily assembled on existing space stations10,11 or small 
satellites12, paving the way for a satellite-constellation-based quantum and classical 
network for widespread real-life applications.

The quantum internet1–3 holds promise to interlink quantum devices 
at distant nodes, harnessing the transformative capabilities of quan-
tum information processing. As the quintessential application of a 
quantum internet, quantum key distribution (QKD)13,14 offers a secure 
means of communication based on the fundamental laws of phys-
ics15. Substantial progress has been made in extending the transmis-
sion distance through optical fibres16–18 or terrestrial free space19–21. 
In particular, satellite-based QKD provides a promising solution for 
global quantum communication4,22,23. By using the Micius satellite, 
satellite–ground quantum communications6–9,24 have been extensively 

verified, representing an essential step towards a global-scale quantum 
network4,5.

Until now, the demonstration of satellite-based QKD has employed 
large-size scientific satellites and massive optical ground stations 
(OGSs)6,25, which poses challenges for constructing a practical quantum 
satellite constellation. This motivates the development of lightweight 
and low-cost quantum satellites. Indeed, several proposals26–32 and a 
preliminary test33 for CubeSats and quantum constellations have been 
reported in recent years. Despite the progress, the CubeSat proposal 
remains to be verified in experiments, especially with small-aperture 
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noise. This intrinsic polarization-dependent QBER, encompassing the 
combined performance of the QKD light source, satellite and ground 
telescopes, and polarization compensations, fluctuates between 0 and 
1.0% during the whole orbit (Fig. 2a). The close agreement between 
the QBER performance and the polarization preparation fidelity of the 
QKD source validates the robustness of the polarization compensa-
tion method.

Precise tracking using satellite attitude control
Satellite-to-ground QKD demands stringent link efficiencies, which is 
quadratically proportional to the apertures of the telescopes used by 
the satellite and the ground station. Given the practical necessity for 
large-amount ground users in real-world scenarios, the metre-size tel-
escopes employed in the Micius experiment6–9 are inadequate for these 
requirements. Here we develop a satellite-borne 200-mm telescope, 
which is used in conjunction with the ground station’s 280-mm aperture 

telescope to achieve satellite–ground quantum communication. This 
choice enables a near-diffraction-limited divergence angle of approxi-
mately 9–10 µrad (Fig. 2c) for the quantum photons, and ensures the 
miniaturization and portability of the ground station. In contrast, pre-
vious proposals of CubeSats26–32 generally employ smaller-diameter 
telescopes, which, under the same system parameters, will increase 
the divergence angle of the quantum photons, leading to higher link 
loss and a reduced key rate.

When using a 200-mm-aperture telescope, the miniaturization of 
the APT system poses challenges owing to its bulky opto-mechanical 
structure. Previous demonstrations of high-precision APT systems 
typically employ a two-stage scheme6,25 involving a complex two-axis 
mirror or mount for coarse tracking. In our microsatellite, however, 
we introduce satellite attitude control for coarse tracking and sim-
plify the two-axis mirror (or mount) and the associated rotating 
mechanism, effectively reducing the weight of the APT system. To 
improve the precision of satellite attitude control, we incorporate the 
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Fig. 3 | The microsatellite and the portable OGS. a, The satellite consists of  
an APT optical box, payload compartment, satellite electronics compartment, 
satellite attitude control module, microwave antenna and solar panels. b, The 
OGS consists of a control terminal and an optical terminal. c, Photo of the 
microsatellite before being assembled into the rocket. The satellite launch 

state envelope measures approximately 1.37 m × 0.49 m × 0.65 m, with a telescope 
aperture of 0.2 m. d, Photo of the portable OGS in the urban area of Jinan.  
The main telescope of the OGS has an envelope size of approximately 
0.65 m × 0.28 m × 0.28 m.
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Shaping EXrope¶s digiWal fXWXre

The EXropean QXanWXm CommXnicaWion InfrasWrXcWXre (EXroQCI)
IniWiaWiYe

TKe EXURQCI ZLOO be a VecXUe TXaQWXP cRPPXQLcaWLRQ LQfUaVWUXcWXUe VSaQQLQg WKe ZKROe EU, LQcOXdLQg LWV
RYeUVeaV WeUULWRULeV.

TKH EXURSHDQ CRPPLVVLRQ LV ZRUNLQJ ZLWK DOO 27 EU MHPEHU SWDWHV, DQG WKH EXURSHDQ SSDFH AJHQF\ (ESA), WR GHVLJQ, GHYHORS
DQG GHSOR\ WKH EXURQCI, ZKLFK ZLOO EH FRPSRVHG RI D WHUUHVWULDO VHJPHQW UHO\LQJ RQ ILEUH FRPPXQLFDWLRQV QHWZRUNV OLQNLQJ
VWUDWHJLF VLWHV DW QDWLRQDO DQG FURVV-ERUGHU OHYHO, DQG D VSDFH VHJPHQW EDVHG RQ VDWHOOLWHV. IW ZLOO EH DQ LQWHJUDO SDUW RI IRISð,
WKH QHZ EU VSDFH-EDVHG VHFXUH FRPPXQLFDWLRQ V\VWHP.

TKH EXURQCI ZLOO VDIHJXDUG VHQVLWLYH GDWD DQG FULWLFDO LQIUDVWUXFWXUHV E\ LQWHJUDWLQJ TXDQWXP-EDVHG V\VWHPV LQWR H[LVWLQJ
FRPPXQLFDWLRQ LQIUDVWUXFWXUHV, SURYLGLQJ DQ DGGLWLRQDO VHFXULW\ OD\HU EDVHG RQ TXDQWXP SK\VLFV. IW ZLOO UHLQIRUFH WKH SURWHFWLRQ
RI EXURSH¶V JRYHUQPHQWDO LQVWLWXWLRQV, WKHLU GDWD FHQWUHV, KRVSLWDOV, HQHUJ\ JULGV, DQG PRUH, EHFRPLQJ RQH RI WKH PDLQ SLOODUV RI
WKH EU¶V C\EHUVHFXULW\ SWUDWHJ\ IRU WKH FRPLQJ GHFDGHV.

TKH EXURQCI ZLOO PDNH XVH RI LQQRYDWLYH TXDQWXP FRPPXQLFDWLRQ WHFKQRORJLHV VXFK DV WKRVH GHYHORSHG E\ WKH UHVHDUFKHUV RI
WKH EU-IXQGHG QXDQWXP THFKQRORJLHV FODJVKLS, DQG EXLOGLQJ LQ SDUWLFXODU RQ WKH DFWLYLWLHV RI WKH HRUL]RQ 2020 OPENQKD
SURMHFW. TKH LQYROYHPHQW RI EXURSHDQ LQGXVWU\ SDUWQHUV DQG SMEV LV DOVR FUXFLDO WR HQVXULQJ WKDW WKH FULWLFDO FRPSRQHQWV RI
EXURQCI DUH EDVHG RQ EXURSHDQ WHFKQRORJLHV, DQG XOWLPDWHO\ WR ERRVWLQJ EXURSH¶V VFLHQWLILF, WHFKQRORJLFDO DQG LQGXVWULDO
FDSDELOLWLHV LQ F\EHUVHFXULW\ DQG TXDQWXP WHFKQRORJLHV. TKH LQLWLDWLYH ZLOO WKXV FRQWULEXWH WR EXURSHDQ GLJLWDO VRYHUHLJQW\ DQG
LQGXVWULDO FRPSHWLWLYHQHVV, DQG KHOS WR PHHW EXURSH¶V DLJLWDO DHFDGH WDUJHW RI EHLQJ DW WKH FXWWLQJ HGJH RI TXDQWXP FDSDELOLWLHV
E\ 2030.

TRZaUdV aQ RSHUaWLRQaO EXURQCI
TKH EXURQCI ZDV ODXQFKHG LQ 2019 ZLWK WKH EXURQCI DHFODUDWLRQ, LQLWLDOO\ VLJQHG E\ VHYHQ MHPEHU SWDWHV: DOO MHPEHU SWDWHV
VXEVHTXHQWO\ MRLQHG WKH LQLWLDWLYH. SLQFH WKHQ, ZRUN KDV FRQWLQXHG, XQGHU WKH VXSHUYLVLRQ RI WKH CRPPLVVLRQ DQG LPSOHPHQWHG
E\ WKH MHPEHU SWDWHV LQ WKH FDVH RI WKH WHUUHVWULDO VHJPHQW, DQG E\ ESA LQ WKH FDVH RI WKH VSDFH VHJPHQW.

FRU WKH WHUUHVWULDO VHJPHQW, WKH CRPPLVVLRQ ILUVW IXQGHG WZR LQGXVWU\ FRQVRUWLD WR FRQGXFW V\VWHP GHVLJQ VWXGLHV GHILQLQJ WKH
EXURQCI¶V DUFKLWHFWXUH. TKH ILQGLQJV RI WKHVH VWXGLHV DUH QRZ SDYLQJ WKH ZD\ WR ODXQFK WKH GHSOR\PHQW RI WKH EXURQCI.

TKH EXURQCI¶V ILUVW LPSOHPHQWDWLRQ SKDVH VWDUWHG LQ JDQXDU\ 2023 ZLWK WKH VXSSRUW RI WKH CRPPLVVLRQ¶V DLJLWDO EXURSH
PURJUDPPH, ZLWK D IRFXV RQ WKH IROORZLQJ DUHDV:

A VHW RI LQGXVWULDO SURMHFWV WR GHYHORS DQG PDWXUH WKH NH\ WHFKQRORJLFDO EXLOGLQJ EORFNV IRU WKH EXURQCI, ZLWK WKH DLP RI
GHYHORSLQJ EXURSH¶V TXDQWXP FRPPXQLFDWLRQ HFRV\VWHP DQG LQGXVWU\.
NDWLRQDO SURMHFWV DOORZLQJ MHPEHU SWDWHV WR GHVLJQ DQG EXLOG WKH QDWLRQDO TXDQWXP FRPPXQLFDWLRQ QHWZRUNV WKDW ZLOO
IRUP WKH EDVLV RI WKH WHUUHVWULDO VHJPHQW, WHVWLQJ GLIIHUHQW WHFKQRORJLHV DQG SURWRFROV DQG DGDSWLQJ WKHP WR WKH VSHFLILF
QHHGV RI HDFK FRXQWU\.
A FRRUGLQDWLRQ DQG VXSSRUW DFWLRQ, PETRUS, WR DFW DV D OLQN EHWZHHQ DOO SURMHFWV, IDFLOLWDWH FROODERUDWLRQ, DQG LGHQWLI\
VWDQGDUGLVDWLRQ QHHGV.

TKHVH ILUVW DLJLWDO EXURSH SURMHFWV ZLOO WRJHWKHU PDNH LW SRVVLEOH WR WDNH WKH ILUVW VWHSV WRZDUGV VHUYLFHV RIIHULQJ RSHUDWLRQDO
TXDQWXP NH\ GLVWULEXWLRQ (QKD), D KLJKO\ VHFXUH ZD\ RI GHOLYHULQJ HQFU\SWLRQ NH\ PDWHULDO. MRUH LQIRUPDWLRQ DERXW WKHVH
SURMHFWV ZLOO EH DYDLODEOH VRRQ.

AORQJVLGH WKLV, WKH CRQQHFWLQJ EXURSH FDFLOLW\ (CEF) ZLOO SURYLGH IXQGLQJ IRU SURMHFWV GHYHORSLQJ FURVV-ERUGHU OLQNV EHWZHHQ
QDWLRQDO QHWZRUNV, DQG LQWHUFRQQHFWLRQV ZLWK WKH EXURQCI¶V VSDFH FRPSRQHQW.

IQ DGGLWLRQ, ZLWK WKH VXSSRUW RI WKH DLJLWDO EXURSH PURJUDPPH, WKH CRPPLVVLRQ DOVR LQWHQGV WR SURFXUH LQ 2023 D WHVWLQJ DQG
FHUWLILFDWLRQ IDFLOLW\ WKDW ZLOO HQDEOH QKD-EDVHG WHFKQRORJLHV DQG VHUYLFHV WR EH DVVHVVHG DQG FHUWLILHG, VR WKDW XVHUV FDQ EH
FRQILGHQW WKDW WKH\ ZLOO QRW EH YXOQHUDEOH WR DWWDFNV.

FRU WKH VSDFH VHJPHQW, WKH CRPPLVVLRQ LV FXUUHQWO\ ZRUNLQJ ZLWK ESA RQ WKH VSHFLILFDWLRQ RI D ILUVW JHQHUDWLRQ FRQVWHOODWLRQ RI
EXURQCI VDWHOOLWHV. TKLV ZLOO EXLOG RQ WKH ILUVW SURWRW\SH VDWHOOLWH EDJOH1, GHYHORSHG E\ ESA DQG DQ LQGXVWULDO FRQVRUWLXP, DQG
GXH WR EH ODXQFKHG LQ ODWH 2024.

FXWXUH DFWLYLWLHV ZLOO EH SODQQHG DQG IXQGHG XQGHU WKH IRISð VSDFH-EDVHG VHFXUH FRPPXQLFDWLRQ V\VWHP.

SXEVFULEH WR WKH ODWHVW QHZV RQ WKLV WRSLF DQG PRUH

+ satellite project

Europe
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EuroQCI: The Terrestrial Segment

EuroQCI & Security Operation Centres

Terrestrial Segment: a federation of national terrestrial QCI networks

Ŷ Cross-border connection of EU capitals using fibre networks for 
ultra-secure exchange of cryptographic keys, authentication, 
time Θ frequency distribution͕ ͙ 

Ŷ Terrestrial topology for EuroQCI fibre backbone connecting 
European metropolitan areas in all 27 MS + relay nodes (100 km 
max fibre length)

Ŷ Total length of about 44.000 km

Europe



Quantum networks with cold atoms
Þ light-matter interfaces
Þ quantum memories
Þ quantum entanglement networks
Þ quantum communication + processing
Þ Not focused on quantum cryptography 

Infrastructure for a 
multi-purpose 
quantum internet



Program

Part I: networks based on 
cavity Quantum Electrodynamics

Part II: networks based on 
atomic collective states

Part III: Recife Quantum Network



Part I

networks based on 
cavity Quantum Electrodynamics

Walther, Haroche, Kimble, Rempe, ...

micro-waves optics

Nobel 2012
Focus of this part



atom-cavity coupling



Transmission Spectrum of an Optical Cavity (Length L=43 μm)
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Cavity + atom

wA º atomic resonance frequency

wC º Cavity resonance frequency
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Atom-field interaction

Vacuum electric field:

º Rabi frequency of 1 photon
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Resonant case



Strong Coupling

k º decay rate of the cavity field

g º radiative decay rate of excited atomic state
(for modes ¹ cavity)

T º atom flight time through the cavity

realistic model

dissipation rates (decoherence)
Open Quantum System

Strong coupling 
regime

strong interaction
1 atom Û 1 photon

”extreme" quantum 
dynamics



Mirror
substrates

MOT

3 mm

Mirrors

Cavities in the lab (old Caltech system)

= µ VM
-1/2

L @ 43 µm º Cavity length
w0 @ 15 µm º mode waist

decay rates
(caesium atom)

High finesse cavity
(reflectivity of mirrors R=0.9999984)

First experiments T = 0.4 µs T-1 = 2.5 MHz
current experiments T > 1 s T-1 < 1 Hz

McKeever et al., Phys. Rev. Lett. 90, 133602 (2003)



Strong Coupling: 
experimental signature

photo-detector

vacuum-Rabi splitting

empty cavity (g = 0)
with atom (g ¹ 0)

probe laser 
transmission

w - w0

very low powers

G. S. Agarwal, Phys. Rev. Lett. 53, 1732 (1984)



idea of a quantum network



1-photon state
1

Application example: 
Emission of 1 photon from an "empty" cavity

Highlights of this "photon generation" process:
- Stationary photons are mapped 1 to 1 on traveling photons
- The process is a deterministic mapping from "inside" to "outside" 
- The temporal shape of the photonic wavepacket is controlled via R(t)

( )ty

t
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tempo

Mirror reflectivity
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1-photon state
1

1-photon state
1

A

B

Quantum State Transfer from 
Cavity A to Cavity B

time

Mirror reflectivity
RA(t)

timedt

Mirror reflectivity
RB(t)



W(t)

W(t) g
hn

Quantum state transfer between Atom, Cavity Field,                        
and Propagating Field

A. S. Parkins, P. Marte, P. Zoller, & H. J. Kimble, Phys. Rev. Lett. 71, 3095 (1993)
J. I. Cirac, P. Zoller, H. J. Kimble, & H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)
A. Kuhn, M. Hennrich, T. Bondo, & G. Rempe, Appl. Phys. B 69, 373 (1999)
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cQED-based Quantum Networks
J. I. Cirac, P. Zoller, H. J. Kimble, & H. Mabuchi, Phys. Rev. Lett. 78, 3221 (1997)

This single-photon generation scheme is inherently          
coherent and reversible  

enabling protocols for the realization of quantum networks

• Internal atomic states store quantum information locally.
• Strong coupling in cQED is exploited for state transfer between matter and light.

1st work that discusses 
quantum networks!





*J. I. Cirac, S. J. Van Enk, P. Zoller,
H. J. Kimble, and H. Mabuchi, Physica Scripta T76, 223 (1998)

Quantum State Exchange*
Combining stationary and traveling qubits to realize quantum 

networks for distributed quantum communication and computing

W(t) g hn

W(t)

Y

W(-t) g hn
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Site B

Site A



Scalable Quantum Networks enable Quantum Repeater Architectures*
H.-J. Briegel, W. Dür, J. I. Cirac, & P. Zoller, Phys. Rev. Lett. 81, 5932 (1998).

* H.-J. Briegel, S. J. van Enk, J. I. Cirac, P. Zoller,
emThe Physics of Quantum Information, D. Bouwmeester et al., eds. (Springer, Berlin, 2000).

Station A Repetidor 
quântico C1

Quantum 
repeater C2

Station B

Requirements
- Light-matter interface
- Quantum memory
- Elementary logic gates

entangled entangled

entangled

X 



experimental pathway                 
to strong coupling



Cavity transmission
spectrum in the weak

field limit

Experimental apparatus

Limitations:
Short time of flight (T~0.4 μs)

fluctuations in the number of atoms (average ~ 1)

J. J. Childs, K. An, M. S. Otteson, R. R. Dasari, & M. S. Feld, Phys. Rev. Lett. 77, 2901 (1996)



Magneto-Optical Trap(MOT)

2×109 87Rb  , Temperature < 100 µK



better time of flight T ~ 100 µs

still average in the number of atoms



Time of flight T > 100 μs



Cloud
~ 105 cesium atoms

T=10-5 K

Cooling Beams

25 cm

MOT 1

MOT 2

5 mm

Upstairs chamber:
collection MOT,  10-8 torr

UHV downstairs chamber: 10-10 torr
~ 102 seconds for collision lifetime

Far Off Resonance Trap 
(FORT)

Life time: T~28ms



Life time: T~3s

Life time: T~17s







W3 W4 W3 W3W4 W4
5 µs 1 µs 

10 µs 

Deterministic generation of single photons
J. McKeever, A. Boca, D. Boozer, R. Miller, J. Buck, A. Kuzmich, HJK, Science 303, 1992 (2004)

ADIABATIC TRANSFER via DARK EIGENSTATES
A. S. Parkins, P. Marte, and P. Zoller, and H. J. Kimble, Phys. Rev. Lett. 71, 3095 (1993)

strong coupling

Efficiency          100%

Gaussian
Spacial
Mode

Life time: T ~ 3s



Correlation functions: How do we know that they are single photons?

Experimental 
Results

Suppression of                           
two-photon events:

R=20.8 ±1.8
relative to coherent states

But, worse than expected due to 
the small probability of having 2 

atoms in the cavity

Weak laser pulses
(Classical Coherent State)
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1-photon source



time of flight: T ~ 18s



Train of
300,000 single photons

throughout 30 s

Nature Phys. 3, 253 (2007)



moving forward to a quantum 
network





CNOT logic gate

 

Photon-Mediated Quantum Gate between Two Neutral Atoms
in an Optical Cavity

Stephan Welte,* Bastian Hacker, Severin Daiss, Stephan Ritter,† and Gerhard Rempe
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany

(Received 29 September 2017; revised manuscript received 12 December 2017; published 6 February 2018)

Quantum logic gates are fundamental building blocks of quantum computers. Their integration into
quantum networks requires strong qubit coupling to network channels, as can be realized with neutral
atoms and optical photons in cavity quantum electrodynamics. Here we demonstrate that the long-range
interaction mediated by a flying photon performs a gate between two stationary atoms inside an optical
cavity from which the photon is reflected. This single step executes the gate in 2 μs. We show an entangling
operation between the two atoms by generating a Bell state with 76(2)% fidelity. The gate also operates as a
CNOT. We demonstrate 74.1(1.6)% overlap between the observed and the ideal gate output, limited by the
state preparation fidelity of 80.2(0.8)%. As the atoms are efficiently connected to a photonic channel, our
gate paves the way towards quantum networking with multiqubit nodes and the distribution of
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Quantum logic gates are basic building blocks of
quantum information processing protocols [1,2]. They have
been implemented with different qubit carriers like ions
[3,4], atoms [5,6], photons [7,8], solid-state spins [9], and
superconductors [10]. For the construction of a large-scale
quantum network [11], however, interfaces are needed that
combine the processing capabilities of these quantum gates
with an efficient connection to optical channels. An ideal
platform for this is provided by neutral atoms in an optical
cavity. The enhanced light-matter interaction in this system
allows for a strong coupling of the atomic matter qubits to
flying photonic qubits. The implementation of a quantum
gate inside such a multiqubit node, as demonstrated here,
has been a long-standing goal as it adds the capacity
for local quantum information processing to the network
nodes.
Our gate demonstrates a functional quantum device that

has distinct advantages. First, it employs a flying photon
and is thus readily integrated in a distributed quantum

network. Second, it requires only one physical step and is
thus fast, 2 μs in our case. Third, the reflected photon acts
as a herald to recoup experimental losses in the otherwise
deterministic protocol [12,13]. Last but not least, it is
independent of the type of qubits and could also be
implemented with ions, diamond-defect centers, super-
conducting qubits, or possibly even a combination of these.
Our gate might therefore become a valuable tool in a future
quantum networking architecture based on any of these
platforms. For instance, it could serve as a Bell-state
analyzer for swapping and distributing entanglement in a
quantum repeater [14] based on memory qubits in optical
cavities [15].
Our experiment follows proposals formulated more than

a decade ago [12,13]. The experimental setting, sketched in
Fig. 1, is an asymmetric high-finesse (F ¼ 6 × 104) optical
Fabry-Pérot cavity with one high-reflection mirror (R ¼
99.9994%) and one outcoupling mirror (R ¼ 99.99%),
through which flying photons can enter and leave.
Two 87Rb atoms are trapped at antinodes of the resonant

cavity field and are individually observed with a micro-
scope. The relevant cavity QED parameters are ðg; κ; γÞ ¼
2πð7.8; 2.5; 3Þ MHz, where g denotes the single atom-
cavity coupling rate, κ the cavity field decay rate, and γ the
atomic polarization decay rate [16]. These parameters
place our atom-cavity system in the strong coupling regime
[17]. Each of the atoms carries a qubit encoded in two
stable hyperfine states, j↑i¼ 52S1=2jF ¼ 2; mF ¼ 2i and
j↓i¼ 52S1=2jF ¼ 1; mF ¼ 1i. The atomic state j↑i is
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strongly coupled to the cavity light field via an optical
transition j↑i ↔ jei¼ 52P3=2jF0 ¼ 3; mF ¼ 3i, whereas
j↓i is not. If none of the atoms couples to the light field,
a resonant single photon reflected from the atom-cavity
system can enter the resonator before leaving through the
outcoupling mirror. This induces a π-phase shift in the
combined atom-photon state [12,13,18–20]. Any strongly
coupled atom causes a normal-mode splitting, governed by
the Tavis-Cummings Hamiltonian, such that an impinging
photon does not fit spectrally into the cavity. In this case,
the photon is directly reflected from the outcoupling mirror
and the atom-photon state acquires no phase shift. This
effect realizes a two-atom controlled-Z gate [1]:

j↑↑i → j↑↑i j↑↓i → j↑↓i
j↓↑i → j↓↑i j↓↓i → −j↓↓i ð1Þ

Qubit rotations are performed via a pair of Raman lasers
which copropagate perpendicular to the cavity axis and
illuminate both atoms equally. The Raman lasers are
linearly polarized along and perpendicular, respectively,
to the cavity axis which serves as a quantization axis. We
perform arbitrary global qubit rotations by controlling the
pulse duration, detuning, and phase. The experimental
sequences described hereafter are started after a successful
loading of two atoms with distance 2 ≤ d ≤ 12 μm. This
allows us to limit the spread of Rabi frequencies for
different interatomic distances and thus increases the
average fidelity of the gate. The center of mass of the
two atoms is actively positioned to overlap with the center

of the Raman beams. More details of the experimental
setup are given in Appendix A.
Experimentally, we quantify the performance of our two-

atom quantum gate with two key operations which dem-
onstrate its functionality: the creation of a maximally
entangled output state from a separable input state as well
as the controlled-NOT (CNOT) operation on a set of four
basis states, in our case the Bell states.
At the start of each experiment, the atomic qubits are

initialized through optical pumping and optionally sub-
sequent coherent state rotations and quantum state carving
[21,22]. In this way, we initially prepare j↓↓i or one of the
four Bell states for our gate characterization measurements.
Details of the inherently probabilistic carving technique for
the preparation of the Bell states are given in Ref. [22].
To execute the gate, we impinge a weak coherent pulse
(mean photon number n̄ ¼ 0.13) and herald the presence of
a photon through its detection with a conventional single-
photon counter after the reflection.
Following each gate operation, the resulting two-atom

state is read out by resonantly probing the cavity trans-
mission and the atomic fluorescence, with a global atomic π
rotation in between. This allows us to distinguish between
the states j↓↓i, j↑↑i and the set fj↑↓i; j↓↑ig in each
experiment. A detailed description of the state detection
protocol can be found in Appendix B.
Repeated measurements of identically prepared states

yield the state populations Pij as probabilities to find the
first atom in the state jii and the second in jji with
i; j ∈ f↑;↓g. They constitute the diagonal elements of
the two-atom density matrix ρ as ρ↑↑;↑↑ ¼ P↑↑, ρ↓↓;↓↓ ¼
P↓↓ and ρ↑↓;↑↓ þ ρ↓↑;↓↑ ¼ P↑↓ þ P↓↑. Furthermore, the
relevant off-diagonal elements of ρ are obtained using
the method of parity oscillations [23,24]: To this end, the
populations ~PijðϕÞ are determined after an additional π=2
pulse of varying phase ϕ relative to all previous rotation
pulses. The parity Π, defined as ΠðϕÞ ≔ ~P↑↑ðϕÞþ
~P↓↓ðϕÞ − ½ ~P↑↓ðϕÞ þ ~P↓↑ðϕÞ&, is evaluated for each
value of ϕ. Analytically, ΠðϕÞ ¼ 2Reðρ↑↓;↓↑Þ þ
2Imðρ↑↑;↓↓Þ sinð2ϕÞ þ 2Reðρ↑↑;↓↓Þ cosð2ϕÞ and, therefore,
coherence terms of the density matrix can be extracted from
a fit to the measured parity data. This set of parameters
gives sufficiently many, linearly independent parameters to
determine the fidelities of the produced states with the four
states of a Bell basis [24,25]:

FðjΨ'iÞ ¼ 1

2
ðP↑↓ þ P↓↑Þ ' Reðρ↑↓;↓↑Þ;

FðjΦ'iÞ ¼ 1

2
ðP↑↑ þ P↓↓Þ ' Reðρ↑↑;↓↓Þ: ð2Þ

We demonstrate an entangling gate operation on the
separable input state 1

2ðj↑i−j↓iÞ⊗ðj↑i−j↓iÞ¼1
2ðj↑↑i−

j↑↓i−j↓↑iþj↓↓iÞ, which we prepare from j↓↓i by a
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
states j↓i, j↑i encoding the qubit and the excited state jei. The
cavity is tuned to the j↑i ↔ jei transition. The inset on the upper
right shows a fluorescence image of two trapped atoms in the
cavity.
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illuminate both atoms equally. The Raman lasers are
linearly polarized along and perpendicular, respectively,
to the cavity axis which serves as a quantization axis. We
perform arbitrary global qubit rotations by controlling the
pulse duration, detuning, and phase. The experimental
sequences described hereafter are started after a successful
loading of two atoms with distance 2 ≤ d ≤ 12 μm. This
allows us to limit the spread of Rabi frequencies for
different interatomic distances and thus increases the
average fidelity of the gate. The center of mass of the
two atoms is actively positioned to overlap with the center
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
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The conversion of phase to amplitude fluctuations of a light beam by an
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Very low intensity and phase fluctuations are present in a bright light field such as a laser beam.
These subtle quantum fluctuations may be used to encode quantum information. Although intensity
is easily measured with common photodetectors, accessing the phase information requires
interference experiments. We introduce one such technique, the rotation of the noise ellipse of light,
which employs an optical cavity to achieve the conversion of phase to intensity fluctuations. We
describe the quantum noise of light and how it can be manipulated by employing an optical
resonance technique and compare it to similar techniques, such as Pound–Drever–Hall laser
stabilization and homodyne detection. © 2008 American Association of Physics Teachers.
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I. INTRODUCTION

Light fields are an important tool in the field of quantum
information.1,2 The intensity and the phase of bright light
beams possess quantum properties similar to the position and
momentum of a quantum harmonic oscillator:3 It is impos-
sible to know both at the same time with arbitrary precision
because they must satisfy the uncertainty principle. The
Einstein–Podolsky–Rosen4 paradox can be realized with
these observables, giving rise to entangled beams. Entangle-
ment is important because it is the primary resource in quan-
tum computation and information.5,6 That is, quantum infor-
mation can be encoded in the intensity and phase of light.

To employ this entanglement in practical implementations,
the two observables must be accessible to measurement.
Light intensity is easily measured by photodetectors. In con-
trast, phase information requires an interference experiment
and must be converted into amplitude information as can
be understood by considering the Mach-Zehnder
interferometer,7 for example #see Fig. 1!a"$. If the phase dif-
ference ! between the two optical paths is zero !or "", light
exits the interferometer through one !or another" of two out-
put ports; if !=" /2, then the beam is equally divided be-
tween them. Thus, by measuring the intensity difference be-
tween the output ports, it is possible to infer the relative
phase between the two paths.

In this example, only the mean relative phase was consid-
ered, but a similar situation holds for fast phase fluctuations
as well. If another intense light beam is used with a stable
phase relative to the beam to be measured, it is possible to
acquire phase information about the target beam by their
interference #Fig. 1!b"$. It suffices to choose their relative
mean phase as " /2, as in the Mach-Zehnder interferometer
example, such that the two outputs are balanced. Then a
small relative phase fluctuation between the two fields is
optimally converted to a fluctuation in the difference of in-
tensities. This technique is called homodyne detection, the
most commonly employed method of measuring the quan-
tum phase fluctuations of light.8 The practical implementa-
tion of a homodyne technique might be difficult in some
situations, including the establishment of an auxiliary beam
that matches the field to be measured !phase reference, fre-

quency, and spectral profile" and the requirement of a much
higher intensity which might saturate the photodetectors.9

One way to circumvent these difficulties lies in a powerful
method used for laser frequency stabilization, the Pound–
Drever–Hall technique.10,11 The original idea behind it is to
modulate the beam phase, which may be interpreted as the
creation of “sidebands” in its spectrum, and compare the
light beam frequency to an optical cavity resonance fre-
quency. The cavity, as for every resonance, has a dispersive
character, dephasing each frequency component by different
amounts. By analyzing the field reflected by the cavity, it is
possible to obtain with great precision the detuning !fre-
quency difference" between the laser and cavity based on the
dephasing between carrier and sidebands. This information is
then fed back to the laser or the cavity in order to lock their
frequencies to each other. The action of the cavity can be
interpreted as converting a small amount of the incident
beam phase modulation into amplitude modulation of the
reflected beam, which can then be recorded by a photodetec-
tor. At perfect resonance, no conversion occurs; on different
sides of it, the conversions have opposite signs; it is thus
possible to know if the laser frequency is equal to, higher, or
lower than the cavity resonance frequency.

This technique can be adapted to measure the quantum
sidebands of light beams.12,13 The requirement is that the
conversion be efficient; that is, all the original quantum
phase fluctuations of the incident beam be converted into
amplitude fluctuations in the reflected one. This conversion
is possible if certain conditions are met. It is necessary that
the cavity resonance be sufficiently narrow to clearly distin-
guish the carrier from the sidebands. Then the carrier acts as
a local oscillator and the sidebands as a faint light field. The
cavity introduces a relative phase shift between them, ac-
complishing, as in homodyne detection, the full conversion
of phase to amplitude noise. The frequency, spectral profile,
phase reference, and spatial mode are automatically matched
between the two fields, because they are different spectral
components of a single beam. No extra noise is added by the
local oscillator. Because of the picture of quantum noise as a
noise ellipse,14 we call this technique the “rotation of the
noise ellipse of light.”

In Sec. II the basic concepts of the quantum properties of
laser-like beams are presented. Section III introduces the op-
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!"!#" = #
−T/2

T/2
ei2$#t!"!t"dt, $!"!#"%* = !"*!− #" , !6"

which give us better physical insight into the fluctuations.
The integration time T is much longer than the typical fluc-
tuation time scale of the system, and we therefore take T
→% to simplify the calculations. This Fourier transform is
evaluated around the optical frequency #0&1014 Hz
!#"#0", because photodetectors cannot resolve the fast os-
cillations of an optical field and record only its average in-
tensity over many optical cycles. The mean field "̄ is thus
represented by the zero frequency component, #=0, which is
called the carrier. Practically all the energy present in the
light field belongs to the carrier. Its quantum character is not
considered here because of technical limitations in distin-
guishing photon numbers at this intensity level, although
they may show very interesting quantum features.20 There-
fore, it is justified to consider it as a classical field for our
purposes.

The frequency components around the optical carrier are
called sidebands. The analysis frequency # in which to ob-
serve them is chosen according to the experiment !typically
radio frequencies, #&1–100 MHz". In the time domain they
are related to the intensity and phase modulations of the
carrier.8 Therefore, in the frequency domain the quantum
states to be considered belong to the sideband region. If no
energy exists in these modes, they are in the vacuum state,
which also possesses intensity and phase uncertainties but
has zero mean values. Thus, light with sidebands in the
vacuum state presents amplitude and phase noise—another
way of understanding the shot noise. In contrast, when light
is externally modulated !such as in the Pound–Drever–Hall
method", we may associate this energy with the existence of
photons in the sidebands. Similarly, if we apply a specific
quantum dynamics to the beam, the noise in one quadrature
becomes smaller than the shot noise at the expense of in-
creasing the conjugate noise. This situation represents a
squeezed state of light, and in this case the sidebands are also
populated with photons. For typical experimentally observed
squeezing levels, the mean number of photons per frequency
interval is on the order of unity.14

The single-frequency quadrature components are given by

!p!#" = e−i&!"!#" + ei&!"*!− #" , !7"

!q!#" = − i$e−i&!"!#" − ei&!"*!− #"% . !8"

They have the form of beats between the carrier optical fre-
quency and the sidebands symmetrically located at the fre-
quencies '# around it !normalized by the carrier absolute
amplitude". Thus, despite the fact that the sidebands have a
very low photon number, their effect can be recorded by
normal photodetectors because of the enormous carrier
power.

Amplitude and phase fluctuations differ only by a phase:
The amplitude quadrature is in phase with the mean field
complex amplitude, and the phase quadrature is in quadra-
ture with it. It is possible to convert phase to amplitude fluc-
tuations by manipulating the relative phase between the car-
rier and sidebands. To show this conversion we consider how
the amplitude quadrature of Eq. !7" would change if we
could shift the carrier or the sidebands by a phase ( tunable

by some physical means. By adding this phase, for example,
to the complex sideband !"!#", the amplitude quadrature
goes to

!p!#" → !p!!#" = ei(e−i&!"!#" + ei&!"*!− #" !9a"

=ei(/2$e−i!&−(/2"!"!#" + ei!&−(/2"!"*!− #"% . !9b"

By varying ( from 0 to 2$, the amplitude quadrature as-
sumes the value of the phase quadrature for one possible (,
(=$ !the leading phase plays no role". A similar effect oc-
curs by varying the other sideband phase. The carrier phase
could be varied as well, &→(+&. In this case, !p changes
according to

!p!#" → !p!!#" = e−i!&+("!"!#" + ei!&+("!"*!− #" , !10"

which is equal to the phase quadrature for ( equal to $ /2 and
3$ /2. Homodyne detection is described by an identical ex-
pression, with the difference that ( represents the local oscil-
lator phase. Therefore, the possibility of independently vary-
ing the phases of the carrier and sidebands allows complete
conversion between the quadratures. This effect is what an
optical cavity realizes close to resonance.

III. OPTICAL CAVITY

An optical cavity is a region of space delimited by mirrors
where light is confined for some time. Only certain frequen-
cies of light which fulfill a resonance condition are able to
probe this region. Every resonance has a dispersive character.
Thus, the different frequency components of a light beam
reflected by an optical cavity close to resonance experience
different phase shifts.

Consider the situation depicted in Fig. 3. The optical cav-
ity has a coupling mirror with intensity reflection R1 and
transmission T1, and an output mirror, with reflection R2 and
transmission T2"1 representing spurious losses. The ampli-
tude reflection and transmission coefficients are, respectively,
rj

2=Rj and tj
2=Tj, j=1,2. The cavity resonance frequency

closest to the incident light beam is denoted by #c. Three
important parameters characterize the optical cavity: The fi-
nesse, F=$ !R1R2"1/4 / 1−'R1R2 , the free spectral range
)#c=c /L, !where L is the cavity perimeter, that is, the dis-
tance traveled by light in one round trip21", and the resonance
bandwidth !or full width at half maximum", !#c=)#c /F.
They represent the amplification of the field inside the cavity
compared to the incident field, the inverse of the round-trip
time of a photon, and the inverse of the average time a pho-
ton remains inside the cavity, respectively.

An optical field "in!t"= "̄in+!"in!t" incident on the cavity
coupling mirror generates a reflected beam "R= "̄R+!"R!t"

Fig. 3. Linear optical cavity with coupling mirror showing the reflectivity R1
and the output mirror with reflectivity R2. The reflected field amplitude "R is
the sum of the incident amplitude "in with the vacuum "v coupled by the
output mirror and losses.
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after mixing with the vacuum fluctuations !v!t"="!v!t" that
couple to the cavity through the output mirror and spurious
losses. If we define the analysis frequency relative to the
cavity bandwidth,

#! = #/"#c, !11"

they are related to each other by the expression3

!R!#!" = r!$ + #!"!in!#!" + t!$ + #!"!v!#!" , !12"

where the optical cavity amplitude reflection r!$" and trans-
mission t!$" functions are

r!$" =
r1 − r2 exp!i2%$/F"

1 − r1r2 exp!i2%$/F"
, !13a"

t!$" =
t1t2 exp!i%$/F"

1 − r1r2 exp!i2%$/F"
, !13b"

and

$ = !#0 − #c"/"#c !14"

is the detuning, relative to the cavity bandwidth, between the
carrier frequency #0 and the closest cavity resonance fre-
quency #c. These expressions are easily deduced by consid-
ering the sum of all reflected waves inside the cavity.

The squared modulus and phase &R of r!$" are plotted in
Fig. 4 as a function of $. The Lorentzian curve #r!$"#2 rep-
resents an attenuation in the reflected beam relative to the
incident one. The phase &R varies from 0 to 2% across reso-
nance such that the relative phase between off-resonant and
exactly resonant fields is %. By energy conservation, #r!#"#2
+ #t!#"#2=1. The phase of t!$" has the same shape, but varies
from 0 to % across the resonance, similarly to simple me-
chanical resonances.

IV. CAVITY EFFECT ON THE FIELD
QUADRATURES

How does an empty optical cavity realize the effects given
by Eqs. !9" and !10"? To understand the answer we recall the
multimode description of bright fields in which each fre-
quency mode is given by Eqs. !7" and !8". The frequency
components around the carrier are recorded by the photode-

tector, and the resulting beatnote signal at a chosen fre-
quency defines the amplitude fluctuations. Photodetectors are
in principle insensitive to the phase fluctuations of light, but
if the light beam is previously reflected by an optical cavity,
additional phase shifts appear between the carrier and side-
bands as a consequence of the cavity dispersion !see Fig. 5".
The final effect is that the reflected field amplitude fluctua-
tions can provide information on the incident field phase
fluctuations. The exact noise conversion dependence on the
sideband frequency and cavity detuning is deduced in the
following.

We apply Eq. !12" to the field mean amplitude to deter-
mine how the carrier is affected by the reflection,

!̄R = r!$"!̄in, !15"

where a zero mean amplitude has been used for the vacuum
field. We choose 'in=0, that is, the incident carrier field is
chosen as the phase reference. The same equation applied to
the sidebands results in

"!R!#!" = r!$ + #!""!in!#!" + t!$ + #!""!v!#!" , !16a"

"!R
*!− #!" = r*!$ − #!""!in

* !− #!" + t*!$ − #!""!v
*!− #!" .

!16b"

In this way the reflected field frequency component that is
resonant to the cavity undergoes the attenuation #r!$"# and
the phase delay &R!$" depicted in Fig. 4,

exp$i&R!$"% = r!$"/#r!$"# . !17"

It is also contaminated by the vacuum field through the co-
efficient #t!$"#.

Once we know the cavity effect on the field carrier and
sidebands, we can deduce their composite effect on the re-
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Fig. 4. Squared modulus !continuous line" and phase !dashed line" of r!$"
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Fig. 5. Representation of the light field frequency components, carrier and
sidebands !upper curve", and cavity resonance transmission profile !lower
curve". The cavity is either resonant with !a" one sideband or !b" the carrier.
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Prática 03 – Circuitos ressonantes com elementos passivos 

1. Introdução 
Sistemas ressonantes são aqueles que apresentam um pico positivo ou negativo na função de 

transferência. O desempenho de um sistema ressonante é medido por um parâmetro adimensional conhecido 
como fator de qualidade Q, que caracteriza quão agudo é o pico e quão melhor é o sistema ressonante.  

Circuitos ressonantes construídos a partir de componentes eletrônicos passivos, alcançam fatores de 
qualidade da ordem de 10 a 100. 

Nesta prática investigaremos um tipo de circuito ressonante formado por um resistor R, um capacitor C e 
um indutor L. 

 
2. Circuito RLC em série 

 
A figura ao lado mostra o circuito RLC série. Podemos 

considerar a tensão de saída no resistor, V0(t) = VR(t). 
 

 

 

 
A função de transferência, considerando a tensão de 

saída sobre o resistor, será dada por: 
 

 

Usando as seguintes definições: 
 

, , 

podemos escrever o módulo da função de 
transferência como: 

. 

A fase pode ser escrita como: 
 

. 

 
A figura ao lado mostra o módulo da 

função de transferência e a constante de fase em função da freqüência aplicada. Observe que o circuito 
funciona como um filtro passa banda.  
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Photon-Mediated Quantum Gate between Two Neutral Atoms
in an Optical Cavity
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Quantum logic gates are fundamental building blocks of quantum computers. Their integration into
quantum networks requires strong qubit coupling to network channels, as can be realized with neutral
atoms and optical photons in cavity quantum electrodynamics. Here we demonstrate that the long-range
interaction mediated by a flying photon performs a gate between two stationary atoms inside an optical
cavity from which the photon is reflected. This single step executes the gate in 2 μs. We show an entangling
operation between the two atoms by generating a Bell state with 76(2)% fidelity. The gate also operates as a
CNOT. We demonstrate 74.1(1.6)% overlap between the observed and the ideal gate output, limited by the
state preparation fidelity of 80.2(0.8)%. As the atoms are efficiently connected to a photonic channel, our
gate paves the way towards quantum networking with multiqubit nodes and the distribution of
entanglement in repeater-based long-distance quantum networks.

DOI: 10.1103/PhysRevX.8.011018 Subject Areas: Atomic and Molecular Physics,
Quantum Physics,
Quantum Information

Quantum logic gates are basic building blocks of
quantum information processing protocols [1,2]. They have
been implemented with different qubit carriers like ions
[3,4], atoms [5,6], photons [7,8], solid-state spins [9], and
superconductors [10]. For the construction of a large-scale
quantum network [11], however, interfaces are needed that
combine the processing capabilities of these quantum gates
with an efficient connection to optical channels. An ideal
platform for this is provided by neutral atoms in an optical
cavity. The enhanced light-matter interaction in this system
allows for a strong coupling of the atomic matter qubits to
flying photonic qubits. The implementation of a quantum
gate inside such a multiqubit node, as demonstrated here,
has been a long-standing goal as it adds the capacity
for local quantum information processing to the network
nodes.
Our gate demonstrates a functional quantum device that

has distinct advantages. First, it employs a flying photon
and is thus readily integrated in a distributed quantum

network. Second, it requires only one physical step and is
thus fast, 2 μs in our case. Third, the reflected photon acts
as a herald to recoup experimental losses in the otherwise
deterministic protocol [12,13]. Last but not least, it is
independent of the type of qubits and could also be
implemented with ions, diamond-defect centers, super-
conducting qubits, or possibly even a combination of these.
Our gate might therefore become a valuable tool in a future
quantum networking architecture based on any of these
platforms. For instance, it could serve as a Bell-state
analyzer for swapping and distributing entanglement in a
quantum repeater [14] based on memory qubits in optical
cavities [15].
Our experiment follows proposals formulated more than

a decade ago [12,13]. The experimental setting, sketched in
Fig. 1, is an asymmetric high-finesse (F ¼ 6 × 104) optical
Fabry-Pérot cavity with one high-reflection mirror (R ¼
99.9994%) and one outcoupling mirror (R ¼ 99.99%),
through which flying photons can enter and leave.
Two 87Rb atoms are trapped at antinodes of the resonant

cavity field and are individually observed with a micro-
scope. The relevant cavity QED parameters are ðg; κ; γÞ ¼
2πð7.8; 2.5; 3Þ MHz, where g denotes the single atom-
cavity coupling rate, κ the cavity field decay rate, and γ the
atomic polarization decay rate [16]. These parameters
place our atom-cavity system in the strong coupling regime
[17]. Each of the atoms carries a qubit encoded in two
stable hyperfine states, j↑i¼ 52S1=2jF ¼ 2; mF ¼ 2i and
j↓i¼ 52S1=2jF ¼ 1; mF ¼ 1i. The atomic state j↑i is
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strongly coupled to the cavity light field via an optical
transition j↑i ↔ jei¼ 52P3=2jF0 ¼ 3; mF ¼ 3i, whereas
j↓i is not. If none of the atoms couples to the light field,
a resonant single photon reflected from the atom-cavity
system can enter the resonator before leaving through the
outcoupling mirror. This induces a π-phase shift in the
combined atom-photon state [12,13,18–20]. Any strongly
coupled atom causes a normal-mode splitting, governed by
the Tavis-Cummings Hamiltonian, such that an impinging
photon does not fit spectrally into the cavity. In this case,
the photon is directly reflected from the outcoupling mirror
and the atom-photon state acquires no phase shift. This
effect realizes a two-atom controlled-Z gate [1]:

j↑↑i → j↑↑i j↑↓i → j↑↓i
j↓↑i → j↓↑i j↓↓i → −j↓↓i ð1Þ

Qubit rotations are performed via a pair of Raman lasers
which copropagate perpendicular to the cavity axis and
illuminate both atoms equally. The Raman lasers are
linearly polarized along and perpendicular, respectively,
to the cavity axis which serves as a quantization axis. We
perform arbitrary global qubit rotations by controlling the
pulse duration, detuning, and phase. The experimental
sequences described hereafter are started after a successful
loading of two atoms with distance 2 ≤ d ≤ 12 μm. This
allows us to limit the spread of Rabi frequencies for
different interatomic distances and thus increases the
average fidelity of the gate. The center of mass of the
two atoms is actively positioned to overlap with the center

of the Raman beams. More details of the experimental
setup are given in Appendix A.
Experimentally, we quantify the performance of our two-

atom quantum gate with two key operations which dem-
onstrate its functionality: the creation of a maximally
entangled output state from a separable input state as well
as the controlled-NOT (CNOT) operation on a set of four
basis states, in our case the Bell states.
At the start of each experiment, the atomic qubits are

initialized through optical pumping and optionally sub-
sequent coherent state rotations and quantum state carving
[21,22]. In this way, we initially prepare j↓↓i or one of the
four Bell states for our gate characterization measurements.
Details of the inherently probabilistic carving technique for
the preparation of the Bell states are given in Ref. [22].
To execute the gate, we impinge a weak coherent pulse
(mean photon number n̄ ¼ 0.13) and herald the presence of
a photon through its detection with a conventional single-
photon counter after the reflection.
Following each gate operation, the resulting two-atom

state is read out by resonantly probing the cavity trans-
mission and the atomic fluorescence, with a global atomic π
rotation in between. This allows us to distinguish between
the states j↓↓i, j↑↑i and the set fj↑↓i; j↓↑ig in each
experiment. A detailed description of the state detection
protocol can be found in Appendix B.
Repeated measurements of identically prepared states

yield the state populations Pij as probabilities to find the
first atom in the state jii and the second in jji with
i; j ∈ f↑;↓g. They constitute the diagonal elements of
the two-atom density matrix ρ as ρ↑↑;↑↑ ¼ P↑↑, ρ↓↓;↓↓ ¼
P↓↓ and ρ↑↓;↑↓ þ ρ↓↑;↓↑ ¼ P↑↓ þ P↓↑. Furthermore, the
relevant off-diagonal elements of ρ are obtained using
the method of parity oscillations [23,24]: To this end, the
populations ~PijðϕÞ are determined after an additional π=2
pulse of varying phase ϕ relative to all previous rotation
pulses. The parity Π, defined as ΠðϕÞ ≔ ~P↑↑ðϕÞþ
~P↓↓ðϕÞ − ½ ~P↑↓ðϕÞ þ ~P↓↑ðϕÞ&, is evaluated for each
value of ϕ. Analytically, ΠðϕÞ ¼ 2Reðρ↑↓;↓↑Þ þ
2Imðρ↑↑;↓↓Þ sinð2ϕÞ þ 2Reðρ↑↑;↓↓Þ cosð2ϕÞ and, therefore,
coherence terms of the density matrix can be extracted from
a fit to the measured parity data. This set of parameters
gives sufficiently many, linearly independent parameters to
determine the fidelities of the produced states with the four
states of a Bell basis [24,25]:

FðjΨ'iÞ ¼ 1

2
ðP↑↓ þ P↓↑Þ ' Reðρ↑↓;↓↑Þ;

FðjΦ'iÞ ¼ 1

2
ðP↑↑ þ P↓↓Þ ' Reðρ↑↑;↓↓Þ: ð2Þ

We demonstrate an entangling gate operation on the
separable input state 1

2ðj↑i−j↓iÞ⊗ðj↑i−j↓iÞ¼1
2ðj↑↑i−

j↑↓i−j↓↑iþj↓↓iÞ, which we prepare from j↓↓i by a
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
states j↓i, j↑i encoding the qubit and the excited state jei. The
cavity is tuned to the j↑i ↔ jei transition. The inset on the upper
right shows a fluorescence image of two trapped atoms in the
cavity.
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pulses. The parity Π, defined as ΠðϕÞ ≔ ~P↑↑ðϕÞþ
~P↓↓ðϕÞ − ½ ~P↑↓ðϕÞ þ ~P↓↑ðϕÞ&, is evaluated for each
value of ϕ. Analytically, ΠðϕÞ ¼ 2Reðρ↑↓;↓↑Þ þ
2Imðρ↑↑;↓↓Þ sinð2ϕÞ þ 2Reðρ↑↑;↓↓Þ cosð2ϕÞ and, therefore,
coherence terms of the density matrix can be extracted from
a fit to the measured parity data. This set of parameters
gives sufficiently many, linearly independent parameters to
determine the fidelities of the produced states with the four
states of a Bell basis [24,25]:

FðjΨ'iÞ ¼ 1

2
ðP↑↓ þ P↓↑Þ ' Reðρ↑↓;↓↑Þ;

FðjΦ'iÞ ¼ 1

2
ðP↑↑ þ P↓↓Þ ' Reðρ↑↑;↓↓Þ: ð2Þ

We demonstrate an entangling gate operation on the
separable input state 1

2ðj↑i−j↓iÞ⊗ðj↑i−j↓iÞ¼1
2ðj↑↑i−

j↑↓i−j↓↑iþj↓↓iÞ, which we prepare from j↓↓i by a
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
states j↓i, j↑i encoding the qubit and the excited state jei. The
cavity is tuned to the j↑i ↔ jei transition. The inset on the upper
right shows a fluorescence image of two trapped atoms in the
cavity.
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We demonstrate entanglement generation of two neutral atoms trapped inside an optical cavity.
Entanglement is created from initially separable two-atom states through carving with weak photon pulses
reflected from the cavity. A polarization rotation of the photons heralds the entanglement. We show the
successful implementation of two different protocols and the generation of all four Bell states with a
maximum fidelity of ð90" 2Þ%. The protocol works for any distance between cavity-coupled atoms, and
no individual addressing is required. Our result constitutes an important step towards applications in
quantum networks, e.g., for entanglement swapping in a quantum repeater.
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Entanglement is a central ingredient of quantum physics.
It was long debated until ground-breaking experiments
with entangled photons [1,2], ions [3], atoms [4], artificial
atoms [5], and ensembles [6] changed the view and
launched an active field of research [7–9]. Now entangle-
ment is a powerful resource, with the teleportation of
information in quantum networks being among the most
fascinating future applications [10]. Elementary networks
already exist, utilizing photons to distribute entanglement
[11–15]. In such networks, cavity quantum electrodynam-
ics (QED) not only ensures efficient connectivity between
distant nodes [16] but also establishes enhanced capabil-
ities. Most strikingly, network photons have been proposed
as perfect workhorses to generate local entanglement [17].
Here, we follow this proposal and show entanglement

of two atomic qubits within one cavity QED node from
which photons are reflected and detected with polarization-
sensitive counters. As the scheme is insensitive to fluctuat-
ing photon numbers, we employ weak coherent laser pulses
and use photon detection as a herald. Combined with
atomic state rotations, we produce entangled states from an
initially separable atom pair state, and we show the creation
of all four maximally entangled Bell states. Our scheme
features several distinct advantages that distinguish it from
other entanglement schemes [8,9,18,19]. Most notably, the
interaction strength between two atoms coupled to the
optical cavity does not depend on distance. Also, individual
addressing of the two atoms is not required, rendering the
technique robust, e.g., against focusing and pointing errors
of the laser used for atomic state rotations. Moreover, the
entangling protocol is fast, limited only by the duration of
the atomic state rotation and the light pulses. The minimum
pulse duration is determined by the cavity linewidth.
Following Ref. [20], we call our technique carving.

An initially separable state of two atoms undergoes a
common projective measurement with a probabilistic
outcome. For an appropriately chosen projection subspace,
the part of a two-atom wave function in that subspace

can be entangled. If the measurement yields the orthogonal
outcome, the atoms are not entangled and the attempt will
be discarded. Specifically, each of the two atoms carries a
qubit encoded in the states j↑i and j↓i. Starting with an
initially separable two-atom state j↓↓i, a global π=2
rotation prepares 1

2 ðj↑↑i − j↑↓i − j↓↑i þ j↓↓iÞ. A pro-
jective measurement (“carving”) allows us to probabilisti-
cally remove the j↓↓i and j↑↑i components of this state
in a heralded protocol. In this way, we generate jΨþi ¼
ðj↑↓i þ j↓↑iÞ=

ffiffiffi
2

p
, a maximally entangled Bell state. The

ideal carving process is illustrated with the Husimi Q
distribution in Fig. 1.
In our implementation, the projective measurement is

performed by coherent light pulses, reflected off the cavity.
We use a linear polarization, jAi ¼ ðjLi − ijRiÞ=

ffiffiffi
2

p
, con-

sisting of a right-circular component jRi which couples
resonantly to any atom in j↑i via the optical transition
j↑i ↔ jei, and a left-circular component jLi as an
uncoupled reference with the corresponding atomic

FIG. 1. Illustration of quantum state carving via the Husimi Q
distribution. The Husimi Q distribution of a two-particle density
matrix ρ is defined as Qðρ; θ;ϕÞ ¼ ð3=4πÞhθ;ϕjρjθ;ϕi, where
jθ;ϕi ¼⊗2

j¼1 ½cos ðθ=2Þj↑ij − eiϕ sin ðθ=2Þj↓ij' are coherent
spin states defined by the spherical coordinates θ and ϕ on the
generalized Bloch sphere. The initial distribution (the left sphere)
is rotated around the y axis (the middle sphere) before the j↓↓i
and j↑↑i components are carved out. After the carving step, the
poles are not populated anymore and the maximally entangled
Bell state jΨþi is prepared (the right sphere). The color code is
normalized on each sphere and Q increases from dark to bright.
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transition far off resonant. As both atoms are trapped in the
same cavity mode, any atom in the coupling state j↑i will
change the reflection amplitude for jRi. This leads to a
nonzero probability of detecting the reflected light in the
orthogonal polarization mode jDi ¼ ðjLi þ ijRiÞ=

ffiffiffi
2

p
.

Therefore, any detection of a photon in jDi heralds the
projection of the atoms into the subspace spanðfj↑↑i;
j↑↓i; j↓↑igÞ and effectively carves away the j↓↓i compo-
nent. Coherences within the subspace stay unaffected upon
the projective measurement. The jAi → jDi flip probability
Pf ¼ fðκout=κÞ½C=ðCþ 1=2Þ&g2 scales with the coopera-
tivity C (see Ref. [21]). Here, C ¼ Ng2=ð2κγÞ, with atom-
cavity coupling rate g, number of coupling atoms N, total
cavity field decay rate κ, decay rate through the outcoupling
mirror κout, and atomic dipole decay rate γ [16]. Our scheme
requires neither strong coupling, g > ðκ; γÞ, nor high
cooperativity, but both are beneficial for high efficiencies
and high fidelities. In the case of high cooperativity and an
asymmetric cavity, C > κout=κ − 1=2 > 0 [21], as achieved
in our experiment, any nonzero number of coupled atoms
induces a π-phase shift on the reflected amplitude of jRi
[25]. This makes the jAi → jDi polarization flip efficient
even for one reflected photon. When more than one photon
is reflected, the projected atomic state will not change
further.
Compared to the proposed scheme [17], our version has

the advantage that any light that is not matched to the
geometric cavity mode will remain in its original polari-
zation mode jAi and create no heralding signal in the jDi
detector. This enhances the entangling fidelity significantly
and makes the scheme robust against wave front imper-
fections of the incident light.
The experimental setup is an extension of earlier work

[25] which now allows us to trap two 87Rb atoms in a three-
dimensional optical lattice [21] at the cavity center with
trapping times of several seconds. The largest separation d
between the atoms is along an axis perpendicular to the
cavity. Via fluorescence images (the right inset in Fig. 2),
we ensure that only atom pairs positioned symmetrically
around the cavity mode center, with a distance
2 μm ≤ d ≤ 12 μm, are being used. A blue-detuned optical
lattice along the cavity axis confines the atoms close to
antinodes of the 780 nm cavity field and thereby ensures
coupling to the cavity on each trapping site.
The cavity with length 486 μm and mode waist 30 μm is

single sided, with mirror transmissions of 4.0 × 10−6 and
9.2 × 10−5, allowing for an efficient in- and outcoupling of
light in one direction. It is actively tuned into resonance
with the atomic transition j↑i ≔ jF ¼ 2; mF ¼ 2i ↔
jei ≔ jF0 ¼ 3; mF ¼ 3i on the D2 line. On this transition,
we achieve ðg; κ; κout; γÞ ¼ 2πð7.8; 2.5; 2.3; 3.0Þ MHz, and
thus a cooperativity C ¼ 4.1 for one coupling atom.
We choose the ground state j↓i ≔ jF ¼ 1; mF ¼ 1i as

our second qubit state (the left inset in Fig. 2). For each
experiment, we employ an experimental sequence of state

preparation, quantum state carving, analysis, and readout
[21]. Depending on the desired entangled output state, we
start by preparing the atoms in j↓↓i or in a statistical
mixture of antiparallel states with density matrix 1

2 j↑↓i
h↑↓j þ 1

2 j↓↑ih↓↑j. These initial states can be realized by
means of a dynamical Stark detuning of the optical
transitions induced by the power of the trap laser [21].
Coherent qubit control is achieved with a pair of Raman
lasers which copropagate perpendicular to the cavity axis
and illuminate both atoms equally with a beam waist
w0 ¼ 35 μm, much bigger than the interatomic distance.
We denote rotations as “R” with the rotation angle as a
superscript, and with a subscript defining the rotation axis x
(j↑i þ j↓i), y (j↑i þ ij↓i), or z (j↑i). State rotations from
the initial state j↓↓i create coherent spin states jθ;ϕi where
θ and ϕ can be controlled via the Raman laser power,
duration, detuning, and phase.
We employ a state-detection protocol consisting of two

successive measurements on the two atoms with an
interleaved π pulse. This allows us to discriminate between
j↓↓i, j↑↑i, and j↑↓i=j↓↑i [21].
The coherent light pulses for carving (0.7 μs full width at

half maximum) impinge on the cavity, are reflected, and are
measured polarization resolved with separate single-photon
detectors for jAi and jDi (Fig. 2).
We demonstrate the carving technique in a scheme called

“double carving,”which is adapted fromRef. [17] [Fig. 3(a)].
We start by preparing the separable state j↓↓i, from which

FIG. 2. Schematic representation of the setup. Two 87Rb atoms
are trapped near the cavity center. The internal state of the atoms
is controlled with a Raman laser pair impinging from the side of
the cavity, colinear with a state-detection beam (blue, from
above). State detection of the atomic qubits can additionally
be performed with a laser probing the cavity transmission (green,
from the left). Coherent light pulses impinge on the cavity’s
outcoupling mirror through a nonpolarizing beam splitter (NPBS)
and are reflected from the cavity. Light from the cavity is detected
by a polarization-resolving detection setup consisting of a half-
and a quarter-wave plate (λ=2 and λ=4), a polarizing beam splitter
(PBS), and two single-photon detectors (SPDs). (Left inset)
Simplified level scheme of a single atom with the two ground
states j↑i and j↓i and the excited state jei. jRi photons couple j↑i
and jei. (Right inset) Fluorescence image of two trapped atoms.
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1
2 ðj↑↑i − j↑↓i − j↓↑i þ j↓↓iÞ is created via a global Rπ=2

y

rotation. Our default photon number per reflection pulse is
n̄ ¼ 0.33. The first reflection of an jAi-polarized pulse is
followed by the projection of the atomic state to
ðj↑↑i − j↑↓i − j↓↑iÞ=

ffiffiffi
3

p
whenever photons are detected

in jDi, which happens in 61%of the detection events (3=4 for
an ideal cavity). Then, we apply a global Rπ

y rotation
yielding ðj↓↓i þ j↑↓i þ j↓↑iÞ=

ffiffiffi
3

p
and reflect a second

jAi-polarized pulse. It is detected in the orthogonal state
with 53% probability (2=3 for an ideal cavity), resulting
in jΨþi ¼ ðj↑↓i þ j↓↑iÞ=

ffiffiffi
2

p
. Effectively, this protocol

removes the populations of j↑↑i and j↓↓i from the initially
rotated state, yielding a total success probability of 32%
(1=2 for an ideal cavity), as only runs where the polarization
of both photons flipped are postselected. With an average
detected 0.11 photons per pulse, the experiment succeeds
with a total efficiency of ð0.38% 0.01Þ%.
To analyze a generated two-atom output state with

density matrix ρ, we determine its fidelity, F ¼ hψ jρjψi,
with respect to an ideal state jψi. This requires a direct
measurement of the state’s populations P↑↑, P↓↓, and
ðP↑↓ þ P↓↑Þ and the determination of coherences [21].
To retrieve the latter, we use the method of parity
oscillations [3,26]: An additional analysis pulse of area
π=2 is inserted right before the state detection. The rotation
axis, given by the phase ϕ with respect to the previous

Raman-beam pulses, is scanned from 0 to 2π over 750
subsequent experiments, and we measure the resulting
populations ~PðϕÞ. Experiments are repeated at a rate of
1 kHz with 180 μs being used for optical pumping and
740 μs for cooling between each experiment. The parity
ΠðϕÞ≔ ~P↑↑þ ~P↓↓− ~P↑↓− ~P↓↑ oscillates as ΠðϕÞ¼
2Reðρ↑↓;↓↑Þþ2Imðρ↑↑;↓↓Þsinð2ϕÞþ2Reðρ↑↑;↓↓Þcosð2ϕÞ
(Fig. 4) and yields information about coherences through a
fit of the oscillation amplitude, phase, and offset. Here,
ρij;kl denotes elements of the density matrix ρ
with i; j; k; l ∈ f↑;↓g.
The generated jΨþi state shows a high offset value of

2Reðρ↑↓;↓↑Þ ¼ ð80% 5Þ% (Fig. 4, upper right). The fidel-
ity with the expected Bell state is calculated according
to FðΨþÞ¼ 1

2ðP↑↓þP↓↑ÞþReðρ↑↓;↓↑Þ¼ ð81.9%2.8Þ%.
A fidelity above 50% with any Bell state proves
entanglement.
The jΨþi state is one of the Bell triplet states, and it can be

transformed into jΦ−i ¼ ðj↑↑i − j↓↓iÞ=
ffiffiffi
2

p
via an Rπ=2

y

rotation or into jΦþi ¼ ðj↑↑i þ j↓↓iÞ=
ffiffiffi
2

p
through an

Rπ=2
x rotation (Fig. 3). Both of them exhibit the expected

oscillations. Last, we can create the Bell singlet state

(a)

(b)

FIG. 3. Quantum circuit diagrams. (a) Double-carving scheme.
If the initial atom-atom state is chosen as ① j↓↓i, the symmetric
state jΨþi is prepared via the reflection of two antidiagonally
(jAi) polarized photons, each followed by postselection, and
interleaved by a π pulse. A subsequent, optional π=2 rotation (the
dashed box) generates jΦ%i, depending on the phase of the last
rotation pulse. Starting with atoms in opposite states ② j↑↓i or
j↓↑i or a statistical mixture of them, the singlet state jΨ−i can be
prepared with the same protocol. (b) Single-carving scheme
following weak initial excitation. Starting from j↓↓i, the scheme
creates jΨþi, which can afterwards be transformed into jΦ%i by
an optional π=2 pulse (the dashed box) of the appropriate phase.
The state jΨ−i cannot be created with this scheme.

(b)

(a)

FIG. 4. Parity oscillations of the four Bell states and the Husimi
Q distribution of jΦ−i. (a) Shown are experimental data for ΠðϕÞ
from the double-carving entangling scheme with standard
errors of each mean value, and a fit of ΠðϕÞ with Reðρ↑↓;↓↑Þ,
Imðρ↑↑;↓↓Þ, and Reðρ↑↑;↓↓Þ as free parameters. (b) Comparison
between the theoretically expected Husimi distribution and
experimental data for the jΦ−i state. The Mollweide projection
of the respective spheres is shown.
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Quantum logic gates are fundamental building blocks of quantum computers. Their integration into
quantum networks requires strong qubit coupling to network channels, as can be realized with neutral
atoms and optical photons in cavity quantum electrodynamics. Here we demonstrate that the long-range
interaction mediated by a flying photon performs a gate between two stationary atoms inside an optical
cavity from which the photon is reflected. This single step executes the gate in 2 μs. We show an entangling
operation between the two atoms by generating a Bell state with 76(2)% fidelity. The gate also operates as a
CNOT. We demonstrate 74.1(1.6)% overlap between the observed and the ideal gate output, limited by the
state preparation fidelity of 80.2(0.8)%. As the atoms are efficiently connected to a photonic channel, our
gate paves the way towards quantum networking with multiqubit nodes and the distribution of
entanglement in repeater-based long-distance quantum networks.
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Quantum logic gates are basic building blocks of
quantum information processing protocols [1,2]. They have
been implemented with different qubit carriers like ions
[3,4], atoms [5,6], photons [7,8], solid-state spins [9], and
superconductors [10]. For the construction of a large-scale
quantum network [11], however, interfaces are needed that
combine the processing capabilities of these quantum gates
with an efficient connection to optical channels. An ideal
platform for this is provided by neutral atoms in an optical
cavity. The enhanced light-matter interaction in this system
allows for a strong coupling of the atomic matter qubits to
flying photonic qubits. The implementation of a quantum
gate inside such a multiqubit node, as demonstrated here,
has been a long-standing goal as it adds the capacity
for local quantum information processing to the network
nodes.
Our gate demonstrates a functional quantum device that

has distinct advantages. First, it employs a flying photon
and is thus readily integrated in a distributed quantum

network. Second, it requires only one physical step and is
thus fast, 2 μs in our case. Third, the reflected photon acts
as a herald to recoup experimental losses in the otherwise
deterministic protocol [12,13]. Last but not least, it is
independent of the type of qubits and could also be
implemented with ions, diamond-defect centers, super-
conducting qubits, or possibly even a combination of these.
Our gate might therefore become a valuable tool in a future
quantum networking architecture based on any of these
platforms. For instance, it could serve as a Bell-state
analyzer for swapping and distributing entanglement in a
quantum repeater [14] based on memory qubits in optical
cavities [15].
Our experiment follows proposals formulated more than

a decade ago [12,13]. The experimental setting, sketched in
Fig. 1, is an asymmetric high-finesse (F ¼ 6 × 104) optical
Fabry-Pérot cavity with one high-reflection mirror (R ¼
99.9994%) and one outcoupling mirror (R ¼ 99.99%),
through which flying photons can enter and leave.
Two 87Rb atoms are trapped at antinodes of the resonant

cavity field and are individually observed with a micro-
scope. The relevant cavity QED parameters are ðg; κ; γÞ ¼
2πð7.8; 2.5; 3Þ MHz, where g denotes the single atom-
cavity coupling rate, κ the cavity field decay rate, and γ the
atomic polarization decay rate [16]. These parameters
place our atom-cavity system in the strong coupling regime
[17]. Each of the atoms carries a qubit encoded in two
stable hyperfine states, j↑i¼ 52S1=2jF ¼ 2; mF ¼ 2i and
j↓i¼ 52S1=2jF ¼ 1; mF ¼ 1i. The atomic state j↑i is
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Quantum logic gates are basic building blocks of
quantum information processing protocols [1,2]. They have
been implemented with different qubit carriers like ions
[3,4], atoms [5,6], photons [7,8], solid-state spins [9], and
superconductors [10]. For the construction of a large-scale
quantum network [11], however, interfaces are needed that
combine the processing capabilities of these quantum gates
with an efficient connection to optical channels. An ideal
platform for this is provided by neutral atoms in an optical
cavity. The enhanced light-matter interaction in this system
allows for a strong coupling of the atomic matter qubits to
flying photonic qubits. The implementation of a quantum
gate inside such a multiqubit node, as demonstrated here,
has been a long-standing goal as it adds the capacity
for local quantum information processing to the network
nodes.
Our gate demonstrates a functional quantum device that

has distinct advantages. First, it employs a flying photon
and is thus readily integrated in a distributed quantum

network. Second, it requires only one physical step and is
thus fast, 2 μs in our case. Third, the reflected photon acts
as a herald to recoup experimental losses in the otherwise
deterministic protocol [12,13]. Last but not least, it is
independent of the type of qubits and could also be
implemented with ions, diamond-defect centers, super-
conducting qubits, or possibly even a combination of these.
Our gate might therefore become a valuable tool in a future
quantum networking architecture based on any of these
platforms. For instance, it could serve as a Bell-state
analyzer for swapping and distributing entanglement in a
quantum repeater [14] based on memory qubits in optical
cavities [15].
Our experiment follows proposals formulated more than

a decade ago [12,13]. The experimental setting, sketched in
Fig. 1, is an asymmetric high-finesse (F ¼ 6 × 104) optical
Fabry-Pérot cavity with one high-reflection mirror (R ¼
99.9994%) and one outcoupling mirror (R ¼ 99.99%),
through which flying photons can enter and leave.
Two 87Rb atoms are trapped at antinodes of the resonant

cavity field and are individually observed with a micro-
scope. The relevant cavity QED parameters are ðg; κ; γÞ ¼
2πð7.8; 2.5; 3Þ MHz, where g denotes the single atom-
cavity coupling rate, κ the cavity field decay rate, and γ the
atomic polarization decay rate [16]. These parameters
place our atom-cavity system in the strong coupling regime
[17]. Each of the atoms carries a qubit encoded in two
stable hyperfine states, j↑i¼ 52S1=2jF ¼ 2; mF ¼ 2i and
j↓i¼ 52S1=2jF ¼ 1; mF ¼ 1i. The atomic state j↑i is
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strongly coupled to the cavity light field via an optical
transition j↑i ↔ jei¼ 52P3=2jF0 ¼ 3; mF ¼ 3i, whereas
j↓i is not. If none of the atoms couples to the light field,
a resonant single photon reflected from the atom-cavity
system can enter the resonator before leaving through the
outcoupling mirror. This induces a π-phase shift in the
combined atom-photon state [12,13,18–20]. Any strongly
coupled atom causes a normal-mode splitting, governed by
the Tavis-Cummings Hamiltonian, such that an impinging
photon does not fit spectrally into the cavity. In this case,
the photon is directly reflected from the outcoupling mirror
and the atom-photon state acquires no phase shift. This
effect realizes a two-atom controlled-Z gate [1]:

j↑↑i → j↑↑i j↑↓i → j↑↓i
j↓↑i → j↓↑i j↓↓i → −j↓↓i ð1Þ

Qubit rotations are performed via a pair of Raman lasers
which copropagate perpendicular to the cavity axis and
illuminate both atoms equally. The Raman lasers are
linearly polarized along and perpendicular, respectively,
to the cavity axis which serves as a quantization axis. We
perform arbitrary global qubit rotations by controlling the
pulse duration, detuning, and phase. The experimental
sequences described hereafter are started after a successful
loading of two atoms with distance 2 ≤ d ≤ 12 μm. This
allows us to limit the spread of Rabi frequencies for
different interatomic distances and thus increases the
average fidelity of the gate. The center of mass of the
two atoms is actively positioned to overlap with the center

of the Raman beams. More details of the experimental
setup are given in Appendix A.
Experimentally, we quantify the performance of our two-

atom quantum gate with two key operations which dem-
onstrate its functionality: the creation of a maximally
entangled output state from a separable input state as well
as the controlled-NOT (CNOT) operation on a set of four
basis states, in our case the Bell states.
At the start of each experiment, the atomic qubits are

initialized through optical pumping and optionally sub-
sequent coherent state rotations and quantum state carving
[21,22]. In this way, we initially prepare j↓↓i or one of the
four Bell states for our gate characterization measurements.
Details of the inherently probabilistic carving technique for
the preparation of the Bell states are given in Ref. [22].
To execute the gate, we impinge a weak coherent pulse
(mean photon number n̄ ¼ 0.13) and herald the presence of
a photon through its detection with a conventional single-
photon counter after the reflection.
Following each gate operation, the resulting two-atom

state is read out by resonantly probing the cavity trans-
mission and the atomic fluorescence, with a global atomic π
rotation in between. This allows us to distinguish between
the states j↓↓i, j↑↑i and the set fj↑↓i; j↓↑ig in each
experiment. A detailed description of the state detection
protocol can be found in Appendix B.
Repeated measurements of identically prepared states

yield the state populations Pij as probabilities to find the
first atom in the state jii and the second in jji with
i; j ∈ f↑;↓g. They constitute the diagonal elements of
the two-atom density matrix ρ as ρ↑↑;↑↑ ¼ P↑↑, ρ↓↓;↓↓ ¼
P↓↓ and ρ↑↓;↑↓ þ ρ↓↑;↓↑ ¼ P↑↓ þ P↓↑. Furthermore, the
relevant off-diagonal elements of ρ are obtained using
the method of parity oscillations [23,24]: To this end, the
populations ~PijðϕÞ are determined after an additional π=2
pulse of varying phase ϕ relative to all previous rotation
pulses. The parity Π, defined as ΠðϕÞ ≔ ~P↑↑ðϕÞþ
~P↓↓ðϕÞ − ½ ~P↑↓ðϕÞ þ ~P↓↑ðϕÞ&, is evaluated for each
value of ϕ. Analytically, ΠðϕÞ ¼ 2Reðρ↑↓;↓↑Þ þ
2Imðρ↑↑;↓↓Þ sinð2ϕÞ þ 2Reðρ↑↑;↓↓Þ cosð2ϕÞ and, therefore,
coherence terms of the density matrix can be extracted from
a fit to the measured parity data. This set of parameters
gives sufficiently many, linearly independent parameters to
determine the fidelities of the produced states with the four
states of a Bell basis [24,25]:

FðjΨ'iÞ ¼ 1

2
ðP↑↓ þ P↓↑Þ ' Reðρ↑↓;↓↑Þ;

FðjΦ'iÞ ¼ 1

2
ðP↑↑ þ P↓↓Þ ' Reðρ↑↑;↓↓Þ: ð2Þ

We demonstrate an entangling gate operation on the
separable input state 1

2ðj↑i−j↓iÞ⊗ðj↑i−j↓iÞ¼1
2ðj↑↑i−

j↑↓i−j↓↑iþj↓↓iÞ, which we prepare from j↓↓i by a
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
states j↓i, j↑i encoding the qubit and the excited state jei. The
cavity is tuned to the j↑i ↔ jei transition. The inset on the upper
right shows a fluorescence image of two trapped atoms in the
cavity.
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transition j↑i ↔ jei¼ 52P3=2jF0 ¼ 3; mF ¼ 3i, whereas
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a resonant single photon reflected from the atom-cavity
system can enter the resonator before leaving through the
outcoupling mirror. This induces a π-phase shift in the
combined atom-photon state [12,13,18–20]. Any strongly
coupled atom causes a normal-mode splitting, governed by
the Tavis-Cummings Hamiltonian, such that an impinging
photon does not fit spectrally into the cavity. In this case,
the photon is directly reflected from the outcoupling mirror
and the atom-photon state acquires no phase shift. This
effect realizes a two-atom controlled-Z gate [1]:

j↑↑i → j↑↑i j↑↓i → j↑↓i
j↓↑i → j↓↑i j↓↓i → −j↓↓i ð1Þ

Qubit rotations are performed via a pair of Raman lasers
which copropagate perpendicular to the cavity axis and
illuminate both atoms equally. The Raman lasers are
linearly polarized along and perpendicular, respectively,
to the cavity axis which serves as a quantization axis. We
perform arbitrary global qubit rotations by controlling the
pulse duration, detuning, and phase. The experimental
sequences described hereafter are started after a successful
loading of two atoms with distance 2 ≤ d ≤ 12 μm. This
allows us to limit the spread of Rabi frequencies for
different interatomic distances and thus increases the
average fidelity of the gate. The center of mass of the
two atoms is actively positioned to overlap with the center

of the Raman beams. More details of the experimental
setup are given in Appendix A.
Experimentally, we quantify the performance of our two-

atom quantum gate with two key operations which dem-
onstrate its functionality: the creation of a maximally
entangled output state from a separable input state as well
as the controlled-NOT (CNOT) operation on a set of four
basis states, in our case the Bell states.
At the start of each experiment, the atomic qubits are

initialized through optical pumping and optionally sub-
sequent coherent state rotations and quantum state carving
[21,22]. In this way, we initially prepare j↓↓i or one of the
four Bell states for our gate characterization measurements.
Details of the inherently probabilistic carving technique for
the preparation of the Bell states are given in Ref. [22].
To execute the gate, we impinge a weak coherent pulse
(mean photon number n̄ ¼ 0.13) and herald the presence of
a photon through its detection with a conventional single-
photon counter after the reflection.
Following each gate operation, the resulting two-atom

state is read out by resonantly probing the cavity trans-
mission and the atomic fluorescence, with a global atomic π
rotation in between. This allows us to distinguish between
the states j↓↓i, j↑↑i and the set fj↑↓i; j↓↑ig in each
experiment. A detailed description of the state detection
protocol can be found in Appendix B.
Repeated measurements of identically prepared states

yield the state populations Pij as probabilities to find the
first atom in the state jii and the second in jji with
i; j ∈ f↑;↓g. They constitute the diagonal elements of
the two-atom density matrix ρ as ρ↑↑;↑↑ ¼ P↑↑, ρ↓↓;↓↓ ¼
P↓↓ and ρ↑↓;↑↓ þ ρ↓↑;↓↑ ¼ P↑↓ þ P↓↑. Furthermore, the
relevant off-diagonal elements of ρ are obtained using
the method of parity oscillations [23,24]: To this end, the
populations ~PijðϕÞ are determined after an additional π=2
pulse of varying phase ϕ relative to all previous rotation
pulses. The parity Π, defined as ΠðϕÞ ≔ ~P↑↑ðϕÞþ
~P↓↓ðϕÞ − ½ ~P↑↓ðϕÞ þ ~P↓↑ðϕÞ&, is evaluated for each
value of ϕ. Analytically, ΠðϕÞ ¼ 2Reðρ↑↓;↓↑Þ þ
2Imðρ↑↑;↓↓Þ sinð2ϕÞ þ 2Reðρ↑↑;↓↓Þ cosð2ϕÞ and, therefore,
coherence terms of the density matrix can be extracted from
a fit to the measured parity data. This set of parameters
gives sufficiently many, linearly independent parameters to
determine the fidelities of the produced states with the four
states of a Bell basis [24,25]:
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We demonstrate an entangling gate operation on the
separable input state 1
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FIG. 1. Schematic representation of the setup. Two 87Rb atoms
are trapped at the center of a cavity with asymmetric mirror
transmissions. Photons impinge on the mirror with higher trans-
mission and are reflected. The inset on the upper left-hand side
shows a simplified level scheme of the atoms with the two ground
states j↓i, j↑i encoding the qubit and the excited state jei. The
cavity is tuned to the j↑i ↔ jei transition. The inset on the upper
right shows a fluorescence image of two trapped atoms in the
cavity.
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Therefore, we use the global Bell basis states jΨ−i, jΨþi,
jΦ−i, jΦþi as an input. In this basis, the gate operation
swaps the states jΦ−i and jΦþi:

jΨ−i ¼ 1ffiffiffi
2

p ðj↑↓i − j↓↑iÞ → 1ffiffiffi
2

p ðj↑↓i − j↓↑iÞ ¼ jΨ−i;

jΨþi ¼ 1ffiffiffi
2

p ðj↑↓iþ j↓↑iÞ → 1ffiffiffi
2

p ðj↑↓iþ j↓↑iÞ ¼ jΨþi;

jΦ−i ¼ 1ffiffiffi
2

p ðj↑↑i − j↓↓iÞ → 1ffiffiffi
2

p ðj↑↑iþ j↓↓iÞ ¼ jΦþi;

jΦþi ¼ 1ffiffiffi
2

p ðj↑↑iþ j↓↓iÞ → 1ffiffiffi
2

p ðj↑↑i − j↓↓iÞ ¼ jΦ−i:

ð3Þ

Using the Bell states does not only prove the ability of
our gate to act as a CNOT but also demonstrates its
capability to accept entangled input states and to preserve
their quantum features. Experimentally, we prepare each
of the four input Bell states with the method of quantum
state carving [21,22] and achieve an average state
preparation fidelity of 80.2(0.8)% [Fig. 3(a)]. To perform
the carving operation, we initially pump the atoms
into a parallel (j↓↓i) or an antiparallel configuration
(j↓↑i; j↑↓i). The initial pumping into the parallel con-
figuration allows us to generate the triplet states jΦþi,
jΦ−i, or jΨþi while the antiparallel initial states allow us
to generate the singlet state jΨ−i. After the pumping
stage, both atoms are transferred into an equal super-
position state with a π=2 pulse. We then reflect an
antidiagonally polarized photon from the cavity, which
changes its polarization to diagonal if there is at least one
coupling atom in the cavity. A polarization resolved
measurement of this photon after the reflection allows
us to remove (i.e., carve) the j↓↓i component from the
combined atom-atom state. Two of these carving steps
enable the generation of all maximally entangled states
to be used as an input for our quantum gate operation.
Having performed the gate via the reflection of the
gate-triggering photon, the output is again characterized
in the Bell basis [Fig. 3(b)] through parity oscillations
(Appendix D). The combined sequence for this measure-
ment is described in more detail in Appendix B.
From the experiment, we find an average overlap with an

ideal CNOT truth table of 74.1(1.6)%, which is 92.3(2.2)%
of the input state fidelity. For jΨþi and jΨ−i, the output
does not differ significantly from the input and the gate
behaves as the expected identity operator. In contrast, the
gate performs the anticipated NOT operation on jΦþi and
jΦ−i, which is an exchange of their populations. Similarly
to the entangling gate operation, the reduced fidelity after
the CNOT operation mainly results from two-photon con-
tributions in the impinging light pulse and from gate
photons that did not match the cavity mode.

In 4.2% of all experimental runs, we detect one photon in
the reflected weak coherent laser pulse (n̄ ¼ 0.13). The
probability to lose a photon in the gate process is deter-
mined by the reflectivity of the cavity on resonance. In both
the coupling and the noncoupling case, this reflectivity
amounts to 67% leading to a loss of 33% of the photons.
The reflected photons are detected with an efficiency of
55%. This detection is used to herald the gate operation.
The probability to pump an atom into a state outside of the

(a)

(b)

FIG. 3. Fidelities of the experimentally generated states in the
Bell basis. (a) Bar diagram of the fidelities of the four Bell states
used as an input for our gate. (b) Measured fidelities of the two-
atom states resulting from the gate operation on these input states.
Error bars are statistical standard deviations of the mean. The
truth tables for ideal input states and gate operations are shown as
transparent bars for comparison.
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jΦ−i, or jΨþi while the antiparallel initial states allow us
to generate the singlet state jΨ−i. After the pumping
stage, both atoms are transferred into an equal super-
position state with a π=2 pulse. We then reflect an
antidiagonally polarized photon from the cavity, which
changes its polarization to diagonal if there is at least one
coupling atom in the cavity. A polarization resolved
measurement of this photon after the reflection allows
us to remove (i.e., carve) the j↓↓i component from the
combined atom-atom state. Two of these carving steps
enable the generation of all maximally entangled states
to be used as an input for our quantum gate operation.
Having performed the gate via the reflection of the
gate-triggering photon, the output is again characterized
in the Bell basis [Fig. 3(b)] through parity oscillations
(Appendix D). The combined sequence for this measure-
ment is described in more detail in Appendix B.
From the experiment, we find an average overlap with an

ideal CNOT truth table of 74.1(1.6)%, which is 92.3(2.2)%
of the input state fidelity. For jΨþi and jΨ−i, the output
does not differ significantly from the input and the gate
behaves as the expected identity operator. In contrast, the
gate performs the anticipated NOT operation on jΦþi and
jΦ−i, which is an exchange of their populations. Similarly
to the entangling gate operation, the reduced fidelity after
the CNOT operation mainly results from two-photon con-
tributions in the impinging light pulse and from gate
photons that did not match the cavity mode.

In 4.2% of all experimental runs, we detect one photon in
the reflected weak coherent laser pulse (n̄ ¼ 0.13). The
probability to lose a photon in the gate process is deter-
mined by the reflectivity of the cavity on resonance. In both
the coupling and the noncoupling case, this reflectivity
amounts to 67% leading to a loss of 33% of the photons.
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output in different bases. Here, we explain the various steps
which are part of the experiment, additionally to the gate
itself.

1. Atomic state preparation
87Rb has several stable 52S1=2 ground states, which are

outside of the qubit space but may be populated at the
beginning of an experiment. Therefore, we start with
optical pumping of the two atoms into the qubit manifold
using resonant, right-circularly polarized laser light along
the cavity axis, which also is our quantization axis defined
by a small magnetic guiding field. The state j↑i ¼
jF ¼ 2; mF ¼ 2i connects only to a cycling transition
and thus accumulates the whole population. However,
once an atom is in j↑i, it strongly reduces the intracavity
pump light via a normal-mode splitting and will hamper
the preparation of a second atom. To realize a state with
both atoms in a parallel state j↑↑i nevertheless, we detune
the atomic resonance from the cavity, using the dynamical
Stark effect of the trapping laser during the optical
pumping process. To herald a successful preparation of
both atoms, we employ a global π pulse, perform a state
detection in fluorescence, and postselect on those cases in
which no fluorescence photons are detected. This results
in an effective preparation of the state j↓↓i. The incoher-
ent mixture of two-atom states with density matrix ρ ¼
1
2 ðj↑↓ih↑↓jþ j↓↑ih↓↑jÞ can be prepared by resonantly
pumping a first atom to the strongly coupled state j↑i,
followed by a π pulse to j↓i and another resonant

pumping sequence for the second atom. The proper
preparation of this incoherent mixture is verified by
two state detections in transmission with an interleaved
π pulse. If a low transmission is observed in both state-
detection intervals, the antiparallel state preparation has
been successful.

2. Bell basis generation

The next step in the experiment is the preparation
of Bell states, which we use to demonstrate the CNOT

operation. Starting from an initial preparation of the state
j↓↓i, the triplet Bell states jΨþi and jΦ%i can be
generated by quantum state carving [22]. For this, two
antidiagonally polarized photons (state jAi) are sub-
sequently reflected from the cavity with a global π rotation
of the atoms in between. A photon polarization change to
jDi (diagonal) heralds that at least one of the atoms is in
j↑i and therefore couples to the cavity. A postselection on
the flipped cases carves jΨþi out of an initially separable
coherent spin state. Afterwards, global π=2 pulses around
different axes are used to generate jΦ%i states from jΨþi.
When starting with an antiparallel mixture initially, the
same sequence generates the jΨ−i singlet state. In contrast
to the quasideterministic entangling operation of our
demonstrated gate, this preparation of Bell basis states
through carving is inherently probabilistic.
After the gate input jΨini preparation, the atom-atom

gate operation is executed by reflecting a right-circularly
polarized photon from the cavity, as explained in the main
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FIG. 4. Complete quantum circuit diagram depicting initialization, preparation of Bell basis states, the two-atom gate, analysis state
rotation, and final state detection. Rotations (R) have a subscript indicating the rotation axis x (j↑iþ j↓i) or y (j↑iþ ij↓i) and a
superscript denoting the rotation angle. The two techniques for state detection are labeled transmission and fluorescence, respectively.
Whenever the result of an atomic state detection or a photon polarization measurement does not yield the desired result (OK), the
protocol is restarted from the beginning. Initialization with parallel states allows us to prepare the triplet Bell states jΨþi and jΦ%i as
gate input. The singlet state jΨ−i is prepared after initialization with an incoherent mixture of antiparallel states described by a density
matrix 1

2 ðj↑↓ih↑↓jþ j↓↑ih↓↑jÞ. The photon reflection with an antidiagonal (jAi) polarization realizes a Toffoli gate with an inversion
of the photonic qubit. Experimentally, this means that the polarization of the reflected photon is flipped to jDi in all cases except the
one where both atoms occupy j↓i. The dashed box in the Bell basis generation section is optional and needed only when transforming
jΨþi to jΦ%i. Various two-atom states jΨini are prepared as gate input, then processed by the two-atom gate, and the result jΨouti is
characterized by state detection in a two-atom basis set by a preceding analysis rotation. The dashed box in the analysis section is
optional. For a measurement of the populations Pi;j it is omitted while for a measurement of the populations ~Pi;j, with i; j ∈ f↓;↑g, it
is applied.
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qubit cavity (shown in red in Fig. 1a). The qubit cavity has spheri-
cal mirror surfaces to ensure polarization-independent resonance 
frequencies (Fig. 1c), and left-circular (L) and right-circular (R) 
polarizations are used as the polarization basis for the qubit cav-
ity, whose symmetry axis defines the quantization axis throughout 
this Letter. The cavity shown in blue in Fig. 1a is used to create and 
collect herald photons during the storage process, and we refer to 
it in the following as the herald cavity. It was intentionally fabri-
cated with strongly elliptical mirror surfaces, leading to two non-
degenerate linear polarization eigenmodes31 (Fig. 1d), one of which 
is aligned to coincide with the π-polarization of our system. This 
allows us to selectively couple the herald cavity to atomic transitions 
exclusively with the π-polarization, which is orthogonal to the qubit 
cavity polarizations. We emphasise that, even though the frequency 
splitting of polarization eigenmodes is large, the herald cavity pro-
vides coupling to a fully fledged quantum channel and is perfectly 
suitable for operation with polarization qubits in other protocols32.

Single 87Rb atoms are trapped at the crossing point of the cavity 
modes inside a 3D optical lattice (Fig. 1b; see Methods for details). 
Depending on the atomic transition, both cavities show strong 
atom–photon coupling (Supplementary Fig. 1).

We operate the heralded quantum memory on the D2 line of 
rubidium (52S1=2 $ 52P3=2

I
, 780 nm) with the qubit cavity locked 

to the F ¼ 1 $ F0 ¼ 2
I

 transition and the π-polarization mode of 
the herald cavity locked to the F ¼ 2 $ F0 ¼ 2

I
 transition (Fig. 2a). 

To characterize the memory, we use weak coherent laser pulses 
containing n !

I
 0.5 photons on average as our photonic qubit input 

states, where the polarization is used to encode the input qubit 
ψ inj i ¼ α Rj iþ β Lj i
I

. The experiment starts by optically pump-
ing the atom to the F ¼ 1;mF ¼ 0j i

I
 initial state and subsequently 

sending a photonic qubit into the qubit cavity. This leads, ideally, to 
vacuum-stimulated emission of a photon into the herald cavity and 
the simultaneous transition of the atom to a final state where the 
qubit is encoded in a superposition of Zeeman states:

α Rj iþ β Lj ið ÞInput F ¼ 1;mF ¼ 0j iAtom !
α F ¼ 2;mF ¼ þ1j iþ β F ¼ 2;mF ¼ %1j ið ÞAtom 1j iHerald

Due to the strong birefringence, only the desired π-polarized decay 
is enhanced by the herald cavity. Detection of the emitted photon 

heralds successful storage and, after some variable storage time, the 
atomic state is read out again. To that end, a π-polarized laser pulse 
(n ! 6
I

) is sent onto the herald cavity, which inverts the write pro-
cess and leads to the emission of a photon into the qubit cavity. The 
polarization of this re-emitted photon is then analysed.

Figure 3a shows the result of a characterization of our memory 
using state tomography of the readout polarization states for all 
six input polarizations along the coordinate axes of the Poincaré 
sphere with an effective storage time of 1.1 μs. Using post-selection 
on events where a herald photon was detected during the preced-
ing write pulse, we find an average state fidelity F s

I
 of 94.7 ±

I
 0.2%, 

far beyond the classical limit of 69% for the applied coherent input. 
Alternatively, an underlying quantum process can be deduced from 
the data using a maximum-likelihood fit, leading to a process fidel-
ity F p

I
 of 92.2 ±

I
 0.3%, in perfect agreement with the average state 

fidelity (F s ¼ 2F p þ 1
! "

=3
I

).
When the storage time between write and read is extended, the 

fidelity drops, as expected, reaching the above-mentioned classi-
cal threshold after ≥

I
25 μs (Fig. 3d). We attribute this to residual, 

uncompensated magnetic fields, which lead to uncontrolled rota-
tion of the atomic spin. By applying a magnetic guiding field of 44 
mG along the quantization axis (Fig. 3e), the coherence time of 
the memory is significantly improved. While the fidelity of circu-
larly polarized input states, which are stored in energy eigenstates 
of the atom, is constantly high over the tested time interval, the 
fidelity of linearly polarized input states shows the expected oscil-
lation at twice the Larmor frequency of 62 kHz, with a decay time 
to the classical threshold of ≥

I
170 μs. Cooling the atoms to their 

motional ground state, mapping the atomic states to a decoher-
ence-protected basis during storage8 and application of dynamical 
decoupling schemes33 are possible means to further improve the 
coherence time.

For short storage times, a number of causes are expected to con-
tribute to the deviation of the memory from perfect fidelity, one of 
them being erroneous initialization of the atomic state. However, 
part of the preparation errors are filtered out in the presented 
scheme as they will not lead to the emission of a herald photon. 
If one compares the fidelity of the memory with and without con-
ditioning on the detection of a π-polarized herald photon, one 
finds that the conditioning improves the average state fidelity from 
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86.4 ±
I

 0.1% to 94.7 ±
I

 0.2% (Fig. 3b). This reveals another advan-
tage of the herald photon in the presented memory scheme, namely 
its capability to detect and filter out certain errors during the storage 
process, leading to an improved fidelity. A further improvement of 
the fidelity can be achieved by disregarding photons that are emit-
ted at a late stage of the readout process, leading to an average state 
fidelity reaching 97.7 ±

I
 0.4%, at the cost of a reduced readout effi-

ciency (Fig. 3c). The reason behind this is a finite probability for 
the atom to scatter a photon and return to the F ¼ 2

I
 hyperfine state 

prior to making the intended transition to the F ¼ 1
I

 hyperfine state, 
which could be further mitigated by a higher cooperativity of the 
qubit cavity.

To quantify the efficiency of the heralded memory, we define 
the single-photon heralding efficiency as the probability to detect 
a herald photon for a single photon sent onto the qubit cavity. For 
the presented memory, this efficiency is 11 ±

I
 1%. It is reduced by 

a number of factors (see Methods), none of which is fundamental. 
The simplest way to improve the efficiency is to use state-of-the-art 
single-photon detectors, which would nearly double the heralding 
efficiency. Further improvements can be expected from an increased 
atom–photon coupling, which can be achieved by improving the 
localization of the atoms or by choosing different atomic states for 
performing the memory, such as having both the qubit and the her-
ald cavity on the F ¼ 1 $ F0 ¼ 1

I
 transition of the D2 line of 87Rb.

The atomic states chosen here have the advantage that a suc-
cessful readout process detunes the atom from the readout light, 
which allows for efficient readout of the qubit from the memory. 
We denote the readout efficiency as the probability for retrieving 
a photon in the fibre in front of the qubit cavity provided that the 
atom was transferred to the F ¼ 2

I
 state during the preceding write 

process. For the presented measurements, the readout efficiency 
was 56 ±

I
 6% (see Methods for details).

For the measurements shown in Figs. 2 and 3, no elaborate 
pulse shaping was applied and the shapes of the pulses used dur-
ing the write and read process result from the spectral response 
of acousto-optic modulators (which were used for switching the 
light) to rectangular electronic gate signals. The same measure-
ments were carried out with more smoothly shaped laser pulses, 
without any significant difference in the performance of the mem-
ory (Supplementary Figs. 2 and 3). This illustrates the robustness 
of our memory scheme, which sets requirements on the imping-
ing photons concerning their centre frequency and bandwidth, 
but functions completely independently of their temporal mode, 
which can be arbitrary and totally unknown. This feature can also 
be found in storage schemes based on the reflection of a pho-
ton from a cavity9 as well as to some extent in ensemble-based 
memories, where it can be traded against multimode capacity34, 
and constitutes a substantial practical advantage over memories 
based on stimulated Raman adiabatic passage in single emitters 
as well as ensemble-based memories with limited optical depth 
where control fields required during the storage process have to be 
adjusted to the arrival time as well as the amplitude and phase pro-
file of the wavepackets of the incoming photons6,35. The bandwidth  
of the storage process of our memory results from an interplay 
of the different coupling and decay rates of the system. Based on  
the characterization of these rates and a simple, analytic model 
of the storage process (see Methods), we expect a bandwidth of 
40 MHz. This is above the bandwidth of the acousto-optic modu-
lators used for switching, thus explaining the vanishing effect of 
the different applied pulse shapes on the efficiency, and is in agree-
ment with the absence of any visible additional distortion of the 
edges of the herald photons shown in Fig. 2 relative to the shape 
of the input pulses.

To determine the role of the vacuum field of the herald  
cavity in the emission of a herald photon, we carried out another 
series of measurements where the frequency of the herald cavity was 

detuned relative to the atomic F ¼ 2 $ F0 ¼ 2
I

 transition (Fig. 4a). 
The measurement results for both the single-photon storage effi-
ciency and the single-photon heralding probability as a function 
of the herald cavity detuning are shown in Fig. 4b,c. The decrease  
of the transfer probability for increasing herald cavity detuning 
shows that qubit storage is predominantly induced by the vacuum 
field of the herald cavity. The process can be well described using a 
simple model, based on the generic situation of cavity quantum elec-
trodynamics with a single atom coupled to the qubit cavity where 
the atom is subject to additional, Purcell-enhanced loss due to its  
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populations and curved arrows show the transitions that occur during 
the write and readout process. b, Histograms of photons sent onto the 
cavities and leaving the cavities during the write process (left side) and 
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were characterized during reference measurements with the cavities set 
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I
 correlation functions of herald photons 
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of correlations at equal times is a signature of single photons.
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coupling to the herald cavity (see Methods for details). Fit param-
eters of the model fitted to the single-photon storage efficiencies 
shown in Fig. 4b,c are heuristic factors, by which the atom–photon 
coupling rates of the two cavities deviate from their expected val-
ues (see Methods). We attribute these to imperfections in the local-
ization of the atoms within the cavity modes and expect to be able 
to improve this in the future, for example by direct imaging of the 
atoms with a camera and subsequent feedback onto the atomic posi-
tion. This holds potential for a further increase of the efficiency of 
the presented heralded quantum memory.

Although nodes operating with photons in the long-wavelength 
part of the optical spectrum can be directly used to operate short- 
to mid-distance networks such as those that connect several small 
quantum computing units to larger, more powerful clusters in a 
building or on a campus, long-distance fibre networks require 
photon transmission in one of the telecommunication bands to 
minimize losses during propagation. To that end, one might either 
place wavelength conversion units36,37 between the nodes and the 
connecting quantum channels or implement nodes with quantum 
emitters that directly operate at a telecommunication wavelength. 
The latter can in fact be achieved with rubidium and a vacuum-
stimulated Raman adiabatic passage involving higher-lying excited 
states of the atom15.

Beyond telecommunication wavelengths, the large bandwidth of 
our system combined with photon-shape robustness might enable 
a memory for photons emitted by quantum dots38, thereby promot-
ing the development of hybrid quantum systems. Last, but not least, 
the two independently controllable crossed fibre cavities constitute 
a new platform for experiments on basic cavity quantum electrody-
namics with two optical modes39.
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Quantum networks provide unique possibilities for resolv-
ing open questions on entanglement1 and promise innovative 
applications ranging from secure communication to scalable 
computation2. Although two quantum nodes coupled by a 
single channel are adequate for basic quantum communica-
tion tasks between two parties3, fully functional large-scale 
quantum networks require a web-like architecture with mul-
tiply connected nodes4. Efficient interfaces between network 
nodes and channels can be implemented with optical cavities5. 
Using two optical fibre cavities coupled to one atom, we here 
realize a quantum network node that connects to two quan-
tum channels, one provided by each cavity. It functions as a 
passive, heralded and high-fidelity quantum memory that 
requires neither amplitude- and phase-critical control fields6–8 
nor error-prone feedback loops9. Our node is robust, fits natu-
rally into larger fibre-based networks and has prospects for 
extensions including qubit-controlled quantum switches10,11, 
routers12,13 and repeaters14,15.

A node in a quantum network must feature several capabilities: 
it must be equipped with efficient interfaces to quantum channels 
for connection to neighbouring nodes, it must allow for integration 
into a larger network with many nodes and many channels and—as 
a core requirement for its internal functionality—it must serve as 
a quantum memory that receives, stores and releases an unknown 
and potentially entangled quantum state better than any classical 
memory. The simultaneous connection of a node to more than one 
quantum channel, as reported here, extends the capabilities of the 
node. Most prominently, it eases the realization of qubit-controlled 
switches10,11 and routers12,13, provides an additional control channel 
for qubit manipulation, facilitates efficient extraction of informa-
tion from the node, and extends the set of possible network geom-
etries, including the grid-like structure with end and middle nodes 
that is visualized in Fig. 1.

Research along these lines has already made significant progress. 
Most importantly, quantum memories have been implemented in 
various physical systems ranging from atoms to solids, and from 
ensembles to single emitters16–19. However, it is still a challenge to 
overcome the losses resulting either from qubit carrier conversion 
inefficiencies or loss of the photon on its way between nodes, the lat-
ter being particularly relevant for long-distance quantum networks.

The effect of losses and finite efficiencies can be remedied in part 
with a herald that indicates the successful completion of a quantum 
information-processing protocol14,20. Although several schemes for 
combining quantum memories with heralds have been proposed 
and investigated21–27, an advantage over a classical memory could 
be shown only in a few cases9,28. One class of realizations is based on 
quantum teleportation of a photonic qubit into a quantum memory, 
where the photonic Bell state measurement of the teleportation 

protocol provides the herald for successful storage28. However, this 
scheme faces a fundamental efficiency limit of 50% and requires 
two indistinguishable photons, which is a significant challenge for 
any practical implementation. A new class arises when the quantum 
memory is coupled to an optical cavity. This enables the heralded 
storage of a photonic qubit in a single atom by reflection of a pho-
ton from the cavity9. However, that memory is limited by two fun-
damental aspects of the protocol. First, the scheme requires active 
feedback onto the spin of the atom conditioned on the detection of 
the reflected photon, leading to extra experimental steps in the pro-
tocol that are prone to errors. Second, the detection of the reflected 
photon from the cavity only heralds the presence of a photon and 
not successful storage. Successful storage requires a well-prepared 
atom and perfect coupling between the incoming photon and the 
cavity mode, neither of which is guaranteed. Accordingly, a storage 
fidelity comparable to that of other storage schemes, such as those 
based on stimulated Raman adiabatic passage (STIRAP) without a 
herald7, could not be achieved.

By using a novel experimental apparatus, we demonstrate a 
scheme that overcomes these limitations, realizing a passive, her-
alded and high-fidelity quantum memory that couples to two quan-
tum channels and can thus serve as a middle node of a quantum 
network. Our scheme can be motivated from different perspec-
tives. One view is based on the concept of impedance matching29. 
Depending on the exact protocol, a photon impinging onto a cav-
ity can only be stored efficiently if it is not reflected from the input 
mirror. This is the case when all other losses inside the cavity equal 
the transmission of the input mirror. For single-sided cavities, this 
requires additional losses, which have to be induced by the atom 
in the course of the storage process. In the case of STIRAP-based 
storage schemes, this is accomplished with suitably timed control 
fields. In our case, it is achieved in a completely passive manner 
via vacuum-stimulated Raman scattering into the mode of a sec-
ond cavity. Detection of a photon at the output of that cavity heralds 
successful storage. Another view on our memory scheme follows 
the concept of vacuum-induced transparency23. Here, the vacuum 
field of an optical cavity aligned perpendicular to the propagation 
direction of an incoming light pulse makes the otherwise absorbing 
atomic medium transparent. This is accompanied by light scattering 
into the cavity. Absorption happens when the scattered light escapes 
from the cavity, thus heralding successful storage. By adding another 
cavity along the propagation direction of the incoming light, we 
bring this approach to the quantum regime, making the memory 
suitable for operation at the single atom and single photon level.

The heart of our apparatus comprises two single-sided fibre 
Fabry–Pérot cavities30, based on CO2-laser-machined mirrors, 
crossing each other at an angle of 90° (Fig. 1a). We refer to the cav-
ity through which photonic qubits enter and exit the system as the 
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Quantum networks provide unique possibilities for resolv-
ing open questions on entanglement1 and promise innovative 
applications ranging from secure communication to scalable 
computation2. Although two quantum nodes coupled by a 
single channel are adequate for basic quantum communica-
tion tasks between two parties3, fully functional large-scale 
quantum networks require a web-like architecture with mul-
tiply connected nodes4. Efficient interfaces between network 
nodes and channels can be implemented with optical cavities5. 
Using two optical fibre cavities coupled to one atom, we here 
realize a quantum network node that connects to two quan-
tum channels, one provided by each cavity. It functions as a 
passive, heralded and high-fidelity quantum memory that 
requires neither amplitude- and phase-critical control fields6–8 
nor error-prone feedback loops9. Our node is robust, fits natu-
rally into larger fibre-based networks and has prospects for 
extensions including qubit-controlled quantum switches10,11, 
routers12,13 and repeaters14,15.

A node in a quantum network must feature several capabilities: 
it must be equipped with efficient interfaces to quantum channels 
for connection to neighbouring nodes, it must allow for integration 
into a larger network with many nodes and many channels and—as 
a core requirement for its internal functionality—it must serve as 
a quantum memory that receives, stores and releases an unknown 
and potentially entangled quantum state better than any classical 
memory. The simultaneous connection of a node to more than one 
quantum channel, as reported here, extends the capabilities of the 
node. Most prominently, it eases the realization of qubit-controlled 
switches10,11 and routers12,13, provides an additional control channel 
for qubit manipulation, facilitates efficient extraction of informa-
tion from the node, and extends the set of possible network geom-
etries, including the grid-like structure with end and middle nodes 
that is visualized in Fig. 1.

Research along these lines has already made significant progress. 
Most importantly, quantum memories have been implemented in 
various physical systems ranging from atoms to solids, and from 
ensembles to single emitters16–19. However, it is still a challenge to 
overcome the losses resulting either from qubit carrier conversion 
inefficiencies or loss of the photon on its way between nodes, the lat-
ter being particularly relevant for long-distance quantum networks.

The effect of losses and finite efficiencies can be remedied in part 
with a herald that indicates the successful completion of a quantum 
information-processing protocol14,20. Although several schemes for 
combining quantum memories with heralds have been proposed 
and investigated21–27, an advantage over a classical memory could 
be shown only in a few cases9,28. One class of realizations is based on 
quantum teleportation of a photonic qubit into a quantum memory, 
where the photonic Bell state measurement of the teleportation 

protocol provides the herald for successful storage28. However, this 
scheme faces a fundamental efficiency limit of 50% and requires 
two indistinguishable photons, which is a significant challenge for 
any practical implementation. A new class arises when the quantum 
memory is coupled to an optical cavity. This enables the heralded 
storage of a photonic qubit in a single atom by reflection of a pho-
ton from the cavity9. However, that memory is limited by two fun-
damental aspects of the protocol. First, the scheme requires active 
feedback onto the spin of the atom conditioned on the detection of 
the reflected photon, leading to extra experimental steps in the pro-
tocol that are prone to errors. Second, the detection of the reflected 
photon from the cavity only heralds the presence of a photon and 
not successful storage. Successful storage requires a well-prepared 
atom and perfect coupling between the incoming photon and the 
cavity mode, neither of which is guaranteed. Accordingly, a storage 
fidelity comparable to that of other storage schemes, such as those 
based on stimulated Raman adiabatic passage (STIRAP) without a 
herald7, could not be achieved.

By using a novel experimental apparatus, we demonstrate a 
scheme that overcomes these limitations, realizing a passive, her-
alded and high-fidelity quantum memory that couples to two quan-
tum channels and can thus serve as a middle node of a quantum 
network. Our scheme can be motivated from different perspec-
tives. One view is based on the concept of impedance matching29. 
Depending on the exact protocol, a photon impinging onto a cav-
ity can only be stored efficiently if it is not reflected from the input 
mirror. This is the case when all other losses inside the cavity equal 
the transmission of the input mirror. For single-sided cavities, this 
requires additional losses, which have to be induced by the atom 
in the course of the storage process. In the case of STIRAP-based 
storage schemes, this is accomplished with suitably timed control 
fields. In our case, it is achieved in a completely passive manner 
via vacuum-stimulated Raman scattering into the mode of a sec-
ond cavity. Detection of a photon at the output of that cavity heralds 
successful storage. Another view on our memory scheme follows 
the concept of vacuum-induced transparency23. Here, the vacuum 
field of an optical cavity aligned perpendicular to the propagation 
direction of an incoming light pulse makes the otherwise absorbing 
atomic medium transparent. This is accompanied by light scattering 
into the cavity. Absorption happens when the scattered light escapes 
from the cavity, thus heralding successful storage. By adding another 
cavity along the propagation direction of the incoming light, we 
bring this approach to the quantum regime, making the memory 
suitable for operation at the single atom and single photon level.

The heart of our apparatus comprises two single-sided fibre 
Fabry–Pérot cavities30, based on CO2-laser-machined mirrors, 
crossing each other at an angle of 90° (Fig. 1a). We refer to the cav-
ity through which photonic qubits enter and exit the system as the 
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the obliquity was below 258, because each of these episodes lasted
about 60,000 years. A significant part of this ice probably sublimed
during the other half of the obliquity cycle with obliquity above 308.
However, as suggested by refs 13 and 14, the upper part of the ice
layers sublimated, but probably left behind a dry slab layer that
protected deeper ice deposits from further sublimation. If this is
accurate, then each obliquity cycle created at least one distinct layer
which may still be present below the surface of Mars.

However, this process supposes that an equatorial ice reservoir
remained present during periods of low obliquity. To test this
hypothesis, we analysed the ice loss rates of individual equatorial
sources at low obliquity for initial ice distributions issued from
high-obliquity simulation distributions (Fig. 2). We found minimal
loss rates of,1.0, 10, 15 and 20mmpermartian year at 30, 25.19, 20
and 158 obliquity, respectively. Integrating a simple deposition/
sublimation history over the obliquity cycles of the obliquity
transition shows that a 3-km-thick equatorial ice source may have
survived throughout the whole transition until ,3Myr ago.

Once the equatorial sources were exhausted, what finally hap-
pened to the high-latitude ice deposits? To address this issue, we
performed simulations starting with the initial ice inventory of the
previous simulations (as on Fig. 3) but without the equatorial
source. We found that the edges of the mid- and high-latitude
deposits become unstable and are redeposited poleward. Further
simulations indicate that the surface ice slowly retreats to the pole.
There again, it is likely that in reality only the upper ice sublimed
and that a significant part of the layer remained under a protecting
lag deposit, the one that we still see today at the surface of Mars.

Over longer timescales (,109 years), the ‘chaotic diffusion’ of
Mars’ obliquity shows that periods of high obliquity (.408) are
statistically the most probable situation23, suggesting that our
mechanism could have acted throughout martian geological his-
tory. In this context, it is possible that the near-surface ice detected
by Mars Odyssey is only the upper layer of a much deeper ice
reservoir. Future MARSIS and SHARAD sounding investigations
aboard Mars Express and the Mars Reconnaissance Orbiter may
provide important constraints on these reservoirs. A
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The controlled production of single photons is of fundamental
and practical interest; they represent the lowest excited quantum
states of the radiation field, and have applications in quantum
cryptography1 and quantum information processing2. Common
approaches use the fluorescence of single ions3, single mol-
ecules4,5, colour centres6,7 and semiconductor quantum dots8–12.
However, the lack of control over such irreversible emission
processes precludes the use of these sources in applications
(such as quantum networks13) that require coherent exchange
of quantum states between atoms and photons. The necessary
control may be achieved in principle in cavity quantum electro-
dynamics. Although this approach has been used for the pro-
duction of single photons from atoms14–16, such experiments are
compromised by limited trapping times, fluctuating atom–field
coupling and multi-atom effects. Here we demonstrate a single-
photon source based on a strongly localized single ion in an
optical cavity. The ion is optimally coupled to a well-defined field
mode, resulting in the generation of single-photon pulses with
precisely defined shape and timing. We have confirmed the
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the obliquity was below 258, because each of these episodes lasted
about 60,000 years. A significant part of this ice probably sublimed
during the other half of the obliquity cycle with obliquity above 308.
However, as suggested by refs 13 and 14, the upper part of the ice
layers sublimated, but probably left behind a dry slab layer that
protected deeper ice deposits from further sublimation. If this is
accurate, then each obliquity cycle created at least one distinct layer
which may still be present below the surface of Mars.

However, this process supposes that an equatorial ice reservoir
remained present during periods of low obliquity. To test this
hypothesis, we analysed the ice loss rates of individual equatorial
sources at low obliquity for initial ice distributions issued from
high-obliquity simulation distributions (Fig. 2). We found minimal
loss rates of,1.0, 10, 15 and 20mmpermartian year at 30, 25.19, 20
and 158 obliquity, respectively. Integrating a simple deposition/
sublimation history over the obliquity cycles of the obliquity
transition shows that a 3-km-thick equatorial ice source may have
survived throughout the whole transition until ,3Myr ago.

Once the equatorial sources were exhausted, what finally hap-
pened to the high-latitude ice deposits? To address this issue, we
performed simulations starting with the initial ice inventory of the
previous simulations (as on Fig. 3) but without the equatorial
source. We found that the edges of the mid- and high-latitude
deposits become unstable and are redeposited poleward. Further
simulations indicate that the surface ice slowly retreats to the pole.
There again, it is likely that in reality only the upper ice sublimed
and that a significant part of the layer remained under a protecting
lag deposit, the one that we still see today at the surface of Mars.

Over longer timescales (,109 years), the ‘chaotic diffusion’ of
Mars’ obliquity shows that periods of high obliquity (.408) are
statistically the most probable situation23, suggesting that our
mechanism could have acted throughout martian geological his-
tory. In this context, it is possible that the near-surface ice detected
by Mars Odyssey is only the upper layer of a much deeper ice
reservoir. Future MARSIS and SHARAD sounding investigations
aboard Mars Express and the Mars Reconnaissance Orbiter may
provide important constraints on these reservoirs. A
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The controlled production of single photons is of fundamental
and practical interest; they represent the lowest excited quantum
states of the radiation field, and have applications in quantum
cryptography1 and quantum information processing2. Common
approaches use the fluorescence of single ions3, single mol-
ecules4,5, colour centres6,7 and semiconductor quantum dots8–12.
However, the lack of control over such irreversible emission
processes precludes the use of these sources in applications
(such as quantum networks13) that require coherent exchange
of quantum states between atoms and photons. The necessary
control may be achieved in principle in cavity quantum electro-
dynamics. Although this approach has been used for the pro-
duction of single photons from atoms14–16, such experiments are
compromised by limited trapping times, fluctuating atom–field
coupling and multi-atom effects. Here we demonstrate a single-
photon source based on a strongly localized single ion in an
optical cavity. The ion is optimally coupled to a well-defined field
mode, resulting in the generation of single-photon pulses with
precisely defined shape and timing. We have confirmed the
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the obliquity was below 258, because each of these episodes lasted
about 60,000 years. A significant part of this ice probably sublimed
during the other half of the obliquity cycle with obliquity above 308.
However, as suggested by refs 13 and 14, the upper part of the ice
layers sublimated, but probably left behind a dry slab layer that
protected deeper ice deposits from further sublimation. If this is
accurate, then each obliquity cycle created at least one distinct layer
which may still be present below the surface of Mars.

However, this process supposes that an equatorial ice reservoir
remained present during periods of low obliquity. To test this
hypothesis, we analysed the ice loss rates of individual equatorial
sources at low obliquity for initial ice distributions issued from
high-obliquity simulation distributions (Fig. 2). We found minimal
loss rates of,1.0, 10, 15 and 20mmpermartian year at 30, 25.19, 20
and 158 obliquity, respectively. Integrating a simple deposition/
sublimation history over the obliquity cycles of the obliquity
transition shows that a 3-km-thick equatorial ice source may have
survived throughout the whole transition until ,3Myr ago.

Once the equatorial sources were exhausted, what finally hap-
pened to the high-latitude ice deposits? To address this issue, we
performed simulations starting with the initial ice inventory of the
previous simulations (as on Fig. 3) but without the equatorial
source. We found that the edges of the mid- and high-latitude
deposits become unstable and are redeposited poleward. Further
simulations indicate that the surface ice slowly retreats to the pole.
There again, it is likely that in reality only the upper ice sublimed
and that a significant part of the layer remained under a protecting
lag deposit, the one that we still see today at the surface of Mars.

Over longer timescales (,109 years), the ‘chaotic diffusion’ of
Mars’ obliquity shows that periods of high obliquity (.408) are
statistically the most probable situation23, suggesting that our
mechanism could have acted throughout martian geological his-
tory. In this context, it is possible that the near-surface ice detected
by Mars Odyssey is only the upper layer of a much deeper ice
reservoir. Future MARSIS and SHARAD sounding investigations
aboard Mars Express and the Mars Reconnaissance Orbiter may
provide important constraints on these reservoirs. A
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The controlled production of single photons is of fundamental
and practical interest; they represent the lowest excited quantum
states of the radiation field, and have applications in quantum
cryptography1 and quantum information processing2. Common
approaches use the fluorescence of single ions3, single mol-
ecules4,5, colour centres6,7 and semiconductor quantum dots8–12.
However, the lack of control over such irreversible emission
processes precludes the use of these sources in applications
(such as quantum networks13) that require coherent exchange
of quantum states between atoms and photons. The necessary
control may be achieved in principle in cavity quantum electro-
dynamics. Although this approach has been used for the pro-
duction of single photons from atoms14–16, such experiments are
compromised by limited trapping times, fluctuating atom–field
coupling and multi-atom effects. Here we demonstrate a single-
photon source based on a strongly localized single ion in an
optical cavity. The ion is optimally coupled to a well-defined field
mode, resulting in the generation of single-photon pulses with
precisely defined shape and timing. We have confirmed the
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suppression of two-photon events up to the limit imposed by
fluctuations in the rate of detector dark counts. The stream of
emitted photons is uninterrupted over the storage time of the
ion, as demonstrated by a measurement of photon correlations
over 90min.
Two fundamentally different approaches have been used to

produce single-photon states. In the first case, the photons are
generated spontaneously, in response to fast excitation, for example,
in fluorescence of single emitters3–12. Although remarkable
improvements have been made in efficiency, two-photon suppres-
sion and spectral properties, these sources emit the photon in an
irreversible process and thus cannot serve as a bidirectional interface
between atomic and photonic quantum states, as required in a
quantum network13. In contrast, in this Letter, we focus our
attention on a system in which the photon is generated as the result
of a coherent process. At present, the necessary conditions are
provided exclusively in the framework of cavity quantum electro-
dynamics (cavity-QED), where a single atom is strongly coupled to
the electromagnetic field mode into which the photon is emitted.
Single-photon generation in this scheme has been proposed pre-
viously17 and demonstrated in recent experiments14,15. The duration
of photon emission was limited by the lifetime of the dipole trap
used for storing the atom, the best values reaching a fraction of a
second15. In addition, thermal motion of the atom produced
variations of the atom-field coupling18, while the residual prob-
ability of two atoms being in the trap resulted in a considerable
number of two-photon events15. We have overcome these limi-
tations of single-photon generation with atoms by using a single
tightly bound ion as the source of radiation, which is optimally
coupled to the radiation field for many hours. In this way, we have
realized a cavity-QED set-up, in which the coupling strength of a
trapped ion and a quantized field-mode is deterministically con-
trolled. This achievement is a key requirement for a range of
applications in quantum information processing13,19–21.
The experimental apparatus we use for trapping a single calcium

ion and localizing it in the field of an optical resonator has been
described previously22,23 and is sketched in Fig. 1. Briefly, we use a
linear radio-frequency ion trap to confine a single 40Caþ ion at the
centre of an optical resonator, tuned to the D3/2 ! P1/2 transition in
calcium at a wavelength of 866 nm (see inset of Fig. 1). In a radial
potential well of frequency 1.3MHz, we have reached a root-mean-
square (r.m.s.) spread of the ion’s wavepacket of the order of
40 nm22,23. This corresponds to a relative uncertainty of the coupling
g of 2% at the maximum of the standing wave. The permanent and
fully controllable coupling of a particle to the field with a well-
defined strength is a unique property of ion-trap cavity-QED and
provides the basis for the experiments reported here. The values of
the coupling g and the cavity damping k for a cavity length of 8mm
and the spontaneous decay rate G on the P1/2 ! D3/2 transition are
given by (g,k,G)/2p ¼ (0.92,1.2,1.69)MHz.

The first step of the protocol for generating a single-photon pulse
is to apply radiation at 397 and 866 nm for 3 ms from the side of the
cavity to laser-cool the ion and thus ensure its proper localization.
Subsequently, the initial electronic state S1/2 is prepared by optical
pumping at 866 nm for 0.5 ms. A single photon is produced by
driving a cavity-assisted Raman transition to the D3/2-level using a
pump pulse at 397 nm with a predefined intensity profile of up to
6 ms duration. The sequence is repeated at a rate of 100 kHz.

The photon pulse is emitted from the cavity through one mirror
with a transmissivity of 600 p.p.m., 100 times larger than that of the
opposite mirror. The gaussian mode emanating from this mirror is
focused on an avalanche photodiode (APD) after passing a series of
four optical filters and a spatial filter. In this way, light from an
auxiliary laser used for locking the cavity length and from other
sources of stray light is reduced to a level well below the dark-count
rate of our detectors. We achieve an overall single-photon detection
efficiency of (4.6 ^ 0.8)%. The time of each photon detection event
is recorded using a multiscaler with 2-ns resolution.

With the position of the ion and hence the ion-field coupling
fixed, the distribution of photon detection times exactly follows the
shape of the single-photon pulse. By tailoring the intensity profile of
the driving pulse, we can imprint an arbitrary temporal structure on
the waveform of the photon, which is then precisely reproduced in
every emission event.

Figure 1 Experimental set-up, outlining the excitation and detection scheme for single
photons. Not shown is an additional laser at 894 nm, which is resonant with a cavity mode

not coupled to the ion and which is used for stabilizing the cavity length. In the path to the

detectors, this locking beam is suppressed by a series of filters, providing an attenuation

of 1011 at 894 nm. The laser intensities are controlled with acousto-optic modulators

(AOMs). The inset shows the relevant levels of the 40Caþ ion used for single-photon

production. The pump laser and cavity are red-detuned with respect to the P1/2-level.

 
 
 

 
 

Figure 2 Single-photon pulse shapes for different pump laser profiles, indicated by the

green dotted line (not to scale). a, Strong gaussian pump. b, Weak gaussian pump.
c, Square-wave pump. d, Double-peaked pump. The superimposed red curves show the

results of a density-matrix calculation, taking into account the full Zeeman structure of the
40Caþ levels, as well as the polarization of the optical fields. Plots a and d, obtained with
the best statistics, demonstrate the nearly perfect agreement between the model and our

data, confirming that we can deterministically control the waveform of a single photon.
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applications in quantum information processing13,19–21.
The experimental apparatus we use for trapping a single calcium

ion and localizing it in the field of an optical resonator has been
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40 nm22,23. This corresponds to a relative uncertainty of the coupling
g of 2% at the maximum of the standing wave. The permanent and
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The single-photon pulse shape is extracted from the time records
by accumulating the probability distribution of photon arrival times
relative to the pump–pulse trigger. Experimental data obtained for
intense gaussian pumping (Rabi frequency Q/2p ¼ 10MHz), based
on the evaluation of over 400,000 photons continuously generated
from a single ion, is presented in Fig. 2a. Because the photon pulses
are identical, the time distributions we have obtained constitute a
measurement of the waveform of a single photon. This is confirmed
by comparing the data with calculated single-photon pulse shapes,
based on the coherent Raman-coupling of a calcium ion to a single
cavity mode24.

Precise timing and shaping of single-photon pulses is an essential
requirement for realization of a bidirectional ion–photon interface
in a quantum network13, inwhich the emitted pulsesmust be exactly
symmetric in time. Figure 2b shows a symmetric gaussian output
pulse, generated with a weak gaussian pump pulse (Q/
2p ¼ 4.4MHz). The arbitrary control of the photon pulse shape
in our set-up is limited only by the time constants associated with
ion and cavity dynamics. This is apparent from the response of the
system to a pump pulse with a square profile (Fig. 2c). The trailing
edge of the pulse decreases exponentially at the cavity decay rate,
whereas the onset of the pulse is delayed by the time required to
excite the electronic transition. As an example of a more complex
pulse shape, we have generated a twin-peaked single-photon pulse
(Fig. 2d). The photon detection times are distributed over two well-
separated maxima, reflecting the structure of the pump pulse.
Spreading a single photon over two distinct time bins may be
exploited as a way to encode quantum information in the time
domain25.

The fidelity of single-photon-state production in our system is
determined from second-order temporal correlations between pho-
tons in a Hanbury–Brown–Twiss set-up. With the help of a 50%
beam splitter, we randomly send the impinging photons to one of
two identical APD detectors (see Fig. 1). From the arrival times,
recorded separately for each detector, we determine the number of
correlation events as a function of time delay, using 100-ns time
bins. As explained in the Methods section, special care must be
taken to eliminate detector dark-counts. The resulting correlations
between photon arrival times in a range of ^ 100 ms are shown in
Fig. 3. Because photons are emitted only in response to a pump
pulse, the observed correlations form a series of spikes separated by
the pump period, with a width related to the photon pulse shape.
The most interesting region is that around zero delay, which has
contributions only if more than one photon is emitted during the

same pump pulse. The absence of a central peak in Fig. 3 proves that
our system operates as a high-fidelity single-photon source.
Two factors contribute to the purity of the generated single-

photon state. First, in our experiment, it is guaranteed that precisely
one single ion is present in the trap at any time over many hours, in
contrast to the subsecond trapping times of atoms15. Equally
important, the level scheme of calcium ensures that after a photon
has been deposited in the cavity, the ion occupies the metastable
state D3/2 with a one-second lifetime. This state is not coupled to the
pump beam, so no additional photons are generated until the ion is
actively recycled to the ground state.
To quantify the suppression of two-photon emission from our

source, we evaluated the photon statistics in each pulse. The dead-
time of the APDs means that each detector can reliably identify at
most a single photon per excitation cycle. We therefore determined
the rate of two-photon pulses from the number of events in which
both detectors have recorded one photon. After correcting for dark-
count events, we obtain only 2 ^ 13 two-photon events during
3,000 s of data-taking, compared with 411,200 ^ 335 recorded
single photons. This is a factor of 68 better than an attenuated
beam of coherent light at the same intensity. It should be noted that
this value does not result from a limitation of the source (which is,
in fact, expected to be entirely free of two-photon events), but is
exclusively determined by the precision with which we can test the
two-photon suppression in the presence of detector dark-count
fluctuations. This was confirmed in a reference measurement of the
dark-count statistics.
Apart from the control of the photon’s waveform and the

suppression of two-photon events, an important accomplishment
for applications in quantum information processing is the continu-
ous, uninterrupted operation of our source, allowing us to measure
correlations on very long timescales. In Fig. 4a, we show a measure-
ment of correlations sampled over a time of 90min. The linear
decrease of the envelope of the correlation function is a consequence
of the finite duration of the measurement. No individual lines are
resolved on the timescale shown, but when we zoom in at an
arbitrary point on the time axis, we find the same peak structure
as in Fig. 3 on either side of the origin. As an example, Fig. 4b shows
correlations between photons detected 20min apart. The operation
of our system for 90min represents the longest continuous gener-
ation of single photons from an atomic source18. With ion trapping

Figure 3 Cross-correlations of photon arrival times at the two detectors (counts in 100-ns
time bins) around zero delay. Dark-count events have been eliminated with the help of an

independent measurement (see Supplementary Fig. 1 for the data including dark-counts).

The absence of a peak at t ¼ 0 confirms that the source is emitting single photons.

 
 

Figure 4 Long-term correlations of photon arrival times at the two detectors. a, Envelope
of two-photon correlations recorded over the entire sampling interval, demonstrating the

continuous emission of single photons in our system. b, Zooming in at a delay of
t ¼ 20min reveals individual peaks as in Fig. 3 for t – 0.
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Quantum-state transfer from an ion to a photon
A. Stute1†, B. Casabone1†, B. Brandstätter1, K. Friebe1, T. E. Northup1* and R. Blatt1,2

One model for quantum networks1,2 is based on the probabilis-
tic measurement of two photons, each entangled with a distant
node, such as an atom or atomic ensemble3–7. A second, deter-
ministic model transfers information directly from an atom onto
a cavity photon, which carries it to a second node8, as recently
demonstrated with neutral atoms9. In both cases, the challenge
is to transfer information efficiently while preserving coherence.
Here, following the second scheme, we map the quantum state
of an ion onto a photon within an optical cavity. Using an ion
enables deterministic state initialization10,11, while the cavity
provides coherent coupling to a well-defined output mode12–15.
Although it is often assumed that a cavity-based quantum
interface requires the strong coupling regime, we show transfer
fidelities of 92% in the presence of non-negligible decoherence
and characterize the interplay between fidelity and efficiency.
Our time-independent mapping process offers a promising
route towards ion-based quantum networks.

Information transfer between distant quantum computers would
enable distributed quantum information processing16–18 and
quantum communication19,20. In the original proposal for quantum-
state transfer8, a photonic qubit comprises the number states |0l and
|1l. Such a qubit has subsequently been used for the cavity-based
mapping of a coherent state onto an atom21. However, because of
the losses in a realistic optical path, it is advantageous instead to
encode the qubit within a degree of freedom of a single photon. We
therefore choose the polarization degree of freedom. The target
process then maps an electronic superposition of atomic states |Sl
and |S′l to the photon polarization states |Hl and |Vl,

cosa|Sl+ eiw sina|S′l
( )

⊗ |0l −$ |Dl⊗ cosa|Hl+ eiw sina|Vl
( )

(1)

preserving the superposition’s phase and amplitude, defined by w and
a. |Dl is a third atomic state. By coupling two initial atomic states to
one final state, no information remains in the ion after the mapping.

As an atomic qubit we use two electronic states of a single 40Caþ

ion in a linear Paul trap within an optical cavity22 (Fig. 1a). Any
superposition state of the atomic qubit can be deterministically initi-
alized via coherent laser manipulations10,11; this initialization is inde-
pendent of the interaction of the ion with the cavity field. Following
optical pumping to the Zeeman state |Sl ; |42S1/2, mJ¼21/2l, the
atomic qubit is encoded in states |Sl and |S′l ; |42S1/2, mJ¼þ1/2l
via two laser pulses on the quadrupole transition that couples the
42S1/2 and 32D5/2 manifolds (Fig. 1b). The length and phase of a
first pulse on the |Sl↔ |32D5/2,mJ¼þ1/2l transition set the ampli-
tude and phase of the initial state. The state is subsequently trans-
ferred back to the S manifold via a p pulse on the |32D5/2,
mJ¼þ1/2l↔ |S′l transition.

To implement the state-mapping process of equation (1), we
drive two simultaneous Raman transitions in which both states
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Figure 1 | Experimental configuration and mapping sequence. a, A 40Caþ

ion is confined in a linear Paul trap (indicated schematically by two trap tips)
and positioned at the antinode of an optical cavity. A bichromatic 393 nm
field drives a pair of Raman transitions, generating a single cavity photon.
The beam is linearly polarized in the z direction and propagates along x. An
external magnetic field is chosen parallel to z, orthogonal to the cavity axis
y, in order to drive p transitions. The measurement basis of photons exiting
the cavity is set by half and quarter wave plates (L/2, L/4). Photons are
then separated by a polarizing beamsplitter (PBS) for detection on avalanche
photodiodes (APD1, APD2). Tables indicate the polarization of photons at
APD1 and APD2 corresponding to three measurement bases. b, Two laser
pulses at 729 nm (1, 2) prepare the ion in a superposition of levels S and S′.
This superposition is subsequently mapped onto the vertical (V) and
horizontal (H) polarizations of a cavity photon. The 393 nm laser and the
cavity field couple S and S′ to the metastable D level. The bichromatic laser
field is detuned from levels P and P′ by D1 and D2 (&400 MHz) and has
Rabi frequencies V1 and V2.

1Institut für Experimentalphysik, Universität Innsbruck, Technikerstraße 25, 6020 Innsbruck, Austria, 2Institut für Quantenoptik und Quanteninformation der
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ion is confined in a linear Paul trap (indicated schematically by two trap tips)
and positioned at the antinode of an optical cavity. A bichromatic 393 nm
field drives a pair of Raman transitions, generating a single cavity photon.
The beam is linearly polarized in the z direction and propagates along x. An
external magnetic field is chosen parallel to z, orthogonal to the cavity axis
y, in order to drive p transitions. The measurement basis of photons exiting
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then separated by a polarizing beamsplitter (PBS) for detection on avalanche
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APD1 and APD2 corresponding to three measurement bases. b, Two laser
pulses at 729 nm (1, 2) prepare the ion in a superposition of levels S and S′.
This superposition is subsequently mapped onto the vertical (V) and
horizontal (H) polarizations of a cavity photon. The 393 nm laser and the
cavity field couple S and S′ to the metastable D level. The bichromatic laser
field is detuned from levels P and P′ by D1 and D2 (&400 MHz) and has
Rabi frequencies V1 and V2.
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ministic model transfers information directly from an atom onto
a cavity photon, which carries it to a second node8, as recently
demonstrated with neutral atoms9. In both cases, the challenge
is to transfer information efficiently while preserving coherence.
Here, following the second scheme, we map the quantum state
of an ion onto a photon within an optical cavity. Using an ion
enables deterministic state initialization10,11, while the cavity
provides coherent coupling to a well-defined output mode12–15.
Although it is often assumed that a cavity-based quantum
interface requires the strong coupling regime, we show transfer
fidelities of 92% in the presence of non-negligible decoherence
and characterize the interplay between fidelity and efficiency.
Our time-independent mapping process offers a promising
route towards ion-based quantum networks.

Information transfer between distant quantum computers would
enable distributed quantum information processing16–18 and
quantum communication19,20. In the original proposal for quantum-
state transfer8, a photonic qubit comprises the number states |0l and
|1l. Such a qubit has subsequently been used for the cavity-based
mapping of a coherent state onto an atom21. However, because of
the losses in a realistic optical path, it is advantageous instead to
encode the qubit within a degree of freedom of a single photon. We
therefore choose the polarization degree of freedom. The target
process then maps an electronic superposition of atomic states |Sl
and |S′l to the photon polarization states |Hl and |Vl,

cosa|Sl+ eiw sina|S′l
( )

⊗ |0l −$ |Dl⊗ cosa|Hl+ eiw sina|Vl
( )

(1)

preserving the superposition’s phase and amplitude, defined by w and
a. |Dl is a third atomic state. By coupling two initial atomic states to
one final state, no information remains in the ion after the mapping.

As an atomic qubit we use two electronic states of a single 40Caþ

ion in a linear Paul trap within an optical cavity22 (Fig. 1a). Any
superposition state of the atomic qubit can be deterministically initi-
alized via coherent laser manipulations10,11; this initialization is inde-
pendent of the interaction of the ion with the cavity field. Following
optical pumping to the Zeeman state |Sl ; |42S1/2, mJ¼21/2l, the
atomic qubit is encoded in states |Sl and |S′l ; |42S1/2, mJ¼þ1/2l
via two laser pulses on the quadrupole transition that couples the
42S1/2 and 32D5/2 manifolds (Fig. 1b). The length and phase of a
first pulse on the |Sl↔ |32D5/2,mJ¼þ1/2l transition set the ampli-
tude and phase of the initial state. The state is subsequently trans-
ferred back to the S manifold via a p pulse on the |32D5/2,
mJ¼þ1/2l↔ |S′l transition.

To implement the state-mapping process of equation (1), we
drive two simultaneous Raman transitions in which both states
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Figure 1 | Experimental configuration and mapping sequence. a, A 40Caþ

ion is confined in a linear Paul trap (indicated schematically by two trap tips)
and positioned at the antinode of an optical cavity. A bichromatic 393 nm
field drives a pair of Raman transitions, generating a single cavity photon.
The beam is linearly polarized in the z direction and propagates along x. An
external magnetic field is chosen parallel to z, orthogonal to the cavity axis
y, in order to drive p transitions. The measurement basis of photons exiting
the cavity is set by half and quarter wave plates (L/2, L/4). Photons are
then separated by a polarizing beamsplitter (PBS) for detection on avalanche
photodiodes (APD1, APD2). Tables indicate the polarization of photons at
APD1 and APD2 corresponding to three measurement bases. b, Two laser
pulses at 729 nm (1, 2) prepare the ion in a superposition of levels S and S′.
This superposition is subsequently mapped onto the vertical (V) and
horizontal (H) polarizations of a cavity photon. The 393 nm laser and the
cavity field couple S and S′ to the metastable D level. The bichromatic laser
field is detuned from levels P and P′ by D1 and D2 (&400 MHz) and has
Rabi frequencies V1 and V2.
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Efficient Source of Single Photons: A Single Quantum Dot in a Micropost Microcavity
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We have demonstrated efficient production of triggered single photons by coupling a single semi-
conductor quantum dot to a three-dimensionally confined optical mode in a micropost microcavity. The
efficiency of emitting single photons into a single-mode traveling wave is approximately 38%, which is
nearly 2 orders of magnitude higher than for a quantum dot in bulk semiconductor material. At the
same time, the probability of having more than one photon in a given pulse is reduced by a factor of 7 as
compared to light with Poissonian photon statistics.

DOI: 10.1103/PhysRevLett.89.233602 PACS numbers: 42.50.Ct, 42.50.Dv, 78.67.Hc, 85.60.Jb

The photon statistics of a light source can be described
by the second-order autocorrelation function, defined as
follows: g!2"!!" # hâay!t"âay!t$ !"âa!t$ !"âa!t"i=hâayâai2,
where âay!t" and âa!t" are the photon creation and annihi-
lation operators, respectively, at time t. A pulsed source
will have a correlation function consisting of a series of
peaks separated by the repetition period T. The area g!2"o

of the peak around ! # 0, normalized by T, gives an
upper bound on the probability that two or more photons
are present in the same pulse: P!n % 2" & !1=2"hn̂ni2g!2"o ,
where hn̂ni is the mean photon number per pulse [1]. A
source where g!2"o < 1 has a reduced multiphoton proba-
bility as compared to coherent light with Poissonian
photon statistics. If g!2"o is sufficiently close to zero, we
can speak of a single-photon source.

Such a source has been demonstrated using the con-
trolled excitation of single molecules [2,3] and single
nitrogen-vacancy centers in diamond nanocrystals [4]
and using the controlled injection of carriers into a
mesoscopic quantum well [5]. Pulsed excitation of semi-
conductor quantum dots (QD’s) can also be used for
single-photon production [1,6]. The energy of the photon
emitted due to electron-hole recombination in a dot de-
pends on the total charge configuration of the dot [7]. If
we excite a QD with a laser pulse, then, the electron-hole
pairs that are created will each recombine to emit a
photon with a unique wavelength. A single emitted pho-
ton can subsequently be isolated by spectral filtering [8].

QD’s offer several advantages as sources for single
photons. They have high oscillator strengths and narrow
spectral linewidths and do not suffer from photobleach-
ing or shelving. The materials used to make QD’s are
compatible with mature semiconductor technologies, al-
lowing them to be further developed and integrated with
other components. A significant drawback, though, is that
very few of the photons emitted by a QD escape from the
high-refractive-index semiconductor containing the dot
into useful directions. This can be remedied by placing
the dot in a microscopic optical cavity, increasing the
spontaneous emission rate by a quantity known as the

Purcell factor. The fraction " of the emitted photons
which are captured by the cavity mode then depends on
the enhanced emission rate # and the emission rate #o
in the absence of a cavity: " # 1' !#o ' #c"=#,
where #c=#o is the fraction of radiation that would be
coupled into the cavity mode in the limit of zero photon
storage time.

In order to have an efficient source of single photons, it
is necessary that a large fraction of the light escapes from
the confined cavity mode into a single traveling-wave
mode. This extraction efficiency can be determined by
comparing the quality factor Q of the mode in a real
cavity to the quality factor Qo for an ideal cavity without
unwanted losses: $extract # Q=Qo. The mean photon
number per pulse that can be observed will also depend
on the total collection and detection efficiency of the
experimental apparatus. Since this is not intrinsic to the
single-photon source, we will concentrate on the external
quantum efficiency $ of the device, independent of the
measurement equipment.

Several semiconductor microcavities have been inves-
tigated for the enhancement of spontaneous emission
from QD’s, including whispering-gallery modes in mi-
crodisks [9] and defect modes in two-dimensional pho-
tonic crystals [10,11]. More practical for light extraction
are microscopic posts etched out of distributed-Bragg
reflector (DBR) microcavities [12,13]. Light escaping
from the fundamental mode of a micropost microcavity
is well approximated by a Gaussian beam and can thus be
efficiently coupled into optical fibers, detectors, or other
downstream optical components.

We used molecular-beam epitaxy to grow planar DBR
microcavities containing self-assembled InAs QD’s. The
DBR mirrors consist of alternating quarter-wavelength-
thick layers of GaAs and AlAs, separated by a one-
wavelength-thick spacer layer of GaAs. The reflectivity
of the bottom DBR was designed to be significantly
higher than that of the top DBR, so that almost all of
the light in the cavity escapes upwards rather than
downwards. The QD’s were grown at the center of the

VOLUME 89, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 2 DECEMBER 2002

233602-1 0031-9007=02=89(23)=233602(4)$20.00  2002 The American Physical Society 233602-1

spacer layer. They are islands of InAs formed by a strain-
induced self-assembly process [14]. We grew islands with
a low areal density by using a high substrate temperature
and by stopping InAs deposition shortly after island
formation.

Following the growth, we etched microposts out of the
sample. A bilayer resist was exposed using an electron
beam and was subsequently used to lift off a thick nickel
mask. The sample was then etched using a low-pressure
electron-cyclotron-resonance plasma of chlorine and
boron trichloride in a background of argon. We divided
the etch into three stages; in each subsequent stage, we
decreased the flow rate of chlorine and decreased the
process pressure. The sample was cooled to an initial
temperature of about 3 !C before the etch was started.
Figure 1(a) shows a scanning-electron microscope image
of a typical etched micropost. Light in the post is confined
vertically by the DBR’s and laterally by total internal
reflection.

For optical measurements, pulsed laser light with a
photon energy larger than the GaAs band gap was di-
rected towards the micropost. The sample was held in a
liquid-helium cryostat at a temperature of approximately
5 K, so that the created carriers were rapidly trapped by
the QD and quickly relaxed to the lowest-energy confined
states. Optical emission was collected by a lens in front of
the cryostat and was filtered spectrally and spatially to
eliminate scattered pump light. The emitted light could
be sent to a spectrometer (with a spectral resolution of
0.05 nm) or to a streak camera (with a temporal resolution
of 25 ps), for measurement of intensity as a function of

time and of wavelength. Alternatively, it could be di-
rected towards a Hanbury Brown and Twiss-type
(HBT) apparatus, which incorporated spectral filtering,
in order to record a histogram of time intervals between
photons. In the limit of low total collection and detection
efficiency, this histogram approximates the photon corre-
lation function g"2#"!#. More detail on the experimental
methods can be found in Ref. [15].

We selected a particular post, with a top diameter of
0:6 "m, which exhibited a single-QD photoluminescence
line at a wavelength of 855 nm, spectrally well removed
from the wetting-layer emission. A visibility of 33:1%$
1:8% was measured in a linear polarization basis for this
emission line, while very low visibility was measured in a
circular basis. We therefore modeled light from the QD as
consisting of a linearly polarized part together with an
unpolarized part in determining the fraction of QD emis-
sion lost at the polarizers in our HBT setup.

Single-photon generation was confirmed using the
HBT apparatus. A measured histogram is shown in
Fig. 2(a). The central peak is nearly absent, reflecting
strong suppression of the multiphoton probability. Each
peak in the photon correlation data can be described by a
two-sided exponential, with a decay constant given by the
spontaneous decay time and the instrument response
time. The recombination time was measured using the
streak camera to be 4:4$ 1:2 ns. (Details on lifetime

FIG. 1 (color). (a) Scanning-electron microscope (SEM) im-
age of a micropost microcavity with a top diameter of 0:6 "m
and a height of 4:2 "m. (b) Color-scale representation of the
amplitude of the electric field for the fundamental mode of the
micropost microcavity, as calculated by the finite-difference
time-domain method. The profile of the modeled post matches
the profile of the real posts as measured from SEM images.
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FIG. 2 (color online). (a) Measured autocorrelation for pho-
tons from a single quantum dot in a micropost microcavity, for
an incident pump power of 10:9 "W and an integration time of
300 s (points), and corresponding fit (line). Because of the
relatively low emission rate from the QD, adjacent peaks over-
lap. (b) Area of the central autocorrelation peak relative to the
area of the side peaks as a function of pump power (points).
The line is a guide for the eye.
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38% coupling to the cavity

cQED with nano-emitters



coupling. The excitation power used in the strong coupling experi-
ments of 2mW corresponds to 1.5 £ 109 photons s21 in the cavity
averaged over time; that is, interactions of the single QD with
multiple photons can be neglected.
Our experiments demonstrate that long-sought solid state

implementations of the strongly coupled cavity-mode–two-level-
emitter systems are feasible by using single QDs in high-Q
cavities with small mode volumes. With further improvements,
for example using higher-Q cavities or QDs placed at the in-plane
mode centre, these systems have the potential for wide appli-
cation ranging from nonlinear optics28 to quantum information
processing18–22. A
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Cavity quantum electrodynamics (QED) systems allow the study
of a variety of fundamental quantum-optics phenomena, such as
entanglement, quantum decoherence and the quantum–classical
boundary1–9. Such systems also provide test beds for quantum
information science. Nearly all strongly coupled cavity QED
experiments have used a single atom in a high-quality-factor
(high-Q) cavity. Here we report the experimental realization of a
strongly coupled system in the solid state: a single quantum dot
embedded in the spacer of a nanocavity, showing vacuum-field
Rabi splitting exceeding the decoherence linewidths of both the
nanocavity and the quantum dot. This requires a small-volume
cavity and an atomic-like two-level system5,10. The photonic
crystal11 slab nanocavity—which traps photons when a defect is
introduced inside the two-dimensional photonic bandgap by
leaving out one or more holes12—has both high Q and small
modal volume V, as required for strong light–matter inter-
actions13. The quantum dot has two discrete energy levels with
a transition dipolemomentmuch larger than that of an atom14–16,
and it is fixed in the nanocavity during growth.

The study of vacuum Rabi splitting has been an exciting subfield
of atomic physics since its first observation with many atoms in the
early 1980s; see ref. 1 for a history of the field. After a decade of
gradually improving the Q of the cavity and decreasing its volume,
vacuum Rabi splitting was seen with a single atom. This opened
exciting opportunities for the field of atomic cavity QED, and many
experiments followed1–7. For such a truly quantum system, the
optical properties are changed by the addition of a single photon or
single atom, and the quantum–classical boundary can be studied2–4.
But because atoms can move and even escape, their coupling is
time-dependent; clearly, the next goal was to localize a cold atom
inside the cavity using atomic traps6.

In the field of semiconductors, 12 years elapsed between seeing
non-perturbative normal mode coupling17, analogous to many-
atom vacuum Rabi splitting10, and the observation of strong
coupling between a single quantum dot (SQD) and a small-volume
crystal nanocavity. This advance, which produced opportunities for
truly quantum-optics cavity QED experiments in semiconductors,
owes much to the extensive studies of (and improvements in) SQDs
and monolithic cavities. The semiconductor approximation to a
two-level system is a SQD, a small semiconductor crystal confined in
three dimensions by a higher-bandgap material14–16. The sharp
emission lines observed from submicrometre collection spots
were shown to arise from transitions between discrete energy levels
of the quantum dot (QD) depending upon size and shape18,19.
Coherent transient experiments were performed on these atom-like
transitions16,20, and their spontaneous emission was enhanced21–23

and inhibited22 by the Purcell effect within microcavities24 of higher
and higherQ. The transitions of a SQD can be separated enough for
the lowest transition to exhibit anti-bunching, and cavity enhanced
spontaneous emission can lead to one photon on demand into a
desired mode21,25.
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coupling. The excitation power used in the strong coupling experi-
ments of 2mW corresponds to 1.5 £ 109 photons s21 in the cavity
averaged over time; that is, interactions of the single QD with
multiple photons can be neglected.
Our experiments demonstrate that long-sought solid state

implementations of the strongly coupled cavity-mode–two-level-
emitter systems are feasible by using single QDs in high-Q
cavities with small mode volumes. With further improvements,
for example using higher-Q cavities or QDs placed at the in-plane
mode centre, these systems have the potential for wide appli-
cation ranging from nonlinear optics28 to quantum information
processing18–22. A
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Cavity quantum electrodynamics (QED) systems allow the study
of a variety of fundamental quantum-optics phenomena, such as
entanglement, quantum decoherence and the quantum–classical
boundary1–9. Such systems also provide test beds for quantum
information science. Nearly all strongly coupled cavity QED
experiments have used a single atom in a high-quality-factor
(high-Q) cavity. Here we report the experimental realization of a
strongly coupled system in the solid state: a single quantum dot
embedded in the spacer of a nanocavity, showing vacuum-field
Rabi splitting exceeding the decoherence linewidths of both the
nanocavity and the quantum dot. This requires a small-volume
cavity and an atomic-like two-level system5,10. The photonic
crystal11 slab nanocavity—which traps photons when a defect is
introduced inside the two-dimensional photonic bandgap by
leaving out one or more holes12—has both high Q and small
modal volume V, as required for strong light–matter inter-
actions13. The quantum dot has two discrete energy levels with
a transition dipolemomentmuch larger than that of an atom14–16,
and it is fixed in the nanocavity during growth.

The study of vacuum Rabi splitting has been an exciting subfield
of atomic physics since its first observation with many atoms in the
early 1980s; see ref. 1 for a history of the field. After a decade of
gradually improving the Q of the cavity and decreasing its volume,
vacuum Rabi splitting was seen with a single atom. This opened
exciting opportunities for the field of atomic cavity QED, and many
experiments followed1–7. For such a truly quantum system, the
optical properties are changed by the addition of a single photon or
single atom, and the quantum–classical boundary can be studied2–4.
But because atoms can move and even escape, their coupling is
time-dependent; clearly, the next goal was to localize a cold atom
inside the cavity using atomic traps6.

In the field of semiconductors, 12 years elapsed between seeing
non-perturbative normal mode coupling17, analogous to many-
atom vacuum Rabi splitting10, and the observation of strong
coupling between a single quantum dot (SQD) and a small-volume
crystal nanocavity. This advance, which produced opportunities for
truly quantum-optics cavity QED experiments in semiconductors,
owes much to the extensive studies of (and improvements in) SQDs
and monolithic cavities. The semiconductor approximation to a
two-level system is a SQD, a small semiconductor crystal confined in
three dimensions by a higher-bandgap material14–16. The sharp
emission lines observed from submicrometre collection spots
were shown to arise from transitions between discrete energy levels
of the quantum dot (QD) depending upon size and shape18,19.
Coherent transient experiments were performed on these atom-like
transitions16,20, and their spontaneous emission was enhanced21–23

and inhibited22 by the Purcell effect within microcavities24 of higher
and higherQ. The transitions of a SQD can be separated enough for
the lowest transition to exhibit anti-bunching, and cavity enhanced
spontaneous emission can lead to one photon on demand into a
desired mode21,25.
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Cavity quantum electrodynamics (QED) systems allow the study
of a variety of fundamental quantum-optics phenomena, such as
entanglement, quantum decoherence and the quantum–classical
boundary1–9. Such systems also provide test beds for quantum
information science. Nearly all strongly coupled cavity QED
experiments have used a single atom in a high-quality-factor
(high-Q) cavity. Here we report the experimental realization of a
strongly coupled system in the solid state: a single quantum dot
embedded in the spacer of a nanocavity, showing vacuum-field
Rabi splitting exceeding the decoherence linewidths of both the
nanocavity and the quantum dot. This requires a small-volume
cavity and an atomic-like two-level system5,10. The photonic
crystal11 slab nanocavity—which traps photons when a defect is
introduced inside the two-dimensional photonic bandgap by
leaving out one or more holes12—has both high Q and small
modal volume V, as required for strong light–matter inter-
actions13. The quantum dot has two discrete energy levels with
a transition dipolemomentmuch larger than that of an atom14–16,
and it is fixed in the nanocavity during growth.

The study of vacuum Rabi splitting has been an exciting subfield
of atomic physics since its first observation with many atoms in the
early 1980s; see ref. 1 for a history of the field. After a decade of
gradually improving the Q of the cavity and decreasing its volume,
vacuum Rabi splitting was seen with a single atom. This opened
exciting opportunities for the field of atomic cavity QED, and many
experiments followed1–7. For such a truly quantum system, the
optical properties are changed by the addition of a single photon or
single atom, and the quantum–classical boundary can be studied2–4.
But because atoms can move and even escape, their coupling is
time-dependent; clearly, the next goal was to localize a cold atom
inside the cavity using atomic traps6.

In the field of semiconductors, 12 years elapsed between seeing
non-perturbative normal mode coupling17, analogous to many-
atom vacuum Rabi splitting10, and the observation of strong
coupling between a single quantum dot (SQD) and a small-volume
crystal nanocavity. This advance, which produced opportunities for
truly quantum-optics cavity QED experiments in semiconductors,
owes much to the extensive studies of (and improvements in) SQDs
and monolithic cavities. The semiconductor approximation to a
two-level system is a SQD, a small semiconductor crystal confined in
three dimensions by a higher-bandgap material14–16. The sharp
emission lines observed from submicrometre collection spots
were shown to arise from transitions between discrete energy levels
of the quantum dot (QD) depending upon size and shape18,19.
Coherent transient experiments were performed on these atom-like
transitions16,20, and their spontaneous emission was enhanced21–23

and inhibited22 by the Purcell effect within microcavities24 of higher
and higherQ. The transitions of a SQD can be separated enough for
the lowest transition to exhibit anti-bunching, and cavity enhanced
spontaneous emission can lead to one photon on demand into a
desired mode21,25.
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ments of 2mW corresponds to 1.5 £ 109 photons s21 in the cavity
averaged over time; that is, interactions of the single QD with
multiple photons can be neglected.
Our experiments demonstrate that long-sought solid state

implementations of the strongly coupled cavity-mode–two-level-
emitter systems are feasible by using single QDs in high-Q
cavities with small mode volumes. With further improvements,
for example using higher-Q cavities or QDs placed at the in-plane
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Cavity quantum electrodynamics (QED) systems allow the study
of a variety of fundamental quantum-optics phenomena, such as
entanglement, quantum decoherence and the quantum–classical
boundary1–9. Such systems also provide test beds for quantum
information science. Nearly all strongly coupled cavity QED
experiments have used a single atom in a high-quality-factor
(high-Q) cavity. Here we report the experimental realization of a
strongly coupled system in the solid state: a single quantum dot
embedded in the spacer of a nanocavity, showing vacuum-field
Rabi splitting exceeding the decoherence linewidths of both the
nanocavity and the quantum dot. This requires a small-volume
cavity and an atomic-like two-level system5,10. The photonic
crystal11 slab nanocavity—which traps photons when a defect is
introduced inside the two-dimensional photonic bandgap by
leaving out one or more holes12—has both high Q and small
modal volume V, as required for strong light–matter inter-
actions13. The quantum dot has two discrete energy levels with
a transition dipolemomentmuch larger than that of an atom14–16,
and it is fixed in the nanocavity during growth.

The study of vacuum Rabi splitting has been an exciting subfield
of atomic physics since its first observation with many atoms in the
early 1980s; see ref. 1 for a history of the field. After a decade of
gradually improving the Q of the cavity and decreasing its volume,
vacuum Rabi splitting was seen with a single atom. This opened
exciting opportunities for the field of atomic cavity QED, and many
experiments followed1–7. For such a truly quantum system, the
optical properties are changed by the addition of a single photon or
single atom, and the quantum–classical boundary can be studied2–4.
But because atoms can move and even escape, their coupling is
time-dependent; clearly, the next goal was to localize a cold atom
inside the cavity using atomic traps6.

In the field of semiconductors, 12 years elapsed between seeing
non-perturbative normal mode coupling17, analogous to many-
atom vacuum Rabi splitting10, and the observation of strong
coupling between a single quantum dot (SQD) and a small-volume
crystal nanocavity. This advance, which produced opportunities for
truly quantum-optics cavity QED experiments in semiconductors,
owes much to the extensive studies of (and improvements in) SQDs
and monolithic cavities. The semiconductor approximation to a
two-level system is a SQD, a small semiconductor crystal confined in
three dimensions by a higher-bandgap material14–16. The sharp
emission lines observed from submicrometre collection spots
were shown to arise from transitions between discrete energy levels
of the quantum dot (QD) depending upon size and shape18,19.
Coherent transient experiments were performed on these atom-like
transitions16,20, and their spontaneous emission was enhanced21–23

and inhibited22 by the Purcell effect within microcavities24 of higher
and higherQ. The transitions of a SQD can be separated enough for
the lowest transition to exhibit anti-bunching, and cavity enhanced
spontaneous emission can lead to one photon on demand into a
desired mode21,25.
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The condition for strong coupling is more demanding on Q: the
vacuum Rabi splitting, 2g, due to a SQD must exceed the mean of
the decay rates of the cavity, k, and the dot, g. The coupling strength,
g, is given by mE vac/h, where the vacuum field satisfies
n210jEvacj2V ¼ hn=2: Here n < 3.4 is the semiconductor refractive
index, 10 is the permittivity of vacuum,V is themode volume, and n
is the frequency of the transition of the quantum dot with dipole
moment m. For small-length cavities, k(¼n/Q) usually exceeds g;
then, since g/k / Q/

p
V, the challenge has been to fabricate a high-Q

cavity while maintaining a very small V. Recently, a breakthrough in
design by Noda’s group13 resulted in silicon photonic crystal
nanocavities withQ ¼ 45,000 and V ¼ 0.07 mm3. Clearly, the cavity
with the smallest V (while maintaining high Q) yields strong
coupling with a smaller dipole, that is, the dot is more quantum.

Our photonic crystal nanocavity follows the design13 of Noda’s
group, but the silicon is replaced by GaAs for growth of quantum
dots. The three-dimensional-mode in-plane confinement is
obtained by fabricating a two-dimensional triangular lattice photo-
nic crystal slab with three holes missing to form a spacer (Fig. 1a, b).
The vertical confinement, achieved by total internal reflection at the
slab semiconductor–air interfaces, is imperfect, in that light with

small in-plane wavevectors can leak out of the top and bottom.
Noda’s one-dimensional model showed that the key to reducing this
loss is to shift out slightly the holes at the ends of the spacer: “the
light has to be confined gently in order to confine it strongly”13. In
other words, when the field envelope function is stopped abruptly,
its Fourier transform has a larger overlap with small in-plane
wavevectors that leak out; terminating it gently reduces that loss13.
The sample, grown on a (001) GaAs substrate by molecular beam

epitaxy, has a single layer of InAs quantum dots in the centre of the
slab26 (Fig. 2a). A large array of nanocavities (,30,000 in clusters of
30 with a density of 5,560 cavitiesmm22) is fabricated with crystal
parameters changed systematically. The missing-holes spacer is
surrounded by 14 periods of air holes for good in-plane optical
confinement. The parameters of the photonic crystal are controlled
lithographically26: a ¼ 300 nm, r ¼ 0.27a, s ¼ 0.20a, and slab thick-
ness d ¼ 0.90a (see Fig. 1b for definitions of a, r and s).
Computations of the field strength as a function of position

(Fig. 1c) show that most of the field energy is confined to the defect
regionwith amode volume ofV < (l0/n)

3 < 0.04 mm3, where l0 is
the resonance wavelength of light in vacuum. This V is a typical
value for most of the parameter ranges. Since the intracavity field is
a standing wave that oscillates from zero to a maximum every
quarter wavelength (see top of Fig. 1c), there is a very limited
volume of high field strength in which a SQDmust be located if it is
to couple strongly.
Photoluminescence (PL) measurements were performed in a

temperature-controlled liquid-helium cryostat with internal x–y
nanopositioners, essential for stability and the ability to re-find a

Figure 1 Photonic crystal nanocavity. a, Diagram. Half of a hexagon-shaped array of
holes forming a nanocavity; scale is ,5mm across at the cut. b, Scanning electron
micrograph of a fabricated nanocavity, showing the hole spacing a, hole diameter 2r, and

shift s of the two holes at the ends of the ‘spacer’ formed by omitting three holes.

c, Computed optical field magnitude superimposed on the nanocavity structure. The scale
bar shows the normalized amplitude of the electric field, jEj/max(jEj). Also shown are a
horizontal slice (above main panel) and a vertical slice (left of main panel) through the

centre of the spacer.

 

 

 

 

 

Figure 2 Quantum dots and cavity modes. a, Atomic force microscope profile of a layer of
InAs QDs similar to the layer used but without layers above. The typical dot size is,25 nm

diameter and 3–4 nm height, and the dot density is 300–400mm22. b, QD ensemble

photoluminescence for high excitation power, showing both the lowest (1,175–1,250 nm)

and first excited (1,100–1,150 nm) transitions. c, PL from the three nanocavities with

the highest values of Q (uncorrected for ,0.04-nm instrument width). Averaging time:

0.1 s for left two peaks; 0.5 s for right.
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given nanocavity. The samples were optically pumped by the
770 nm output of a Ti:sapphire continuous wave (c.w.) laser. The
pump beam was focused by a reflecting microscope objective (0.5
numerical aperture) to a spot size of 1mm on the sample. The
sample emission was collected by the same microscope objective,
analysed with a spectrometer, and detected by an InGaAs array
integrating over 0.025 nm per pixel. We estimate that a sample area
of,10 mm2 is imaged into the spectrometer, giving rise to the broad
ensemble PL underlying the cavity-related emission in Figs 3 and 4.
In this geometry we are using the leakage of the cavity mode out of
the top to observe PL from a QD coupled to it. Figure 2b shows the
ensemble PL spectrumwith the lowest transition line at,1,200 nm,
and the first excited transition line at 1,125 nm. Figure 2c shows
high-power spectra of the three highest-Q nanocavities. There
has been a steady improvement in the values of Q obtained for

two-dimensional photonic crystal slab nanocavities12,13,26 fabricated
for lasers, with a quantumwell12 (Q ¼ 250) or,80 quantum dots26

(Q ¼ 2,000) as the active medium.
We did not find a SQD coupled strongly to one of the highest-Q

modes displayed in Fig. 2c. But a slightly lower-Q (,13,300) mode
does couple to a SQD located spectrally on the short wavelength side
of the lowest energy transition of the ensemble shown in Fig. 2b. At
high power (Fig. 3a as in Fig. 2c), the emission is dominated by the
cavity peak, because QDs not coupled to the nanocavity are
saturated; that is, a QD’s emission rate is determined by its radiative
decay rate, not by its excitation rate. Therefore, coupled dots emit
more photons per unit time than uncoupled dots, owing to Purcell
enhancement of spontaneous emission23. A time-resolved experi-
ment would be needed to see the faster decay of a coupled dot.

At intermediate power (25 mW), the increased QD absorption
reduces the Q to 8,000. At low power (Fig. 3b), one can begin to see
PL peaks from uncoupled QDs; we note that they all move together
in the same way with temperature as does the empty cavity mode,
but at a rate much faster than that mode. Therefore, a QD transition
can be temperature-scanned through the cavity resonance27.
Figure 3b shows an anti-crossing of one QD transition with the
cavity mode at 1,182.6 nm. The two normal modes repel each other
in the vicinity of the crossing of the red and blue lines, showing the
temperature dependence of the uncoupled QD and cavity mode
resonances, respectively.

In Fig. 3c, the two coupled-system peaks are plotted as a function
of temperature on an expanded wavelength scale; for zero detuning
where the uncoupled dot and nanocavity resonances are degenerate,
the coupled system emission is clearly double-peaked. This anti-
crossing behaviour is characteristic of true strong coupling, the
regime of reversible exchange of energy back and forth between the
SQD and the nanocavity—that is, vacuum Rabi oscillations.

Figure 4a shows an independent scan over a narrower tempera-
ture range close to zero detuning. The measured zero detuning
vacuum Rabi splitting is 2g ¼ 41 GHz ¼ 170 meV ¼ 0.192 nm.
Figure 4b displays the zero-detuning emission predicted by an
analytic expression28. There is some uncertainty in the values of k
and g, and even more in the location of the QD relative to the field
maximum. For the plot, g ¼ 20.6GHz; assuming that the dot is in
the field maximum, this corresponds to m ¼ 29D and a radiative
lifetime of 1.82 ns (ensemble measurements gave 1–2 ns).

Figure 3 Dot–nanocavity anti-crossing. Temperature is scanned from 13 K at the top to

29 K at the bottom, in 1 K steps. a, PL for high excitation power (690 mW) and 0.2 s
averaging time; Q < 13,300. The background QD ensemble emission is ,8% of the

peak cavity emission here, and,50% in b. b, PL at low power (0.78mW) and 60 s. c, The
two coupled-system peaks (black lines are guides for the eye) are plotted as a function of

temperature, and compared with the scan rates of an uncoupled QD (red curve) and an

empty cavity (blue curve).

  

Figure 4 Dot–nanocavity vacuum Rabi splitting. a, Near-zero-detuning PL spectra
(different run from Fig. 3b), showing double-peaked emission. Temperature is scanned in

0.5 K steps, from 15 K at the top to 19.5 K at the bottom; 0.78 mW and 60 s average. b,
Plot of analytic expression for zero-detuning emission using g ¼ 20.6 GHz ¼ 0.096 nm,

k ¼ 42.3 GHz ¼ 0.197 nm, g ¼ 21.5 GHz ¼ 0.1 nm.
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Energy-Level Quantization in the Zero-Voltage State
of a Current-Biased Josephson Junction

John M. Martinis, Michel H. Devoret, ' and John Clarke
Department ofPhysics, University of California, Berkeley, California 94720, and Materials and Molecular

Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720
(Received 14 June 1985)

We report the first observation of quantized energy levels for a macroscopic variable, namely the
phase difference across a current-biased Josephson junction in its zero-voltage state. The position
of these energy levels is in quantitative agreement with a quantum mechanical calculation based on
parameters of the junction that are measured in the classical regime.

PACS numbers: 03.65.—w, 05.30.—d, 74.50.+ r

Do macroscopic variables obey quantum mechanics?
This question, although central to the theory of mea-
surement, ' has only recently been addressed experi-
mentally. An attractive candidate for such experimen-
tal investigation is the Josephson tunnel junction, a
system in which thermal fluctuations and perturbations
due to the environment can be made negligible. In the
case of the current-biased junction, the macroscopic
variable is the phase difference, 5, between the super-
conducting order parameters on either side of the bar-
rier. The junction can be represented as a particle
moving in a one-dimensional tilted cosine potential. 2

The zero-voltage state of the junction corresponds to
the confinement of the particle to one we11 of this po-
tential. After the particle escapes from this metastable
state, it runs freely down the tilted cosine potential,
and a voltage appears across the junction. For parame-
ters of experimental interest, the potential well from
which the particle escapes is represented, to a very
good approximation, by a cubic potential'3 [Fig. 1(a)].
Previously, to demonstrate the quantum mechanical
nature of 5, experiments 5 have been performed to
investigate the escape rate from the metastable we11 via
quantum macroscopic tunneling at low temperatures.
Related experiments have been concerned with a
superconducting ring interrupted by a Josephson tun-
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FIG. 1. (a) Cubic potential U vs phase difference 8 show-
ing three energy levels. Transition from the ground state to
the first excited state induced by a photon of frequency
co/2m is shown. (b) Model of current-biased Josephson
junction loaded with a resistor and irradiated with an exter-
nal microwave current source.

nel junction.
In this Letter, we describe a novel experiment that

demonstrates the quantum mechanical nature of the
macroscopic variable through energy level quantiza-
tion. We irradiate the junction with microwaves that,
at appropriate frequencies, cause the particie to make
transitions into excited states. Since the escape rate
out of the well increases with increasing energy, by
measuring changes in the escape rate we are able to
demonstrate the existence of quantized energy levels
spectroscopically in a way that does not require a pre-
cise knowledge of all the parameters of the junction.
We have designed the experiment so that the admit-

tance across the Josephson junction due to its self-
capacitance and current-voltage leads can be represent-
ed to a good approximation by a capacitance C and
resistance R in parallel [see Fig. 1(b)]. For a junction
with a critical current Io and for a bias current I close
to Io, the potential-barrier height 4U and plasma fre-
quency co~/27r (the oscillation frequency of the particle
at the bottom of the well) are b, U =—', J2 Uo (1
—I/Io)' 2 and' to~ =co~a[1—(I/Io)']I 4. Here, ' Uo
=ID@a/27r, ro~o= (2mIo/C@II)'t, and C&o= h/2e The.
dissipation is described through the damping factor
Q =co RC. According to quantum theory, the energy
levels in the well should be quantized as indicated in
Fig. 1(a); because of the cubic term in the potential,
the spacing between adjacent levels decreases with in-
creasing energy in the well. We note that an increase
in the bias current I decreases the spacings of energy
levels.
For our experiments, the Nb-NbO„-PbIn tunnel

junctions were patterned photolithographically on Si
chips in either a 10&&10-p,m or a 80x10-p,m2 cross-
strip geometry. Our experimental configuration for
experiments in the He temperature range has been
described previously. 9 In the experiment, the junction
and the last of a chain of low-pass filters for the bias
circuitry were thermally anchored to the mixing
chamber of a dilution refrigerator. The temperature of
the mixing chamber was determined with a combina-
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Quantum Josephson junction circuits and the 
dawn of artificial atoms
In 1985, experiments revealed the quantum behaviour of a macroscopic degree of freedom: the phase 
di!erence across a Josephson junction. The authors recount the history of this milestone for the development of 
superconducting quantum circuits.

John M. Martinis, Michel H. Devoret and John Clarke

Do macroscopic degrees of freedom 
obey quantum mechanics? During 
the first six decades of quantum 

mechanics the answer to this question 
was never addressed experimentally. 
Quantum mechanics was known to survive 
at the macroscopic level only through 
collective phenomena such as superfluidity, 
superconductivity, flux quantization and 
the Josephson effect. Although these 
phenomena are conventionally described 
as ‘macroscopic’, they are in fact classical 
manifestations on a macroscopic scale 
of the combination of large numbers of 
microscopic variables, each governed by 
quantum mechanics. The faceting of certain 
crystals, such as quartz, revealing the 
covalent bonds between constituent atoms, 
represents an elementary example of this 
class of quantum phenomena exhibited on a 
macroscopic scale.

In 1980, Anthony Leggett1 emphasized 
the importance of distinguishing 
macroscopic quantum phenomena 
originating in the somewhat trivial large-
scale accumulation of effects originating 
at the level of microscopic variables from 
those displayed, hypothetically, by a single 
macroscopic, collective degree of freedom. 
Although nothing in theory would seem to 
prevent such variables from fully obeying 
quantum mechanics, we felt challenged to 
see if it really was the case in practice.

In 1985, we answered the question with 
our experimental observation2 of quantized 
energy levels of a current-biased Josephson 
junction3,4. Crucially, the measured values 
of the energy levels agreed quantitatively 
with quantum-mechanical predictions based 
on parameters of the junction that we had 
measured classically, in situ5.

The Josephson tunnel junction consists 
of two superconductors separated by a thin 
insulating barrier through which Cooper 
pairs of electrons can tunnel coherently.  
For each superconductor, the density of 
Cooper pairs and their common phase 
describe its macroscopic quantum state.  
In the 1980s, Josephson junctions were used 

only in classical superconducting electronics 
devices, for example superconducting 
quantum interference devices (SQUIDs)6 
and the standard volt7.

In our experiment, we investigated  
the behaviour of a single macroscopic 
variable — the phase difference δ between 
the two superconductors measured when 
there is zero static voltage across the barrier. 
Although the name phase difference might 
suggest a de facto quantum-mechanical 
variable, that is not the case. Crudely 
speaking, one can understand the phase 
difference as a sort of momentum of the 
centre of mass of Cooper pairs as they flow 
across a junction. It is a collective variable 
associated with all the electrons of the 
junction, like the charge on the electrodes  
of a capacitor.

For our experiments, we patterned 
Nb–NbOx–PbIn tunnel junctions 
photolithograhically on oxidized Si chips 
in either a 10 × 10 μm2 or an 80 × 10 μm2 
cross-strip geometry (Fig. 1a). To make 
measurements, as shown in Fig. 1b, we 
coupled each junction in turn to a static 
current source and a microwave source 
at frequency Ω/2π and used a low-noise 
amplifier to detect any voltage V developed. 
The junction is shunted by a capacitance C,  

which was dominated by the intrinsic 
junction capacitance, and a resistance R, 
which was dominated by contributions from 
the external circuitry.

The differential equation describing the 
dynamics of a Josephson junction with self-
capacitance C can be shown to be equivalent 
to that for a particle of mass proportional 
to C moving in the one-dimensional tilted 
cosine potential8,9, as shown in Fig. 2. The 
conductance R–1 determines the damping 
of the particle. For a junction with critical 
current (maximum supercurrent) I0 biased 
with a current I just below I0, the barrier 
height (Fig. 2) is ΔU = (4/3)√2U0(1 – I/I0)3/2 
(ref. 10), where U0 = I0Φ0/2π. Τhe small 
oscillation frequency at the bottom of the 
well, also known as the plasma frequency 
ωp/2π is given by ωp = ωp0[1 – (I/I0)2]1/4. 
Here, ωp0 = (2πI0/CΦ0)1/2 and Φ0 = h/2e is 
the flux quantum, where h is the Planck 
constant and e the electronic charge.  
The plasma frequency quality factor  
is Q = RCωp ≫ 1.

Quantum mechanics predicts that 
the energy of the particle in the well is 
quantized, as indicated in Fig. 2. The 3/2 
exponent in ΔU is associated with a cubic-
shaped potential, which leads to a decrease 
in the spacing of the energy levels in the well 

C R V

Base electrode
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a b

IμwsinΩtIB

I0

Fig. 1 | The Josephson junction and its measurement circuit. a, Schematic of a cross-strip Josephson 
superconducting tunnel junction. Our devices consist of a Nb base electrode and a top PbIn alloy 
electrode separated by a ~1-nm thick Nb-oxide layer formed by plasma-oxidation of the base electrode. 
b, Circuit schematic of a Josephson element (cross) shunted by a capacitance C and resistance R, and 
connected to both static bias (IB) and microwave (Iμw) current sources. The voltage V across the junction 
is measured by a low-noise audio-frequency amplifier chain represented symbolically. Panel b adapted 
with permission from ref. 2, APS.
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with increasing energy, as in the hydrogen 
atom. Increasing the bias current I also 
decreases the spacing of all the energy levels.

As we shall see, it is of central importance 
that the well be anharmonic. The quadratic 
potential of a simple harmonic oscillator 
leads to spacing between energy levels that is 
independent of level number for all quantum 
numbers. Conversely, transitions between 
levels of an anharmonic well with small 
quantum numbers can be straightforwardly 
resolved, unlike for large quantum numbers 
where Bohr’s correspondence principle 
should always hold. As Leggett1 has 
emphasized so eloquently, the use of an 
anharmonic oscillator enables one “to evade 
the correspondence limit”.

The particle can escape from the well  
by two processes. In the classical limit 
kBT/ħωp ≫ 1/2π the particle escapes by 
thermal noise that activates it over the 
barrier; here kB is the Boltzmann constant, 
T is temperature and ħ ≡ h/2π. In this case, 
δ acts as a classical variable. In the quantum 
limit kBT/ħωp ≪ 1/2π, on the other hand, 
the particle behaves as a wave packet, and 
the phase difference δ acts as a quantum 
operator rather than as a classical number. 
Since the tail of the wave packet extends 
under the barrier, the particle can escape by 
macroscopic quantum tunnelling through 
the barrier11–14. To verify the presence of 
quantized energy levels in the junction in 
the quantum regime, we aimed at measuring 
the enhancement of the tunnelling rate 
following transitions between the energy 
levels induced by microwave irradiation.

To compare our experimental results 
with theoretical predictions, we first used 

resonant activation15 to measure the classical 
properties of each of our junctions in the 
same cool-down sequence. When a junction 
is current-biased below I0 in its zero-voltage 
state with the particle localized in a potential 
well, thermal fluctuations modulate the 
angle of tilt of the washboard and cause 
the particle to be activated out of the well. 
For an underdamped junction, which has 
a hysteretic current–voltage characteristic, 
the particle runs down the washboard, 
creating a voltage across the junction. The 
fundamental idea of resonant activation is 
to apply microwaves with a power P at a 
frequency Ω/2π at or close to the plasma 
frequency, which is typically several GHz, 
to the junction in the classical (thermal) 
regime. This adds a small perturbation to 
the dynamics of the particle in the presence 
of thermal noise, increasing the activation 
rate of the particle out of the well and 
thereby reducing its lifetime τ. Within a 
few days of conceiving this idea, we verified 
the basic phenomenon with an analogue 
computer programmed to simulate a 
Josephson junction. Together with Daniel 
Esteve, we made computer simulations to 
show in more detail how one could extract 
parameters from this resonance.

We measured τ at 4.2 K as a function  
of I, P and Ω; Q and I0 were inferred  
from different features of the thermal 
activation peak. To extract these parameters 
from the data accurately we first  
performed a numerical simulation of  
the junction in the presence of thermal 
noise. From the measurements and 
simulations of the junction in the presence 
of thermal noise we extracted ωp and hence 
ωp0 and C; then R = Q/ωpC — enabling 
us to make accurate measurements of all 
the relevant parameters in the classical 
regime. Further theoretical analyses16,17 later 
confirmed our simulations.

Having obtained the values of the 
junction and circuit parameters, we were 
then in a position to measure quantized 
energy levels and compare their values 
with theoretical predictions with no fitted 
parameters. We made the measurements in 
the quantum limit at temperatures of a few 
tens of millikelvin.

The basis of the experiment was  
to measure the change in the escape rate 
Γ(P) − Γ(0) of the junction from the  
zero-voltage regime as a function of the 
bias current I. We determined Γ(0) and 
Γ(P) separately by ramping the bias current 
repeatedly to obtain a histogram of the 
current at which the junction switched to the 
voltage state. We calculated the escape rates 
from the histograms, and then calculated 
Γ(P) − Γ(0). Typically, we averaged over 105 
switching events. We varied Γ(0) from 102 to 

105 s−1 and adjusted the microwave power P 
to produce [Γ(P) − Γ(0)]/Γ(0) < 2.

We expected the escape rate to be 
resonantly enhanced by microwaves, the 
frequency of which coincided with the 
spacing between two energy levels as 
compared with the rate in the absence of 
microwaves. Exciting the particle to the 
next higher energy level lowers the height 
and width of the effective barrier through 
which the particle must escape, increasing 
the escape rate. We searched for these 
resonances by varying the bias current 
to change the spacing while keeping the 
microwave frequency fixed. Figures 3 and 4 
illustrate typical results.

In Fig. 3a we show the change in the 
escape rate induced by 2.0-GHz microwaves. 
The junction parameters were chosen so 
that the well contained several energy levels 
(ΔU/ħωp ≈ 6), the lower excited states were 
significantly populated (kBT/ħωp ≈ 0.3), 
and the damping was low enough (Q ≈ 80) 
to produce narrow resonances. We directly 
observed these peaks in real time on the 
oscilloscope monitor, which displayed the 
current when the junction switched.

When one of us (J.M.M.) turned on 
the microwaves, three distinct values of 

ωp

ΔU

U

δ

hΩ

Fig. 2 | Cubic potential in which the macroscopic 
phase difference δ of the junction evolves 
quantum mechanically. Microwave irradiation at 
frequency Ω/2π induces transitions between the 
energy levels that quantum mechanics predicts 
to exist in the well. These transitions are detected 
by enhancement of the tunnelling rate, measured 
in the configuration of Fig. 1b. The transition 
frequencies are comparable with the plasma 
frequency ωp/2π. Figure adapted with permission 
from ref. 5, APS.
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Fig. 3 | Resonances induced by microwaves at 
2.0 GHz. a, [Γ(P) − Γ(0)]/Γ(0) versus I for an 
80 × 10 μm2 junction at 28 mK (kBT/ħΩ = 0.29). 
Arrows indicate positions of resonances.  
Inset: corresponding transitions between energy 
levels. b, Calculated energy level spacings  
En,n+1 versus I for I0 = 30.572 ± 0.017 μA and  
C = 47.0 ± 3.0 pF. Dotted lines indicate 
uncertainties in the 0→1 curve due to 
uncertainties in I0 and C. Arrows indicate  
values of bias current at which resonances are 
predicted. Figure reproduced with permission 
from ref. 5, APS.
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with increasing energy, as in the hydrogen 
atom. Increasing the bias current I also 
decreases the spacing of all the energy levels.

As we shall see, it is of central importance 
that the well be anharmonic. The quadratic 
potential of a simple harmonic oscillator 
leads to spacing between energy levels that is 
independent of level number for all quantum 
numbers. Conversely, transitions between 
levels of an anharmonic well with small 
quantum numbers can be straightforwardly 
resolved, unlike for large quantum numbers 
where Bohr’s correspondence principle 
should always hold. As Leggett1 has 
emphasized so eloquently, the use of an 
anharmonic oscillator enables one “to evade 
the correspondence limit”.

The particle can escape from the well  
by two processes. In the classical limit 
kBT/ħωp ≫ 1/2π the particle escapes by 
thermal noise that activates it over the 
barrier; here kB is the Boltzmann constant, 
T is temperature and ħ ≡ h/2π. In this case, 
δ acts as a classical variable. In the quantum 
limit kBT/ħωp ≪ 1/2π, on the other hand, 
the particle behaves as a wave packet, and 
the phase difference δ acts as a quantum 
operator rather than as a classical number. 
Since the tail of the wave packet extends 
under the barrier, the particle can escape by 
macroscopic quantum tunnelling through 
the barrier11–14. To verify the presence of 
quantized energy levels in the junction in 
the quantum regime, we aimed at measuring 
the enhancement of the tunnelling rate 
following transitions between the energy 
levels induced by microwave irradiation.

To compare our experimental results 
with theoretical predictions, we first used 

resonant activation15 to measure the classical 
properties of each of our junctions in the 
same cool-down sequence. When a junction 
is current-biased below I0 in its zero-voltage 
state with the particle localized in a potential 
well, thermal fluctuations modulate the 
angle of tilt of the washboard and cause 
the particle to be activated out of the well. 
For an underdamped junction, which has 
a hysteretic current–voltage characteristic, 
the particle runs down the washboard, 
creating a voltage across the junction. The 
fundamental idea of resonant activation is 
to apply microwaves with a power P at a 
frequency Ω/2π at or close to the plasma 
frequency, which is typically several GHz, 
to the junction in the classical (thermal) 
regime. This adds a small perturbation to 
the dynamics of the particle in the presence 
of thermal noise, increasing the activation 
rate of the particle out of the well and 
thereby reducing its lifetime τ. Within a 
few days of conceiving this idea, we verified 
the basic phenomenon with an analogue 
computer programmed to simulate a 
Josephson junction. Together with Daniel 
Esteve, we made computer simulations to 
show in more detail how one could extract 
parameters from this resonance.

We measured τ at 4.2 K as a function  
of I, P and Ω; Q and I0 were inferred  
from different features of the thermal 
activation peak. To extract these parameters 
from the data accurately we first  
performed a numerical simulation of  
the junction in the presence of thermal 
noise. From the measurements and 
simulations of the junction in the presence 
of thermal noise we extracted ωp and hence 
ωp0 and C; then R = Q/ωpC — enabling 
us to make accurate measurements of all 
the relevant parameters in the classical 
regime. Further theoretical analyses16,17 later 
confirmed our simulations.

Having obtained the values of the 
junction and circuit parameters, we were 
then in a position to measure quantized 
energy levels and compare their values 
with theoretical predictions with no fitted 
parameters. We made the measurements in 
the quantum limit at temperatures of a few 
tens of millikelvin.

The basis of the experiment was  
to measure the change in the escape rate 
Γ(P) − Γ(0) of the junction from the  
zero-voltage regime as a function of the 
bias current I. We determined Γ(0) and 
Γ(P) separately by ramping the bias current 
repeatedly to obtain a histogram of the 
current at which the junction switched to the 
voltage state. We calculated the escape rates 
from the histograms, and then calculated 
Γ(P) − Γ(0). Typically, we averaged over 105 
switching events. We varied Γ(0) from 102 to 

105 s−1 and adjusted the microwave power P 
to produce [Γ(P) − Γ(0)]/Γ(0) < 2.

We expected the escape rate to be 
resonantly enhanced by microwaves, the 
frequency of which coincided with the 
spacing between two energy levels as 
compared with the rate in the absence of 
microwaves. Exciting the particle to the 
next higher energy level lowers the height 
and width of the effective barrier through 
which the particle must escape, increasing 
the escape rate. We searched for these 
resonances by varying the bias current 
to change the spacing while keeping the 
microwave frequency fixed. Figures 3 and 4 
illustrate typical results.

In Fig. 3a we show the change in the 
escape rate induced by 2.0-GHz microwaves. 
The junction parameters were chosen so 
that the well contained several energy levels 
(ΔU/ħωp ≈ 6), the lower excited states were 
significantly populated (kBT/ħωp ≈ 0.3), 
and the damping was low enough (Q ≈ 80) 
to produce narrow resonances. We directly 
observed these peaks in real time on the 
oscilloscope monitor, which displayed the 
current when the junction switched.

When one of us (J.M.M.) turned on 
the microwaves, three distinct values of 
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Fig. 2 | Cubic potential in which the macroscopic 
phase difference δ of the junction evolves 
quantum mechanically. Microwave irradiation at 
frequency Ω/2π induces transitions between the 
energy levels that quantum mechanics predicts 
to exist in the well. These transitions are detected 
by enhancement of the tunnelling rate, measured 
in the configuration of Fig. 1b. The transition 
frequencies are comparable with the plasma 
frequency ωp/2π. Figure adapted with permission 
from ref. 5, APS.
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Fig. 3 | Resonances induced by microwaves at 
2.0 GHz. a, [Γ(P) − Γ(0)]/Γ(0) versus I for an 
80 × 10 μm2 junction at 28 mK (kBT/ħΩ = 0.29). 
Arrows indicate positions of resonances.  
Inset: corresponding transitions between energy 
levels. b, Calculated energy level spacings  
En,n+1 versus I for I0 = 30.572 ± 0.017 μA and  
C = 47.0 ± 3.0 pF. Dotted lines indicate 
uncertainties in the 0→1 curve due to 
uncertainties in I0 and C. Arrows indicate  
values of bias current at which resonances are 
predicted. Figure reproduced with permission 
from ref. 5, APS.

COMMENT | FOCUS

NATURE PHYSICS | www.nature.com/naturephysics

2025 Nobel Prize



Jaynes-Cummings Model
REVIEW ARTICLE | FOCUS NATURE PHYSICS

inductance L and capacitance C are chosen to match the mode fre-
quency ωr ¼ 1=

ffiffiffiffiffiffi
LC

p

I
 and the characteristic impedance, Zr ¼

ffiffiffiffiffiffiffiffiffi
L=C

p

I
 

(Fig. 1b). In a quantized model, the Hamiltonian of this circuit takes 
the usual form for a harmonic oscillator

ĤLC ¼ ℏωrâyâ ð1Þ

The creation operator ây
I

 can be expressed as 
ây ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ℏZr

p
Φ̂" iZrQ̂
" #

I
 where Φ̂

I
 is the flux threading the  

inductor and Q̂
I
 the charge on the capacitor with Φ̂; Q̂

! "
¼ iℏ

I
. 

The operator ây
I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây

I
 is the creation 

of a photon of frequency ωr localized in the LC circuit. It is worth 
noting that while the average voltage across the LC circuit van-
ishes in the vacuum state, its root-mean-square value is non-zero: 
Vzpf ¼ 0 V̂2

!! !!0
" #1=2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωr=2C

p

I
, where V̂ ¼ Q̂=C

I
. Typical cir-

cuit parameters result in a Vzpf ≈ 1 μV (ref. 12). Going back to the 
transmission-line resonator of Fig. 1a where the separation between 
the centre conductor and the ground plane is d ≈ 5 μm, this cor-
responds to a zero-point electric field as large as Ezpf = Vzpf/d ≈ 0.2 
V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
energies by the Hamiltonian

ĤT ¼ ℏωqb̂yb̂þ ℏKb̂yb̂yb̂b̂ ð2Þ

In this expression, ℏωq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8ECEJ

p
" EC

I
 is the transition fre-

quency between the first two states of the transmon, with EC ≈ 
e2/2CS the charging energy, where e is the elementary charge and EJ 
the Josephson energy. The second term of ĤT

I
 is a Kerr nonlinearity 

with negative Kerr constant ℏK ¼ "EC=2
I

. In other words, the trans-
mon is a weakly nonlinear oscillator with negative anharmonicity 
2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50

I
 is large. In 

practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g

I
 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ

I
 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
I

, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ
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 proportional to a classi-

cal voltage in Ĥdrive
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 is replaced by the LC oscillator’s voltage opera-
tor V̂
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 leading to the qubit–oscillator interaction Hamiltonian

Ĥcoupling ¼ ℏgðây þ âÞðb̂y þ b̂Þ ð3Þ

where all the prefactors are packaged in the coupling constant g 
(refs. 7,18). Combining with ĤLC
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 and ĤT
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, this Hamiltonian takes a 

particularly simple form in the two-level approximation where 
b̂ ! σ̂!
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, with σ̂!
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ℏωq

2
σ̂z þ ℏg âyσ̂# þ âσ̂þ
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In this Hamiltonian, we have also dropped rapidly oscillating 
terms from Ĥcoupling
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 that, in the usual parameter range, only lead to 

a negligibly small frequencies shift27.
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.
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inductance L and capacitance C are chosen to match the mode fre-
quency ωr ¼ 1=

ffiffiffiffiffiffi
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 and the characteristic impedance, Zr ¼

ffiffiffiffiffiffiffiffiffi
L=C
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(Fig. 1b). In a quantized model, the Hamiltonian of this circuit takes 
the usual form for a harmonic oscillator

ĤLC ¼ ℏωrâyâ ð1Þ

The creation operator ây
I

 can be expressed as 
ây ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ℏZr
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" #
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 where Φ̂

I
 is the flux threading the  

inductor and Q̂
I
 the charge on the capacitor with Φ̂; Q̂

! "
¼ iℏ

I
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The operator ây
I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây

I
 is the creation 

of a photon of frequency ωr localized in the LC circuit. It is worth 
noting that while the average voltage across the LC circuit van-
ishes in the vacuum state, its root-mean-square value is non-zero: 
Vzpf ¼ 0 V̂2

!! !!0
" #1=2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωr=2C

p

I
, where V̂ ¼ Q̂=C

I
. Typical cir-

cuit parameters result in a Vzpf ≈ 1 μV (ref. 12). Going back to the 
transmission-line resonator of Fig. 1a where the separation between 
the centre conductor and the ground plane is d ≈ 5 μm, this cor-
responds to a zero-point electric field as large as Ezpf = Vzpf/d ≈ 0.2 
V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
energies by the Hamiltonian

ĤT ¼ ℏωqb̂yb̂þ ℏKb̂yb̂yb̂b̂ ð2Þ

In this expression, ℏωq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8ECEJ

p
" EC

I
 is the transition fre-

quency between the first two states of the transmon, with EC ≈ 
e2/2CS the charging energy, where e is the elementary charge and EJ 
the Josephson energy. The second term of ĤT

I
 is a Kerr nonlinearity 

with negative Kerr constant ℏK ¼ "EC=2
I

. In other words, the trans-
mon is a weakly nonlinear oscillator with negative anharmonicity 
2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50

I
 is large. In 

practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g

I
 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ

I
 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
I

, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ

I
 proportional to a classi-

cal voltage in Ĥdrive
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 is replaced by the LC oscillator’s voltage opera-
tor V̂
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 leading to the qubit–oscillator interaction Hamiltonian

Ĥcoupling ¼ ℏgðây þ âÞðb̂y þ b̂Þ ð3Þ

where all the prefactors are packaged in the coupling constant g 
(refs. 7,18). Combining with ĤLC
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 and ĤT
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, this Hamiltonian takes a 

particularly simple form in the two-level approximation where 
b̂ ! σ̂!
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, with σ̂!
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 the Pauli lowering operator

ĤJC ¼ ℏωrâyâþ
ℏωq
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In this Hamiltonian, we have also dropped rapidly oscillating 
terms from Ĥcoupling

I
 that, in the usual parameter range, only lead to 

a negligibly small frequencies shift27.
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.
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I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây
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V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
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2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50
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practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g
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 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ
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 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
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, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ
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 proportional to a classi-

cal voltage in Ĥdrive
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 is replaced by the LC oscillator’s voltage opera-
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 leading to the qubit–oscillator interaction Hamiltonian
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(refs. 7,18). Combining with ĤLC
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! "
ð4Þ
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terms from Ĥcoupling
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 that, in the usual parameter range, only lead to 
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.
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Cavity quantum electrodynamics (QED) studies the interac-
tion of light and matter at its most fundamental level: the 
coherent interaction of single atoms with single photons. 

Over the past 40 years, this exploration has led to advances in exper-
imental techniques to the level where control of the quantum state 
of single atoms is now possible, developments that have provided 
exquisitely precise tools to probe the counterintuitive nature of 
quantum physics1,2. To reach a regime where coherent light–matter  
coupling overwhelms all decay rates, such that quantum effects 
become important, cavity QED relies on atoms with a large atomic 
electric dipole moment and cavities that confine the electromag-
netic field in a small region of space.

However, quantum coherence is not limited to natural atoms, 
and the first conclusive signatures of a coherent superposition of 
two states in an engineered quantum system were observed two 
decades ago via the atomic physics techniques of Rabi oscillations3 
and Ramsey interference fringes4,5. At the heart of such experiments 
is a Josephson junction-based device acting as a single artificial 
atom6. However, unlike natural atoms, superconducting artificial 
atoms must be somewhat coerced into behaving quantum mechani-
cally with appropriate design and operation at cryogenic tempera-
tures. Nevertheless, formidable progress in this direction has been 
made over the past 20 years, and by some measures, artificial atoms 
are now on par with or even surpassing their natural counterparts. 
In addition, superconducting quantum circuits can be strongly and 
controllably coupled to electromagnetic fields confined in circuit 
elements such as inductors and capacitors. In other words, the phys-
ics of cavity QED can naturally be explored in circuits, an observa-
tion that has opened the field of circuit QED7–9. Beyond quantum 
optics, circuit QED achieves in a single architecture the essential 
requirements for universal quantum computing and is now a lead-
ing architecture for the realization of a scalable quantum computer10.

This Review surveys how the degree of control and connec-
tivity of artificial atoms enabled by circuit QED can be exploited 
both to explore the physics of cavity QED and quantum optics on a 
chip, as well as to build promising quantum technologies. We first  

introduce the basic concepts of circuit QED and how the new 
parameter regimes that can be obtained in circuit QED, compared 
with cavity QED, lead to new possibilities for quantum optics. Next, 
we discuss circuit QED in the context of quantum information pro-
cessing. We then present perspectives on the next steps for the field 
of circuit QED towards quantum computation, first with quantum 
error correction (QEC) and then by discussing some of the chal-
lenges associated with scaling to larger systems.

Circuit QED in a nutshell
In this section, we summarize the basic theory of circuit QED.

Superconducting quantum circuits. The basic ingredients of  
circuit QED are illustrated in Fig. 1. They consist of a supercon-
ducting qubit (green) embedded in a high-quality microwave 
oscillator (blue), such as a superconducting coplanar-transmis-
sion-line resonator, a lumped-element inductor–capacitor (LC) 
circuit, or a three-dimensional (3D) cavity. When working with 
a transmission-line resonator (Fig. 1a), the qubit is fabricated 
in close proximity to the centre conductor of the resonator7. 
This centre conductor is interrupted by gaps leading to capaci-
tive coupling to the input and output ports of the resonator (grey 
in Fig. 1a). At these points, the current vanishes and these open 
boundary conditions result in normal modes with well-separated 
frequencies11. By working with centimetre-long resonators, the 
fundamental frequency is in the microwave regime and is typi-
cally chosen to be between 5 and 15 GHz. These frequencies are 
high enough to avoid thermal photon population at the temper-
ature where these devices are operated (~10 mK), but still in a 
convenient range for microwave control electronics. Moreover, 
dissipation is minimized by fabricating the circuits using alumin-
ium, which is superconducting below 1 K. The distribution of the  
electric field for the second mode of the resonator is illustrated by 
the orange lines in Fig. 1a.

Close to one of the mode frequencies, the resonator is well 
approximated by a single parallel LC oscillator where the effective 
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(Fig. 1b). In a quantized model, the Hamiltonian of this circuit takes 
the usual form for a harmonic oscillator

ĤLC ¼ ℏωrâyâ ð1Þ

The creation operator ây
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 can be expressed as 
ây ¼
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The operator ây
I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây

I
 is the creation 

of a photon of frequency ωr localized in the LC circuit. It is worth 
noting that while the average voltage across the LC circuit van-
ishes in the vacuum state, its root-mean-square value is non-zero: 
Vzpf ¼ 0 V̂2
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cuit parameters result in a Vzpf ≈ 1 μV (ref. 12). Going back to the 
transmission-line resonator of Fig. 1a where the separation between 
the centre conductor and the ground plane is d ≈ 5 μm, this cor-
responds to a zero-point electric field as large as Ezpf = Vzpf/d ≈ 0.2 
V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
energies by the Hamiltonian

ĤT ¼ ℏωqb̂yb̂þ ℏKb̂yb̂yb̂b̂ ð2Þ

In this expression, ℏωq ¼
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quency between the first two states of the transmon, with EC ≈ 
e2/2CS the charging energy, where e is the elementary charge and EJ 
the Josephson energy. The second term of ĤT
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 is a Kerr nonlinearity 
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. In other words, the trans-
mon is a weakly nonlinear oscillator with negative anharmonicity 
2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50

I
 is large. In 

practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g
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 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ

I
 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
I

, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ

I
 proportional to a classi-

cal voltage in Ĥdrive
I

 is replaced by the LC oscillator’s voltage opera-
tor V̂

I
 leading to the qubit–oscillator interaction Hamiltonian

Ĥcoupling ¼ ℏgðây þ âÞðb̂y þ b̂Þ ð3Þ

where all the prefactors are packaged in the coupling constant g 
(refs. 7,18). Combining with ĤLC

I
 and ĤT

I
, this Hamiltonian takes a 

particularly simple form in the two-level approximation where 
b̂ ! σ̂!
I

, with σ̂!
I

 the Pauli lowering operator

ĤJC ¼ ℏωrâyâþ
ℏωq
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In this Hamiltonian, we have also dropped rapidly oscillating 
terms from Ĥcoupling

I
 that, in the usual parameter range, only lead to 

a negligibly small frequencies shift27.
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.
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inductance L and capacitance C are chosen to match the mode fre-
quency ωr ¼ 1=

ffiffiffiffiffiffi
LC

p

I
 and the characteristic impedance, Zr ¼

ffiffiffiffiffiffiffiffiffi
L=C

p

I
 

(Fig. 1b). In a quantized model, the Hamiltonian of this circuit takes 
the usual form for a harmonic oscillator

ĤLC ¼ ℏωrâyâ ð1Þ

The creation operator ây
I

 can be expressed as 
ây ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2ℏZr

p
Φ̂" iZrQ̂
" #

I
 where Φ̂

I
 is the flux threading the  

inductor and Q̂
I
 the charge on the capacitor with Φ̂; Q̂

! "
¼ iℏ

I
. 

The operator ây
I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây

I
 is the creation 

of a photon of frequency ωr localized in the LC circuit. It is worth 
noting that while the average voltage across the LC circuit van-
ishes in the vacuum state, its root-mean-square value is non-zero: 
Vzpf ¼ 0 V̂2

!! !!0
" #1=2¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏωr=2C

p

I
, where V̂ ¼ Q̂=C

I
. Typical cir-

cuit parameters result in a Vzpf ≈ 1 μV (ref. 12). Going back to the 
transmission-line resonator of Fig. 1a where the separation between 
the centre conductor and the ground plane is d ≈ 5 μm, this cor-
responds to a zero-point electric field as large as Ezpf = Vzpf/d ≈ 0.2 
V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
energies by the Hamiltonian

ĤT ¼ ℏωqb̂yb̂þ ℏKb̂yb̂yb̂b̂ ð2Þ

In this expression, ℏωq ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8ECEJ

p
" EC

I
 is the transition fre-

quency between the first two states of the transmon, with EC ≈ 
e2/2CS the charging energy, where e is the elementary charge and EJ 
the Josephson energy. The second term of ĤT

I
 is a Kerr nonlinearity 

with negative Kerr constant ℏK ¼ "EC=2
I

. In other words, the trans-
mon is a weakly nonlinear oscillator with negative anharmonicity 
2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50

I
 is large. In 

practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g

I
 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ

I
 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
I

, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ

I
 proportional to a classi-

cal voltage in Ĥdrive
I

 is replaced by the LC oscillator’s voltage opera-
tor V̂

I
 leading to the qubit–oscillator interaction Hamiltonian

Ĥcoupling ¼ ℏgðây þ âÞðb̂y þ b̂Þ ð3Þ

where all the prefactors are packaged in the coupling constant g 
(refs. 7,18). Combining with ĤLC

I
 and ĤT

I
, this Hamiltonian takes a 

particularly simple form in the two-level approximation where 
b̂ ! σ̂!
I

, with σ̂!
I

 the Pauli lowering operator

ĤJC ¼ ℏωrâyâþ
ℏωq

2
σ̂z þ ℏg âyσ̂# þ âσ̂þ

! "
ð4Þ

In this Hamiltonian, we have also dropped rapidly oscillating 
terms from Ĥcoupling

I
 that, in the usual parameter range, only lead to 

a negligibly small frequencies shift27.
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.

REVIEW ARTICLE | FOCUS NATURE PHYSICS

NATURE PHYSICS | www.nature.com/naturephysics

interaction

REVIEW ARTICLE | FOCUS NATURE PHYSICS

inductance L and capacitance C are chosen to match the mode fre-
quency ωr ¼ 1=

ffiffiffiffiffiffi
LC

p

I
 and the characteristic impedance, Zr ¼

ffiffiffiffiffiffiffiffiffi
L=C

p

I
 

(Fig. 1b). In a quantized model, the Hamiltonian of this circuit takes 
the usual form for a harmonic oscillator
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I

 thus creates a quantized excitation of the oscilla-
tor’s charge and flux degrees freedom or, equivalently, of its elec-
tric and magnetic fields. In short, the action of ây
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the centre conductor and the ground plane is d ≈ 5 μm, this cor-
responds to a zero-point electric field as large as Ezpf = Vzpf/d ≈ 0.2 
V m−1 in this region of the circuit. These large quantum fluctua-
tions of the electric field result from the small mode volume of the 
resonator and are one of the reasons why light–matter coupling can 
be much larger in circuit QED than in cavity QED. Importantly, 
the lifetime of single microwave photons in these structures can be 
long, approaching 0.1 ms in coplanar resonators13–16 and 1 ms in 3D 
cavities of the type illustrated in Fig. 1c17.

The second crucial ingredient is the qubit. There are many types 
of superconducting qubits, and here we focus on the transmon, 
which is the simplest and most widely used18. As illustrated in Fig. 1, 
it consists of a capacitively shunted Josephson junction with capaci-
tance CS. The Josephson junction is a nonlinear and non-dissipative 
circuit element which, in the transmon, essentially plays the role of 
a nonlinear inductance causing the energy levels of the circuit to be 
non-uniformly distributed. This situation is well described at low 
energies by the Hamiltonian
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In this expression, ℏωq ¼
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the Josephson energy. The second term of ĤT
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with negative Kerr constant ℏK ¼ "EC=2
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. In other words, the trans-
mon is a weakly nonlinear oscillator with negative anharmonicity 
2K/2π = −EC/h ≈ 200 MHz. Importantly, the above expressions are 
valid in the transmon limit, where the ratio EJ=EC ≳ 50
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 is large. In 

practice, this ratio is achieved by using a very large shunting capac-
titance making the transmon a physically large circuit (Fig. 1a).

In contrast to the LC oscillator, the nonlinearity of the trans-
mon makes it possible to address its first two levels with minimal 
leakage to higher-energy states. In this case, the transmon reduces 
to an effective two-level system with states labelled 0j i; 1j if g
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 and 

which can be used as a qubit for quantum information processing. 
To manipulate the qubit state, voltage pulses at the 0–1 transition 
frequency ωq are sent to the transmon from a capacitively coupled 
microwave source (Fig. 1b). This coherent microwave drive is rep-
resented by an additional term in the transmon Hamiltonian of 
the form Ĥdrive ¼ ϵðtÞðb̂y þ b̂Þ
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 (ref. 19). By precisely controlling the 

amplitude, phase and duration of the pulse ϵ tð Þ
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, it is possible to pre-
pare arbitrary states of the transmon with gate fidelity as high as 
99.95% (ref. 20).

Owing to its simple design and long coherence time, the trans-
mon qubit is currently the most widely studied. It is, however, 
only one of several flavours of superconducting qubits. Other con-
temporary superconducting qubits include the flux qubit21 with 
a large shunting capacitance22, the fluxonium23 and the recently 
realized 0–π qubit24. The reader interested in learning more 
about the different types of superconducting qubits can consult  
recent reviews25,26.

Light–matter coupling in a circuit. Up to now, we have discussed 
the oscillator and the transmon qubit individually, but things get 
much more interesting when these two elements interact. Indeed, 
just as a microwave source can drive qubit transitions, the zero-
point voltage fluctuations Vzpf of the capacitively coupled oscillator 
can stimulate energy exchange between the qubit and the oscillator. 
To model this situation, the amplitude ϵ tð Þ
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 proportional to a classi-

cal voltage in Ĥdrive
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 is replaced by the LC oscillator’s voltage opera-
tor V̂
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 leading to the qubit–oscillator interaction Hamiltonian

Ĥcoupling ¼ ℏgðây þ âÞðb̂y þ b̂Þ ð3Þ

where all the prefactors are packaged in the coupling constant g 
(refs. 7,18). Combining with ĤLC
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 and ĤT
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particularly simple form in the two-level approximation where 
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, with σ̂!
I

 the Pauli lowering operator
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In this Hamiltonian, we have also dropped rapidly oscillating 
terms from Ĥcoupling
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 that, in the usual parameter range, only lead to 

a negligibly small frequencies shift27.
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Fig. 1 | Realizations of circuit QED. a, Schematic representation of  
a superconducting transmon qubit (green) coupled to a 1D transmission-
line resonator. The transmon is formed by two superconducting  
islands connected by a Josephson junction. With lateral dimensions  
(~300 μm) much smaller than that of the resonator (~1 cm), multiple 
transmons can be fabricated in the same resonator (not shown). The input 
and output ports of the resonator are shown in grey. The orange lines  
and arrows illustrate the electric field distribution for the resonator’s 
second mode. b, Lumped-element version where an LC circuit (blue)  
plays the role of the oscillator. The voltage source (grey) is used to control 
the quantum state of the transmon (green). c, Three-dimensional coaxial 
cavity with its electric field distribution (solid orange lines) and evanescent 
field (dashed orange lines). Panels adapted with permission from: a, ref. 7, 
APS; c, ref. 17, APS.
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The Hamiltonian ĤJC
I

 represents the exchange of a single micro-
wave photon from the LC oscillator to the qubit, and vice versa. It is 
known as the Jaynes–Cummings Hamiltonian and describes light–
matter interaction in cavity QED1. Importantly, in circuit QED, this 
interaction can be made much stronger than is realized in atomic 
systems8. Here, the coupling g can be expressed as the product of 
the electric dipole moment of the qubit and of the zero-point elec-
tric field of the harmonic mode1,7,28. As already mentioned, very 
large quantum fluctuations of the field are obtained by engineering 
harmonic modes with small mode volumes. Moreover, because the 
transmon is such a large object (Fig. 1a), its dipole moment is sub-
stantially larger than that of, for example, the single Rydberg atoms 
used in microwave cavity QED. Alternatively, large coupling can 
also be achieved with large mode volumes, for example, with the 3D 
coaxial cavity illustrated in Fig. 1c, by compensating the reduction 
in field amplitude by working with even larger transmon qubits29.

Quantum optics on a chip
The very strong light–matter coupling that is possible in circuit 
QED together with the large nonlinearity of Josephson junctions 
and the flexibility in designing superconducting quantum circuits is 
opening the possibility to explore the very rich physics of quantum 
optics on a chip. In this section, we provide a few illustrations of 
this growing research direction30. Because microwaves are the natu-
ral frequency range for these circuits, the experiments discussed 
here are realized with microwave rather than optical photons. With 
much of the pioneering work in cavity QED also involving micro-
wave photons, this is not unique to circuit QED1,9.

A distinguishing feature of circuit QED is, however, the strength 
of light–matter coupling g that can be realized. To play an impor-
tant role, this quantity should overwhelm the atomic relaxation 
and dephasing rates, as well as the cavity decay rate. In this situa-
tion, atom and photon states hybridize to form entangled states. On 
resonance, this coherent interaction leads to an avoided crossing of 
size 2g between the atom and the oscillator energy levels, known 
as the vacuum Rabi splitting. While the first observation in circuit 
QED8 of this hallmark signature of the strong coupling regime had 
a peak separation to linewidth ratio of ~10, on par with atomic sys-
tems31–33, more recent experiments easily display ratios of several  
hundreds (Fig. 2).

The new parameter regimes that can be achieved in circuit QED 
have also made it possible to experimentally test long-standing the-
oretical predictions of quantum optics. One example is the effect 
of squeezed radiation on atoms. As early as the mid-80s, theorists 
had predicted how dephasing and resonant fluorescence of an atom 
would be modified under squeezed radiation34,35. Testing these ideas, 
however, requires solving multiple experimental challenges, such as 
squeezing all the spatial modes of the field coupled to the atom and 
minimizing losses36. Despite much effort, simultaneously address-
ing all of these challenges remains difficult in atomic systems37. The 
situation is drastically different in circuit QED where the nonlin-
earity of Josephson junctions can be exploited to readily produce 
squeezed radiation38. Moreover, this radiation can easily be guided 
via on- and off-chip transmission lines to a qubit playing the role of 
an artificial atom. The reduced dimensionality of electrical circuits 
limits the number of modes involved in atomic interactions, such 
that squeezing a single mode can have a substantial effect. Taking 
advantage of this, what would have been a tour de force experiment 
in atomic systems has been realized in circuit QED, confirming the 
theoretical predictions39,40.

In addition, the strong nonlinearity of superconducting qubits 
has been used to prepare exotic quantum states of the microwave 
field. The first experiment in this direction took advantage of the 
possibility to rapidly frequency-tune superconducting qubits to 
transfer, one by one, qubit excitations to the oscillator41. In this way, 
oscillator Fock states up to n ¼ 6j i

I
 have been prepared. Using a 

similar sequential approach, the same authors have also prepared 
arbitrary superpositions of the oscillator field and used the qubit 
to measure the field’s Wigner function (something quite challeng-
ing to do in ordinary quantum optics) (Fig. 3)42. An alternative 
approach avoiding the long preparation time that is typical of the 
above sequential method takes advantage of the dispersive regime 
discussed in the next section to drive qubit transitions condition-
ally on the Fock state of the cavity43. Together with ideas borrowed 
from optimal control44, this approach has been used to prepare Fock 
states up to n ¼ 6j i

I
 with high fidelity, as well as the superposition 

of coherent states known as four-legged cat states45 and so-called 
Gottesman–Kitaev–Preskill (GKP) grid states46. As will be dis-
cussed below, these types of intricate states of the microwave field 
are a useful resource for QEC.

Quantum information processing
To have long coherence times, qubits must be well decoupled from 
sources of noise and uncontrollable degrees of freedom, such as 
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Fig. 2 | Vacuum Rabi splitting. a, Transmission power spectrum of 
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displaying clear vacuum Rabi splitting. The solid blue line is measured at 
the qubit-resonator resonance Δ = 0 while the dashed red line shows the 
spectrum measured at strong detuning jΔj ¼ jωq " ωrj # g
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 where only 

the resonator is probed. b, The resonator transmission spectra versus drive 
frequency νrf and external flux bias Φ/Φ0, where Φ0 is the flux quantum.  
The flux bias is used to tune the qubit frequency and allows mapping of the 
full qubit-resonator anti-crossing. Blue corresponds to low transmission 
and red to high transmission. The solid white line correspond to the dressed 
qubit-resonator energies, while the dashed white lines indicate the bare 
resonator frequency νr = ωr/2π and qubit transition frequency νq = ωq/2π 
with its flux dependence. c, Resonator transmission at the flux bias indicated 
by the arrows in b and corresponding to qubit-resonator resonance. The 
vacuum Rabi splitting is clearly observed. Panels adapted with permission 
from: a, ref. 8, Springer Nature Ltd; b,c, ref. 123, Springer Nature Ltd.
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coupled system by applying pulses of varying length. In Fig. 3b, Rabi
oscillations are shown for the j00. to j11. transition. When the
microwave frequency is detuned from resonance, the Rabi oscil-
lations are accelerated (bottom four curves, to be compared with
the fifth curve). After a p pulse which prepares the system in the
j10. state, these oscillations are suppressed (second curve in
Fig. 3b). After a 2p pulse they are revived (first curve in Fig. 3b).
In the case of Fig. 3c, the qubit is first excited onto the j10. state by
a p pulse, and a second pulse in resonance with the red sideband
transition drives the system between the j10. and j01. states. The
Rabi frequency depends linearly on the microwave amplitude, with
a smaller slope compared to the bare qubit driving. During the time
evolution of the coupled Rabi oscillations shown in Fig. 3b and c,
the qubit and the oscillator experience a time-dependent entangle-
ment, although the present data do not permit us to quantify it to a
sufficient degree of confidence.
The sideband Rabi oscillations of Fig. 3 show a short coherence

time (,3 ns), which we attribute mostly to the oscillator relaxation.
To determine its relaxation time, we performed the following
experiment. First, we excite the oscillator with a resonant low
power microwave pulse. After a variable delay Dt, during which
the oscillator relaxes towards n ¼ 0, we start recording Rabi
oscillations on the red sideband transition (see Fig. 4a for
Dt ¼ 1 ns). The decay of the oscillation amplitude as a function of
Dt corresponds to an oscillator relaxation time of ,6 ns (Fig. 4b),
consistent with a quality factor of 100–150 estimated from the width
of the u p resonance. The exponential fit (continuous line in Fig. 4b)
shows an offset of ,4% due to thermal effects. To estimate the
higher bound of the sample temperature, we consider that
the visibility of the oscillations presented here (Figs 2–4) is set by
the detection efficiency and not by the state preparation. When
related to the maximum signal of the qubit Rabi oscillations of
,40%, the 4%-offset corresponds to,10% thermal occupation of
oscillator excited states (an effective temperature of ,60mK).
Consistently, we also observe low-amplitude red sideband oscil-
lations without preliminary microwave excitation of the oscillator.
We have demonstrated coherent dynamics of a coupled super-

conducting two-level plus harmonic oscillator system, implying
that the two subsystems are entangled. Increasing the coupling
strength and the oscillator relaxation time should allow us to
quantify the entanglement, as well as to study non-classical states
of the oscillator. Our results provide strong indications that solid-
state quantum devices could in future be used as elements for the
manipulation of quantum information. A
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The interaction of matter and light is one of the fundamental
processes occurring in nature, and its most elementary form is
realized when a single atom interacts with a single photon.
Reaching this regime has been a major focus of research in
atomic physics and quantum optics1 for several decades and
has generated the field of cavity quantum electrodynamics2,3.
Here we perform an experiment inwhich a superconducting two-
level system, playing the role of an artificial atom, is coupled to an
on-chip cavity consisting of a superconducting transmission line
resonator. We show that the strong coupling regime can be
attained in a solid-state system, and we experimentally observe
the coherent interaction of a superconducting two-level system
with a single microwave photon. The concept of circuit quantum
electrodynamics opens many new possibilities for studying the
strong interaction of light and matter. This system can also be
exploited for quantum information processing and quantum
communication and may lead to new approaches for single
photon generation and detection.

In atomic cavity quantum electrodynamics (QED), an isolated
atomwith electric dipole moment d interacts with the vacuum state
electric field E0 of a cavity. The quantum nature of the field gives rise
to coherent oscillations of a single excitation between the atom and
the cavity at the vacuum Rabi frequency nRabi ¼ 2dE0/h, which can
be observed when nRabi exceeds the rates of relaxation and deco-
herence of both the atom and the field. This effect has been observed
in the time domain using Rydberg atoms in three-dimensional
microwave cavities3 and spectroscopically using alkali atoms in very
small optical cavities with large vacuum fields4.

Coherent quantum effects have been recently observed in several
superconducting circuits5–10, making these systems well suited for
use as quantum bits (qubits) for quantum information processing.
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coupled system by applying pulses of varying length. In Fig. 3b, Rabi
oscillations are shown for the j00. to j11. transition. When the
microwave frequency is detuned from resonance, the Rabi oscil-
lations are accelerated (bottom four curves, to be compared with
the fifth curve). After a p pulse which prepares the system in the
j10. state, these oscillations are suppressed (second curve in
Fig. 3b). After a 2p pulse they are revived (first curve in Fig. 3b).
In the case of Fig. 3c, the qubit is first excited onto the j10. state by
a p pulse, and a second pulse in resonance with the red sideband
transition drives the system between the j10. and j01. states. The
Rabi frequency depends linearly on the microwave amplitude, with
a smaller slope compared to the bare qubit driving. During the time
evolution of the coupled Rabi oscillations shown in Fig. 3b and c,
the qubit and the oscillator experience a time-dependent entangle-
ment, although the present data do not permit us to quantify it to a
sufficient degree of confidence.
The sideband Rabi oscillations of Fig. 3 show a short coherence

time (,3 ns), which we attribute mostly to the oscillator relaxation.
To determine its relaxation time, we performed the following
experiment. First, we excite the oscillator with a resonant low
power microwave pulse. After a variable delay Dt, during which
the oscillator relaxes towards n ¼ 0, we start recording Rabi
oscillations on the red sideband transition (see Fig. 4a for
Dt ¼ 1 ns). The decay of the oscillation amplitude as a function of
Dt corresponds to an oscillator relaxation time of ,6 ns (Fig. 4b),
consistent with a quality factor of 100–150 estimated from the width
of the u p resonance. The exponential fit (continuous line in Fig. 4b)
shows an offset of ,4% due to thermal effects. To estimate the
higher bound of the sample temperature, we consider that
the visibility of the oscillations presented here (Figs 2–4) is set by
the detection efficiency and not by the state preparation. When
related to the maximum signal of the qubit Rabi oscillations of
,40%, the 4%-offset corresponds to,10% thermal occupation of
oscillator excited states (an effective temperature of ,60mK).
Consistently, we also observe low-amplitude red sideband oscil-
lations without preliminary microwave excitation of the oscillator.
We have demonstrated coherent dynamics of a coupled super-

conducting two-level plus harmonic oscillator system, implying
that the two subsystems are entangled. Increasing the coupling
strength and the oscillator relaxation time should allow us to
quantify the entanglement, as well as to study non-classical states
of the oscillator. Our results provide strong indications that solid-
state quantum devices could in future be used as elements for the
manipulation of quantum information. A
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The interaction of matter and light is one of the fundamental
processes occurring in nature, and its most elementary form is
realized when a single atom interacts with a single photon.
Reaching this regime has been a major focus of research in
atomic physics and quantum optics1 for several decades and
has generated the field of cavity quantum electrodynamics2,3.
Here we perform an experiment inwhich a superconducting two-
level system, playing the role of an artificial atom, is coupled to an
on-chip cavity consisting of a superconducting transmission line
resonator. We show that the strong coupling regime can be
attained in a solid-state system, and we experimentally observe
the coherent interaction of a superconducting two-level system
with a single microwave photon. The concept of circuit quantum
electrodynamics opens many new possibilities for studying the
strong interaction of light and matter. This system can also be
exploited for quantum information processing and quantum
communication and may lead to new approaches for single
photon generation and detection.

In atomic cavity quantum electrodynamics (QED), an isolated
atomwith electric dipole moment d interacts with the vacuum state
electric field E0 of a cavity. The quantum nature of the field gives rise
to coherent oscillations of a single excitation between the atom and
the cavity at the vacuum Rabi frequency nRabi ¼ 2dE0/h, which can
be observed when nRabi exceeds the rates of relaxation and deco-
herence of both the atom and the field. This effect has been observed
in the time domain using Rydberg atoms in three-dimensional
microwave cavities3 and spectroscopically using alkali atoms in very
small optical cavities with large vacuum fields4.

Coherent quantum effects have been recently observed in several
superconducting circuits5–10, making these systems well suited for
use as quantum bits (qubits) for quantum information processing.
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coupled system by applying pulses of varying length. In Fig. 3b, Rabi
oscillations are shown for the j00. to j11. transition. When the
microwave frequency is detuned from resonance, the Rabi oscil-
lations are accelerated (bottom four curves, to be compared with
the fifth curve). After a p pulse which prepares the system in the
j10. state, these oscillations are suppressed (second curve in
Fig. 3b). After a 2p pulse they are revived (first curve in Fig. 3b).
In the case of Fig. 3c, the qubit is first excited onto the j10. state by
a p pulse, and a second pulse in resonance with the red sideband
transition drives the system between the j10. and j01. states. The
Rabi frequency depends linearly on the microwave amplitude, with
a smaller slope compared to the bare qubit driving. During the time
evolution of the coupled Rabi oscillations shown in Fig. 3b and c,
the qubit and the oscillator experience a time-dependent entangle-
ment, although the present data do not permit us to quantify it to a
sufficient degree of confidence.
The sideband Rabi oscillations of Fig. 3 show a short coherence

time (,3 ns), which we attribute mostly to the oscillator relaxation.
To determine its relaxation time, we performed the following
experiment. First, we excite the oscillator with a resonant low
power microwave pulse. After a variable delay Dt, during which
the oscillator relaxes towards n ¼ 0, we start recording Rabi
oscillations on the red sideband transition (see Fig. 4a for
Dt ¼ 1 ns). The decay of the oscillation amplitude as a function of
Dt corresponds to an oscillator relaxation time of ,6 ns (Fig. 4b),
consistent with a quality factor of 100–150 estimated from the width
of the u p resonance. The exponential fit (continuous line in Fig. 4b)
shows an offset of ,4% due to thermal effects. To estimate the
higher bound of the sample temperature, we consider that
the visibility of the oscillations presented here (Figs 2–4) is set by
the detection efficiency and not by the state preparation. When
related to the maximum signal of the qubit Rabi oscillations of
,40%, the 4%-offset corresponds to,10% thermal occupation of
oscillator excited states (an effective temperature of ,60mK).
Consistently, we also observe low-amplitude red sideband oscil-
lations without preliminary microwave excitation of the oscillator.
We have demonstrated coherent dynamics of a coupled super-

conducting two-level plus harmonic oscillator system, implying
that the two subsystems are entangled. Increasing the coupling
strength and the oscillator relaxation time should allow us to
quantify the entanglement, as well as to study non-classical states
of the oscillator. Our results provide strong indications that solid-
state quantum devices could in future be used as elements for the
manipulation of quantum information. A
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The interaction of matter and light is one of the fundamental
processes occurring in nature, and its most elementary form is
realized when a single atom interacts with a single photon.
Reaching this regime has been a major focus of research in
atomic physics and quantum optics1 for several decades and
has generated the field of cavity quantum electrodynamics2,3.
Here we perform an experiment inwhich a superconducting two-
level system, playing the role of an artificial atom, is coupled to an
on-chip cavity consisting of a superconducting transmission line
resonator. We show that the strong coupling regime can be
attained in a solid-state system, and we experimentally observe
the coherent interaction of a superconducting two-level system
with a single microwave photon. The concept of circuit quantum
electrodynamics opens many new possibilities for studying the
strong interaction of light and matter. This system can also be
exploited for quantum information processing and quantum
communication and may lead to new approaches for single
photon generation and detection.

In atomic cavity quantum electrodynamics (QED), an isolated
atomwith electric dipole moment d interacts with the vacuum state
electric field E0 of a cavity. The quantum nature of the field gives rise
to coherent oscillations of a single excitation between the atom and
the cavity at the vacuum Rabi frequency nRabi ¼ 2dE0/h, which can
be observed when nRabi exceeds the rates of relaxation and deco-
herence of both the atom and the field. This effect has been observed
in the time domain using Rydberg atoms in three-dimensional
microwave cavities3 and spectroscopically using alkali atoms in very
small optical cavities with large vacuum fields4.

Coherent quantum effects have been recently observed in several
superconducting circuits5–10, making these systems well suited for
use as quantum bits (qubits) for quantum information processing.
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coupled system by applying pulses of varying length. In Fig. 3b, Rabi
oscillations are shown for the j00. to j11. transition. When the
microwave frequency is detuned from resonance, the Rabi oscil-
lations are accelerated (bottom four curves, to be compared with
the fifth curve). After a p pulse which prepares the system in the
j10. state, these oscillations are suppressed (second curve in
Fig. 3b). After a 2p pulse they are revived (first curve in Fig. 3b).
In the case of Fig. 3c, the qubit is first excited onto the j10. state by
a p pulse, and a second pulse in resonance with the red sideband
transition drives the system between the j10. and j01. states. The
Rabi frequency depends linearly on the microwave amplitude, with
a smaller slope compared to the bare qubit driving. During the time
evolution of the coupled Rabi oscillations shown in Fig. 3b and c,
the qubit and the oscillator experience a time-dependent entangle-
ment, although the present data do not permit us to quantify it to a
sufficient degree of confidence.
The sideband Rabi oscillations of Fig. 3 show a short coherence

time (,3 ns), which we attribute mostly to the oscillator relaxation.
To determine its relaxation time, we performed the following
experiment. First, we excite the oscillator with a resonant low
power microwave pulse. After a variable delay Dt, during which
the oscillator relaxes towards n ¼ 0, we start recording Rabi
oscillations on the red sideband transition (see Fig. 4a for
Dt ¼ 1 ns). The decay of the oscillation amplitude as a function of
Dt corresponds to an oscillator relaxation time of ,6 ns (Fig. 4b),
consistent with a quality factor of 100–150 estimated from the width
of the u p resonance. The exponential fit (continuous line in Fig. 4b)
shows an offset of ,4% due to thermal effects. To estimate the
higher bound of the sample temperature, we consider that
the visibility of the oscillations presented here (Figs 2–4) is set by
the detection efficiency and not by the state preparation. When
related to the maximum signal of the qubit Rabi oscillations of
,40%, the 4%-offset corresponds to,10% thermal occupation of
oscillator excited states (an effective temperature of ,60mK).
Consistently, we also observe low-amplitude red sideband oscil-
lations without preliminary microwave excitation of the oscillator.
We have demonstrated coherent dynamics of a coupled super-

conducting two-level plus harmonic oscillator system, implying
that the two subsystems are entangled. Increasing the coupling
strength and the oscillator relaxation time should allow us to
quantify the entanglement, as well as to study non-classical states
of the oscillator. Our results provide strong indications that solid-
state quantum devices could in future be used as elements for the
manipulation of quantum information. A
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The interaction of matter and light is one of the fundamental
processes occurring in nature, and its most elementary form is
realized when a single atom interacts with a single photon.
Reaching this regime has been a major focus of research in
atomic physics and quantum optics1 for several decades and
has generated the field of cavity quantum electrodynamics2,3.
Here we perform an experiment inwhich a superconducting two-
level system, playing the role of an artificial atom, is coupled to an
on-chip cavity consisting of a superconducting transmission line
resonator. We show that the strong coupling regime can be
attained in a solid-state system, and we experimentally observe
the coherent interaction of a superconducting two-level system
with a single microwave photon. The concept of circuit quantum
electrodynamics opens many new possibilities for studying the
strong interaction of light and matter. This system can also be
exploited for quantum information processing and quantum
communication and may lead to new approaches for single
photon generation and detection.

In atomic cavity quantum electrodynamics (QED), an isolated
atomwith electric dipole moment d interacts with the vacuum state
electric field E0 of a cavity. The quantum nature of the field gives rise
to coherent oscillations of a single excitation between the atom and
the cavity at the vacuum Rabi frequency nRabi ¼ 2dE0/h, which can
be observed when nRabi exceeds the rates of relaxation and deco-
herence of both the atom and the field. This effect has been observed
in the time domain using Rydberg atoms in three-dimensional
microwave cavities3 and spectroscopically using alkali atoms in very
small optical cavities with large vacuum fields4.

Coherent quantum effects have been recently observed in several
superconducting circuits5–10, making these systems well suited for
use as quantum bits (qubits) for quantum information processing.

letters to nature

NATURE |VOL 431 | 9 SEPTEMBER 2004 | www.nature.com/nature162 ©  2004 Nature  Publishing Group

LETTERS

Climbing the Jaynes–Cummings ladder and observing
its

ffiffiffi
n

p
nonlinearity in a cavity QED system
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The field of cavity quantum electrodynamics (QED), traditionally
studied in atomic systems1–3, has gained newmomentum by recent
reports of quantum optical experiments with solid-state
semiconducting4–8 and superconducting9–11 systems. In cavity
QED, the observation of the vacuum Rabi mode splitting is used
to investigate the nature of matter–light interaction at a quantum-
mechanical level. However, this effect can, at least in principle, be
explained classically as the normal mode splitting of two coupled
linear oscillators12. It has been suggested that an observation of the
scaling of the resonant atom–photon coupling strength in the
Jaynes–Cummings energy ladder13 with the square root of photon
number n is sufficient to prove that the system is quantum mech-
anical in nature14. Here we report a direct spectroscopic obser-
vation of this characteristic quantum nonlinearity. Measuring
the photonic degree of freedom of the coupled system, our mea-
surements provide unambiguous spectroscopic evidence for the
quantum nature of the resonant atom–field interaction in cavity
QED. We explore atom–photon superposition states involving up
to two photons, using a spectroscopic pump and probe technique.
The experiments have been performed in a circuit QED set-up15, in
which very strong coupling is realized by the large dipole coupling
strength and the long coherence time of a superconducting qubit
embedded in a high-quality on-chip microwave cavity. Circuit
QED systems also provide a natural quantum interface between
flying qubits (photons) and stationary qubits for applications in
quantum information processing and communication16.

The dynamics of a two-level system coupled to a single mode of an
electromagnetic field is described by the Jaynes–Cummings hamilto-
nian:

ĤH0~BvgeŝseezBvra
{azBgge ŝs{geaza{ŝsge

" #
ð1Þ

Here vge is the transition frequency between the ground jgæ and
excited state jeæ of the two-level system, vr is the frequency of the
resonator field and gge is the coupling strength between the two. a{

and a are the raising and lowering operators acting on the photon
number states jnæ of the field, and ŝsij~ ij i jh j are the corresponding
operators acting on the qubit states.When the coherent coupling rate
gge is larger than the rate k atwhich photons are lost from the field and
larger than the rate c at which the two-level system loses its coherence,
the strong-coupling limit is realized. On resonance (vge5vr) and in
the presence of n excitations, the new eigenstates of the coupled

system are the symmetric g ,nj iz e,n{1j ið Þ
$ ffiffiffi

2
p

: nzj i and anti-

symmetric g ,nj i{ e,n{1j ið Þ
$ ffiffiffi

2
p

: n{j i qubit–photon superposi-
tion states (Fig. 1). For n5 1, these states are equivalently observed
spectroscopically as a vacuum Rabi mode splitting4–9,17,18 or in time
resolved measurements as vacuum Rabi oscillations11,19–21 at fre-
quency 2gge. The Jaynes–Cummings model predicts a characteristic
nonlinear scaling of this frequency as

ffiffiffi
n

p
2gge with the number of

excitations n in the system (Fig. 1). This quantum effect is in stark
contrast to the normal mode splitting of two classical coupled linear
oscillators, which is independent of the oscillator amplitude.

Since the first measurements of the vacuum Rabi mode splitting
with, on average, a single intracavity atom17, it remains amajor goal to
clearly observe this characteristic

ffiffiffi
n

p
nonlinearity spectroscopically to

prove the quantum nature of the interaction between the two-level
system and the radiation field12,14,22. In time domainmeasurements of
vacuumRabi oscillations, evidence for this

ffiffiffi
n

p
scaling has been found

with circular Rydberg atoms19 and superconducting flux qubits11

interacting with weak coherent fields. Related experiments have been
performedwith one- and two-photonFock states20,21.Wenowobserve
this nonlinearity directly using a scheme similar to the one suggested
in ref. 22 by pumping the system selectively into the first doublet j16æ
and probing transitions to the second doublet j26æ. This technique
realizes efficient excitation into higher doublets at small intracavity
photon numbers, avoiding unwanted a.c. Stark shifts that occur in
high-drive and elevated-temperature experiments.

In a different regime, when the qubit is detuned by an amount
jDj5 jvge2vrj? gge from the cavity, photon number states and
their distribution have recently been observed using dispersive
quantum non-demolition measurements in both circuit QED23 and
Rydberg atom experiments24.
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Figure 1 | Level diagram of a resonant (nr5 nge) cavity QED system. The
uncoupled qubit states |gæ, |eæ and | f æ from left to right and the photon
states | 0æ, | 1æ and |2æ from bottom to top are shown. Vertical dots signify the
continuation of the Jaynes–Cummings ladder to larger |næ. The dipole
coupled dressed states are shown in blue and a shift due to the | f, 0æ level
(solid red line) is indicated with dashed red lines. Dashed black lines indicate
the ground state energy in this diagram. Pump (ng0,12, ng0,11) and probe
(n12,22, n11,21) transition frequencies are indicated accordingly. See text for
details.
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and probing transitions to the second doublet j26æ. This technique
realizes efficient excitation into higher doublets at small intracavity
photon numbers, avoiding unwanted a.c. Stark shifts that occur in
high-drive and elevated-temperature experiments.

In a different regime, when the qubit is detuned by an amount
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Figure 1 | Level diagram of a resonant (nr5 nge) cavity QED system. The
uncoupled qubit states |gæ, |eæ and | f æ from left to right and the photon
states | 0æ, | 1æ and |2æ from bottom to top are shown. Vertical dots signify the
continuation of the Jaynes–Cummings ladder to larger |næ. The dipole
coupled dressed states are shown in blue and a shift due to the | f, 0æ level
(solid red line) is indicated with dashed red lines. Dashed black lines indicate
the ground state energy in this diagram. Pump (ng0,12, ng0,11) and probe
(n12,22, n11,21) transition frequencies are indicated accordingly. See text for
details.
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Cavity quantum electrodynamics for superconducting electrical circuits:
An architecture for quantum computation
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We propose a realizable architecture using one-dimensional transmission line resonators to reach the strong-
coupling limit of cavity quantum electrodynamics in superconducting electrical circuits. The vacuum Rabi
frequency for the coupling of cavity photons to quantized excitations of an adjacent electrical circuit (qubit)
can easily exceed the damping rates of both the cavity and qubit. This architecture is attractive both as a
macroscopic analog of atomic physics experiments and for quantum computing and control, since it provides
strong inhibition of spontaneous emission, potentially leading to greatly enhanced qubit lifetimes, allows
high-fidelity quantum nondemolition measurements of the state of multiple qubits, and has a natural mecha-
nism for entanglement of qubits separated by centimeter distances. In addition it would allow production of
microwave photon states of fundamental importance for quantum communication.
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I. INTRODUCTION

Cavity quantum electrodynamics (CQED) studies the
properties of atoms coupled to discrete photon modes in high
Q cavities. Such systems are of great interest in the study of
the fundamental quantum mechanics of open systems, the
engineering of quantum states, and measurement-induced de-
coherence [1–3] and have also been proposed as possible
candidates for use in quantum information processing and
transmission [1–3]. Ideas for novel CQED analogs using na-
nomechanical resonators have recently been suggested by
Schwab and collaborators [4,5]. We present here a realistic
proposal for CQED via Cooper pair boxes coupled to a one-
dimensional (1D) transmission line resonator, within a
simple circuit that can be fabricated on a single microelec-
tronic chip. As we discuss, 1D cavities offer a number of
practical advantages in reaching the strong-coupling limit of
CQED over previous proposals using discrete LC circuits
[6,7], large Josephson junctions [8–10], or 3D cavities
[11–13]. Besides the potential for entangling qubits to realize
two-qubit gates addressed in those works, in the present
work we show that the CQED approach also gives strong
and controllable isolation of the qubits from the electromag-
netic environment, permits high-fidelity quantum nondemo-
lition (QND) readout of multiple qubits, and can produce
states of microwave photon fields suitable for quantum com-
munication. The proposed circuits therefore provide a simple
and efficient architecture for solid-state quantum computa-
tion, in addition to opening up a new avenue for the study of
entanglement and quantum measurement physics with mac-
roscopic objects. We will frame our discussion in a way that
makes contact between the language of atomic physics and
that of electrical engineering.
We begin in Sec. II with a brief general overview of

CQED before turning to a discussion of our proposed solid-
state realization of cavity QED in Sec. III. We then discuss in
Sec. IV the case where the cavity and qubit are tuned in
resonance and in Sec. V the case of large detuning which

leads to lifetime enhancement of the qubit. In Sec. VI, a
quantum nondemolition readout protocol is presented. Real-
ization of one-qubit logical operations is discussed in Sec.
VII and two-qubit entanglement in Sec. VIII. We show in
Sec. IX how to take advantage of encoded universality and
decoherence-free subspace in this system.

II. BRIEF REVIEW OF CAVITY QED

Cavity QED studies the interaction between atoms and the
quantized electromagnetic modes inside a cavity. In the op-
tical version of CQED [2], schematically shown in Fig. 1(a),
one drives the cavity with a laser and monitors changes in
the cavity transmission resulting from coupling to atoms fall-
ing through the cavity. One can also monitor the spontaneous
emission of the atoms into transverse modes not confined by
the cavity. It is not generally possible to directly determine
the state of the atoms after they have passed through the
cavity because the spontaneous emission lifetime is on the
scale of nanoseconds. One can, however, infer information
about the state of the atoms inside the cavity from real-time
monitoring of the cavity optical transmission.
In the microwave version of CQED [3], one uses a very-

high-Q superconducting 3D resonator to couple photons to
transitions in Rydberg atoms. Here one does not directly
monitor the state of the photons, but is able to determine
with high efficiency the state of the atoms after they have
passed through the cavity (since the excited state lifetime is
of the order of 30 ms). From this state-selective detection
one can infer information about the state of the photons in
the cavity.
The key parameters describing a CQED system (see Table

I) are the cavity resonance frequency #r, the atomic transi-
tion frequency $, and the strength of the atom-photon cou-
pling g appearing in the Jaynes-Cummings Hamiltonian [14]
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Quantum-information processing with circuit quantum electrodynamics
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We theoretically study single and two-qubit dynamics in the circuit QED architecture. We focus on the
current experimental design #Wallraff et al., Nature !London" 431, 162 !2004"; Schuster et al., ibid. 445, 515
!2007"$ in which superconducting charge qubits are capacitively coupled to a single high-Q superconducting
coplanar resonator. In this system, logical gates are realized by driving the resonator with microwave fields.
Advantages of this architecture are that it allows for multiqubit gates between non-nearest qubits and for the
realization of gates in parallel, opening the possibility of fault-tolerant quantum computation with supercon-
duting circuits. In this paper, we focus on one- and two-qubit gates that do not require moving away from the
charge-degeneracy “sweet spot.” This is advantageous as it helps to increase the qubit dephasing time and does
not require modification of the original circuit QED. However, these gates can, in some cases, be slower than
those that do not use this constraint. Five types of two-qubit gates are discussed, these include gates based on
virtual photons, real excitation of the resonator, and a gate based on the geometric phase. We also point out the
importance of selection rules when working at the charge degeneracy point.
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I. INTRODUCTION

Superconducting circuits based on Josephson junctions
#1,2$ are currently the most experimentally advanced solid-
state qubits. The quantum behavior of these circuits has been
experimentally tested at the level of a single qubit #3–7$ and
of a pair of qubits #8–12$. The first quantitative experimental
study of entanglement in a pair of coupled superconducting
qubits was recently reported #13$.

In this paper, we theoretically study quantum-information
processing for superconducting charge qubits in circuit QED
#3,14–18$, focusing on two-qubit gates. In this system qubits
are coupled to a high-Q transmission line resonator which
acts as a quantum bus. Coupling of superconducting qubits
through a quantum bus has already been studied by several
authors and in different settings. In particular, coupling using
a lumped LC oscillator #19–26$, an extended one-
dimensional !1D" or 3D resonator #27–32$, a current-biased
Josephson junction acting as an anharmonic oscillator
#33–37$, or using a mechanical oscillator #38–40$ were stud-
ied. Here, we focus on circuit QED with charge qubits #14$
and consider the constraints of the current experimental de-
sign #3,15–17$. As we will show, while this architecture is
simple, it allows for many different types of qubit-qubit in-
teractions. These gates have the advantage that they can be
realized between non-nearest qubits, possibly spatially sepa-
rated by several millimeters. In addition to being interesting
from a fundamental point of view, this is highly advanta-
geous in reducing the complexity of multiqubit algorithms
#41$. Moreover, it also helps in reducing the error threshold
required for reaching fault-tolerant quantum computation
#42$. Furthermore, some of the gates that will be presented
allow for parallel operations !i.e., multiple one and two-qubit
gates acting simultaneously on different pairs of qubits". This
feature is in fact a requirement for a fault-tolerance threshold

to exist #43$, and this puts circuit QED on the path for scal-
able quantum computation.

Another aspect addressed in this paper is the “quality” of
realistic implementations of these gates. To quantify this
quality, several measures, like the fidelity, have been pro-
posed #44$. A fair evaluation and comparison of these mea-
sures for the different gates however requires extensive nu-
merical calculations including realistic sources of
imperfections and optimization of the gate parameters. In
this work, we will rather present estimates for the quality
factor #5$ of the gates as obtained from analytical calcula-
tions. Initial numerical calculations have showed that, in
most situations, better results than predicted by the analytical
estimates can be obtained by optimization. The quality fac-
tors presented here should thus be viewed as lower bounds
on what can be achieved in practice.

Five types of two-qubit gates will be presented. First, we
discuss in Sec. IV gates that are based on tuning the transi-
tion frequency of the qubits in and out of resonance with the
resonator by using dc charge or flux bias. As will be dis-
cussed, this approach is advantageous because it yields the
fastest gates, whose rate is given by the resonator-qubit cou-
pling frequency. A problem with this simple approach is that
it takes the qubits out of their charge-degeneracy “sweet
spot,” which can lead to a substantial increase of their
dephasing rates #5$. Moreover, changing the qubit transition
frequency over a wide range of frequencies can be problem-
atic if the frequency sweep crosses environmental resonances
#45$.

To address these problems, we will focus in this paper on
gates that do not require dc excursions away from the sweet
spot. Requiring that there is no dc bias is a stringent con-
straint and the gates that are obtained will typically be
slower. However, the resulting gate quality factor can be
larger because of the important gain in dephasing time. The
first of these types of gates rely on virtual excitation of the
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H = !"r!a†a + 12" + !#

2
$z + !g#a†$− + $+a$ + H% + H&.

#1$

Here H% describes the coupling of the cavity to the con-
tinuum which produces the cavity decay rate %="r /Q, while
H& describes the coupling of the atom to modes other than
the cavity mode which cause the excited state to decay at rate
& (and possibly also produce additional dephasing effects).
An additional important parameter in the atomic case is the

transit time ttransit of the atom through the cavity.
In the absence of damping, exact diagonalization of the

Jaynes-Cumming Hamiltonian yields the excited eigenstates
(dressed states) [15]

%+ ,n& = cos 'n%↓ ,n& + sin 'n%↑ ,n + 1& , #2$

%− ,n& = − sin 'n%↓ ,n& + cos 'n%↑ ,n + 1& , #3$

and ground state %↑ ,0& with corresponding eigenenergies

E ±,n = #n + 1$!"r ±
!

2
'4g2#n + 1$ + (2, #4$

E↑,0 = −
!(

2
. #5$

In these expressions,

'n =
1
2
tan−1!2g'n + 1

(
" , #6$

and ((#−"r the atom-cavity detuning.
Figure 1(b) shows the spectrum of these dressed states for

the case of zero detuning, (=0, between the atom and cavity.
In this situation, degeneracy of the pair of states with n+1
quanta is lifted by 2g'n+1 due to the atom-photon interac-
tion. In the manifold with a single excitation, Eqs. (2) and (3)
reduce to the maximally entangled atom-field states %± ,0&
= #%↑ ,1&± %↓ ,0&$ /'2. An initial state with an excited atom and
zero photons %↑ ,0& will therefore flop into a photon %↓ ,1& and
back again at the vacuum Rabi frequency g /). Since the
excitation is half atom and half photon, the decay rate of
%± ,0& is #%+&$ /2. The pair of states %± ,0& will be resolved in
a transmission experiment if the splitting 2g is larger than
this linewidth. The value of g=Ermsd /! is determined by the
transition dipole moment d and the rms zero-point electric
field of the cavity mode. Strong coupling is achieved when
g*% ,& [15].

FIG. 1. (Color online) (a) Standard representation of a cavity
quantum electrodynamic system, comprising a single mode of the
electromagnetic field in a cavity with decay rate % coupled with a
coupling strength g=Ermsd /! to a two-level system with spontane-
ous decay rate & and cavity transit time ttransit. (b) Energy spectrum
of the uncoupled (left and right) and dressed (center) atom-photon
states in the case of zero detuning. The degeneracy of the two-
dimensional manifolds of states with n−1 quanta is lifted by
2g'n+1. (c) Energy spectrum in the dispersive regime (long-
dashed lines). To second order in g, the level separation is indepen-
dent of n, but depends on the state of the atom.

TABLE I. Key rates and CQED parameters for optical [2] and microwave [3] atomic systems using 3D cavities, compared against the
proposed approach using superconducting circuits, showing the possibility for attaining the strong cavity QED limit #nRabi*1$. For the 1D
superconducting system, a full-wave #L=+$ resonator, "r /2)=10 GHz, a relatively low Q of 104, and coupling ,=Cg /C-=0.1 are assumed.
For the 3D microwave case, the number of Rabi flops is limited by the transit time. For the 1D circuit case, the intrinsic Cooper-pair box
decay rate is unknown; a conservative value equal to the current experimental upper bound &.1/ #2 /s$ is assumed.

Parameter Symbol 3D optical 3D microwave 1D circuit

Resonance or transition frequency "r /2), # /2) 350 THz 51 GHz 10 GHz
Vacuum Rabi frequency g /), g /"r 220 MHz, 3010−7 47 kHz, 1010−7 100 MHz, 5010−3

Transition dipole d /ea0 )1 10103 20104

Cavity lifetime 1/% ,Q 10 ns, 30107 1 ms, 30108 160 ns, 104

Atom lifetime 1/& 61 ns 30 ms 2 /s
Atom transit time ttransit 150 /s 100 /s 2

Critical atom number N0=2&% /g2 6010−3 3010−6 .6010−5

Critical photon number m0=&2 /2g2 3010−4 3010−8 .1010−6

Number of vacuum Rabi flops nRabi=2g / #%+&$ )10 )5 )102
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For large detuning, g /!"1, expansion of Eq. (4) yields
the dispersive spectrum shown in Fig. 1(c). In this situation,
the eigenstates of the one excitation manifold take the form
[15]

!− ,0" # − $g/!%!↓ ,0" + !↑ ,1" , $7%

!+ ,0" # !↓ ,0" + $g/!%!↑ ,1" . $8%

The corresponding decay rates are then simply given by

#− ,0 & $g/!%2$ + % , $9%

#+ ,0 & $ + $g/!%2% . $10%

More insight into the dispersive regime is gained by mak-
ing the unitary transformation

U = exp' g
!

$a&+ − a†&−%( $11%

and expanding to second order in g (neglecting damping for
the moment) to obtain

UHU† ) ''(r +
g2

!
&z(a†a + '

2') +
g2

!
(&z. $12%

As is clear from this expression, the atom transition is ac
Stark/Lamb shifted by $g2 /!%$n+1/2%. Alternatively, one
can interpret the ac Stark shift as a dispersive shift of the
cavity transition by &zg2 /!. In other words, the atom pulls
the cavity frequency by ±g2 /%!.

III. CIRCUIT IMPLEMENTATION OF CAVITY QED

We now consider the proposed realization of cavity QED
using the superconducing circuits shown in Fig. 2. A 1D
transmission line resonator consisting of a full-wave section
of superconducting coplanar waveguide plays the role of the
cavity and a superconducting qubit plays the role of the
atom. A number of superconducting quantum circuits could
function as artificial atom, but for definiteness we focus here
on the Cooper-pair box [6,16–18].

A. Cavity: Coplanar stripline resonator

An important advantage of this approach is that the zero-
point energy is distributed over a very small effective volume
()10−5 cubic wavelengths) for our choice of a quasi-one-
dimensional transmission line “cavity.” As shown in Appen-
dix A, this leads to significant rms voltages Vrms

0 #*'(r /cL
between the center conductor and the adjacent ground plane
at the antinodal positions, where L is the resonator length and
c is the capacitance per unit length of the transmission line.
At a resonant frequency of 10 GHz $h* /kB#0.5 K% and for
a 10 +m gap between the center conductor and the adjacent
ground plane, Vrms#2 +V corresponding to electric fields
Erms#0.2 V/m, some 100 times larger than achieved in the
3D cavity described in Ref. [3]. Thus, this geometry might
also be useful for coupling to Rydberg atoms [19].

In addition to the small effective volume and the fact that
the on-chip realization of CQED shown in Fig. 2 can be
fabricated with existing lithographic techniques, a
transmission-line resonator geometry offers other practical
advantages over lumped LC circuits or current-biased large
Josephson junctions. The qubit can be placed within the cav-
ity formed by the transmission line to strongly suppress the
spontaneous emission, in contrast to a lumped LC circuit,
where without additional special filtering, radiation and para-
sitic resonances may be induced in the wiring [20]. Since the
resonant frequency of the transmission line is determined
primarily by a fixed geometry, its reproducibility and immu-
nity to 1/ f noise should be superior to Josephson junction
plasma oscillators. Finally, transmission-line resonances in
coplanar waveguides with Q#106 have already been dem-
onstrated [21,22], suggesting that the internal losses can be
very low. The optimal choice of the resonator Q in this ap-
proach is strongly dependent on the intrinsic decay rates of
superconducting qubits which, as described below, are pres-
ently unknown, but can be determined with the setup pro-
posed here. Here we assume the conservative case of an
overcoupled resonator with a Q#104, which is preferable for
the first experiments.

B. Artificial atom: The Cooper-pair box

Our choice of “atom,” the Cooper-pair box [6,16], is a
mesoscopic superconducting island. As shown in Fig. 3, the

FIG. 2. (Color online). Schematic layout and equivalent lumped
circuit representation of proposed implementation of cavity QED
using superconducting circuits. The 1D transmission line resonator
consists of a full-wave section of superconducting coplanar wave-
guide, which may be lithographically fabricated using conventional
optical lithography. A Cooper-pair box qubit is placed between the
superconducting lines and is capacitively coupled to the center trace
at a maximum of the voltage standing wave, yielding a strong elec-
tric dipole interaction between the qubit and a single photon in the
cavity. The box consists of two small $#100 nm,100 nm% Joseph-
son junctions, configured in a #1 +m loop to permit tuning of the
effective Josephson energy by an external flux -ext. Input and out-
put signals are coupled to the resonator, via the capacitive gaps in
the center line, from 50) transmission lines which allow measure-
ments of the amplitude and phase of the cavity transmission, and
the introduction of dc and rf pulses to manipulate the qubit states.
Multiple qubits (not shown) can be similarly placed at different
antinodes of the standing wave to generate entanglement and two-
bit quantum gates across distances of several millimeters.
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resonator !Sec. V". This type of approach was also discussed
in Refs. #14,29$ and here we will present various mecha-
nisms to tune this type of interaction. The dispersive regime
that is the basis of the schemes relying on virtual excitations
of the resonator can also be used to create probabilistic en-
tanglement due to measurement. This is discussed in Sec. VI.
Next, we consider gates that are based on real photon popu-
lation of the resonator !Sec. VII". For these gates, selection
rules will set some constraints on the transitions that can be
used. Finally, we discuss a gate based on the geometric phase
which was first introduced in the context of ion trap quantum
computation #46,47$.

Before moving to two-qubit gates, we begin in Sec. II
with a brief review of circuit QED and, in Sec. III, with a
discussion of single-qubit gates. A table summarizing the ex-
pected rates and quality factors for the different gates is pre-
sented in the concluding section.

II. CIRCUIT QED

A. Jaynes-Cummings interaction

In this section, we briefly review the circuit QED archi-
tecture first introduced in Ref. #14$ and experimentally stud-
ied in Refs. #3,15–17$. Measurement-induced dephasing was
theoretically studied in Ref. #18$. As shown in Fig. 1, this
system consists of a superconducting charge qubit #1,48,49$
strongly coupled to a transmission line resonator #50$. Near
its resonance frequency !r, the transmission line resonator
can be modeled as a simple harmonic oscillator composed of
the parallel combination of an inductor L and a capacitor C.
Introducing the annihilation !creation" operator a!†", the reso-
nator can then be described by the Hamiltonian

Hr = !ra
†a , !2.1"

with !r=1/%LC and where we have taken "=1. Using this
simple model, the voltage across the LC circuit !or, equiva-
lently, on the center conductor of the resonator" can be writ-
ten as VLC=Vrms

0 !a†+a", where Vrms
0 =%"!r /2C is the rms

value of the voltage in the ground state. An important advan-
tage of this architecture is the extremely small separation b
&5 #m between the center conductor of the resonator and
its ground planes. This leads to a large rms value of the
electric field Erms

0 =Vrms
0 /b&0.2 V/m for typical realizations

#3,15–17$.

Multiple superconducting charge qubits can be fabricated
in the space between the center conductor and the ground
planes of the resonator. As shown in Fig. 1, we will consider
the case of two qubits fabricated at the two ends of the reso-
nator. These qubits are sufficiently far apart that the direct
qubit-qubit capacitance is negligible. Direct capacitive cou-
pling of qubits fabricated inside a resonator was discussed in
Ref. #29$. An advantage of placing the qubits at the ends of
the resonator is the finite capacitive coupling between each
qubit and the input or output port of the resonator. This can
be used to independently dc bias the qubits at their charge
degeneracy point. The size of the direct capacitance must be
chosen in such a way as to limit energy relaxation and
dephasing due to noise at the input-output ports. Some of the
noise is however still filtered by the high-Q resonator #14$.
We note, that recent design advances have also raised the
possibility of eliminating the need for dc bias altogether #17$.

In the two-state approximation, the Hamiltonian of the jth
qubit takes the form

Hqj
= −

Eelj

2
$xj

−
EJj

2
$zj

, !2.2"

where Eelj
=4ECj

!1−2ngj
" is the electrostatic energy and EJj

=EJj

maxcos!%& j /&0" is the Josephson coupling energy. Here,
ECj

=e2 /2C'j
is the charging energy with C'j

the total box
capacitance. ngj

=Cgj
Vgj

/2e is the dimensionless gate charge
with Cgj

the gate capacitance and Vgj
the gate voltage. EJj

max is
the maximum Josephson energy and & j the externally ap-
plied flux with &0 the flux quantum. Throughout this paper,
the j subscript will be used to distinguish the different qubits
and their parameters.

With both qubits fabricated close to the ends of the reso-
nator !antinodes of the voltage", the coupling to the resonator
is maximized for both qubits. This coupling is capacitive and
determined by the gate voltage Vgj

=Vgj

dc+VLC, which con-
tains both the dc contribution Vgj

dc !coming from a dc bias
applied to the input port of the resonator" and a quantum part
VLC. Following Ref. #14$, the Hamiltonian of the circuit of
Fig. 1 in the basis of the eigenstates of Hqj

takes the form

H = !ra
†a + '

j=1,2

!aj

2
$zj

− '
j=1,2

gj!# j − cj$zj
+ sj$xj

"!a† + a" ,

!2.3"

where !aj
=%EJj

2 + #4ECj
!1−2ng,j"$2 is the transition fre-

quency of qubit j and gj =e!Cg,j /C',j"Vrms
0 /" is the coupling

strength of the resonator to qubit j. For simplicity of nota-
tion, we have also defined # j =1−2ng,j, cj =cos ( j and sj
=sin ( j, where ( j =arctan#EJj

/ECj
!1−2ng,j"$ is the mixing

angle #14$.
When working at the charge degeneracy point ng,j

dc =1/2,
where dephasing is minimized #5$, and neglecting fast oscil-
lating terms using the rotating-wave approximation !RWA",
the above resonator plus qubit Hamiltonian takes the usual
Jaynes-Cummings form #77$

FIG. 1. !Color online" Layout and lumped element version of
circuit QED. Two superconducting charge qubits !green" are fabri-
cated inside the superconducting 1D transmission line resonator
!blue".
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We present a scalable scheme for executing the error-correction cycle of a monolithic surface-code
fabric composed of fast-flux-tunable transmon qubits with nearest-neighbor coupling. An eight-qubit unit
cell forms the basis for repeating both the quantum hardware and coherent control, enabling spatial
multiplexing. This control uses three fixed frequencies for all single-qubit gates and a unique frequency-
detuning pattern for each qubit in the cell. By pipelining the interaction and readout steps of ancilla-based
X- and Z-type stabilizer measurements, we can engineer detuning patterns that avoid all second-order
transmon-transmon interactions except those exploited in controlled-phase gates, regardless of fabric size.
Our scheme is applicable to defect-based and planar logical qubits, including lattice surgery.

DOI: 10.1103/PhysRevApplied.8.034021

I. INTRODUCTION

The scaling of small quantum processors [1–5] into large
qubit arrays capable of fault-tolerant quantum computation
[6] is an outstanding challenge for leading experimental
quantum information platforms [7,8]. Modular [9] and
monolithic [10] approaches require a systems approach
that simultaneously and compatibly addresses challenges in
all layers of the quantum computer stack [11]: from the
quantum hardware at the low level, through classical
control electronics in the middle, to software at the high
level (i.e., microinstruction sets, compilers, and high-level
programming languages).
Currently, the surface code [10,12,13] provides an

experimentally attractive paradigm for fault-tolerant quan-
tum computation owing to its modest requirements on the
quantum hardware: only nearest-neighbor coupling is
needed between qubits, and the error threshold falls
robustly close to 1% across a range of error models and
error-decoding strategies, significantly higher than those of
Steane and Shor codes [6]. In superconducting quantum
integrated circuits based on circuit QED (cQED) [14], the
error rate of single-qubit gates has reached<0.1% [15–17],
while those of two-qubit conditional-phase (CZ) gates
and measurement are 0.6% [15] and about 1% [18,19],
respectively.
The scalability of monolithic systems hinges on the

ability to copy and paste a unit cell in the quantum plane,
with suitable quantum interconnect between cells, and
suitable classical interconnect to and from the control
plane. The latter pursuit is very active, with several groups
developing vertical (rather than the traditional lateral)

interconnection of input-output signals using through-the-
wafer coaxial lines [20], electromechanical sockets [21],
and bump bonding in flip-chip configuration [22].
For true scalability, it is crucial that the unit cell also

extend into the classical control plane. A unit cell for
control signals opens the door to hardware simplification
through spatial multiplexing, i.e., the selective routing of
control signals (with minimal customization) to spatially
separated components. While frequency-division multi-
plexing is already heavily exploited in cQED [3,19,23],
spatial multiplexing is in its infancy. Precision control of
same-frequency qubits using a microwave-frequency vec-
tor switch matrix for pulse multicasting has only recently
been demonstrated [24].
In this paper, we propose a scalable scheme for the

quantum error correction (QEC) cycle of a monolithic
superconducting surface code by defining a concrete unit
cell for both the quantum hardware and the control signals.
We focus on a fabric of fast-flux-tunable transmon qubits
interacting with nearest neighbors via flux-controlled con-
ditional-phase CZf gates [25,26] realized by pulsing into the
resonator-mediated j11i ↔ j02i avoided crossing of the
interacting transmon pair (numbers indicate excitation
level). Our approach is compatible with adiabatic [26],
sudden [27], and fast-adiabatic [15,28] use of these cross-
ings. Our eight-qubit unit cell uses three fixed frequencies
for all single-qubit control and eight detuning sequences
for two-qubit gates. This approach to classical control
allows significant control hardware savings via spatial
multiplexing. By pipelining the measurement of the two
types of stabilizers of the surface code, we engineer
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Abstract
A robust cryogenic infrastructure in form of a wired, thermally optimized dilution
refrigerator is essential for solid-state based quantum processors. Here, we engineer a
cryogenic setup, which minimizes passive and active heat loads, while guaranteeing
rapid qubit control and readout. We review design criteria for qubit drive lines, flux
lines, and output lines used in typical experiments with superconducting circuits and
describe each type of line in detail. The passive heat load of stainless steel and NbTi
coaxial cables and the active load due to signal dissipation are measured, validating
our robust and extensible concept for thermal anchoring of attenuators, cables, and
other microwave components. Our results are important for managing the heat
budget of future large-scale quantum computers based on superconducting circuits.

1 Introduction
Promising solid-state based quantum computing platforms, such as superconducting cir-
cuits [1] or charges and spins in semiconductor quantumdots [2], require temperatures on
the Millikelvin level to initialise the systems in their ground state and to avoid errors due
to thermal excitation during operation. Millikelvin temperatures are achieved in He3/He4
dilution refrigerators (DR). When scaling those approaches from the few qubit level to
large scale quantum processors, an increasing number of microwave and DC cables need
to be integrated into the dilution refrigerator. They connect the classical control electron-
ics at room temperature (RT) to the quantum processor at the lowest temperature stage of
the dilution refrigerator, creating a substantial heat load on the dilution refrigerator due
to heat conduction. Besides this passive load, active load due to the dissipation of control
signals in cables and attenuators plays a major role. Engineered dissipation is necessary
to thermalize the incoming radiation fields and to reduce the number of thermal photons
incident on the sample [3, 4].
While superconducting quantum processors operating 20 qubits have been realized [5,

6], their cryogenic setup and extensibility towards larger system sizes has not been re-
ported on. Here, we present a thermally optimized, robust cabling scheme and cryogenic
setup suitable for the operation of 50 qubits at a temperature of 14mK. Disregarding space
constraints in the dilution refrigerator, at least 150 qubits could be operated using our ap-
proach. Before describing our customized cryogenic system in Sect. 3, we put forward
methods for minimizing passive heat load on all stages of the dilution refrigerator and
for minimizing the number of thermal photons in cables connecting room temperature

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in anymedium, pro-
vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.
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In this regard, superconducting resonators have several advan-
tages: they can easily have millisecond coherence times exceeding 
those of superconducting qubits by 10 to 20 times. Moreover, they 
bring the increased state space dimension needed for logical qubits 
by simply including more photons rather than increasing the num-
ber of physical qubits. Furthermore, the error model of microwave 
resonators is very simple and is dominated by photon loss (ampli-
tude damping) with negligible dephasing.

A simple code exploiting these ideas and which corrects ampli-
tude damping to the lowest order is the binomial code93, for which 
QEC approaching the break-even point has also been recently  
demonstrated68 using the logical states

0Lj i ¼
1ffiffiffi
2

p 0j iþ 4j ið Þ ð6Þ

1Lj i ¼ 2j i ð7Þ

where nj i
I

 is the n-photon Fock state. This code was also used to 
achieve deterministic teleportation of an entangling gate on logi-
cally encoded states94.

Because this code utilizes only a single bosonic mode, it requires 
the measurement of a single error syndrome to detect a photon loss 
error: the photon number parity. The parity of the photon number 
is a quantity that is very difficult to measure in ordinary quantum 
optics, but quite easy in circuit QED67,95,96. Because both logical 
states of the bosonic code are +1 eigenstates of parity, and both have 
the same mean photon number, the code satisfies the necessary  
conditions for lowest-order QEC97. Indeed, parity jumps tell us 
that a loss event occurred but nothing about the logical state in  
which it occurred.

This relative simplicity of the bosonic encoding is to be con-
trasted with the simplest qubit code for amplitude damping98. This 
code requires four qubits and measurement of three error syn-
dromes to determine whether a decay error has occurred, and if so, 
on which of the four physical qubits it occurred. To first order in 
amplitude damping, this code has five possible error states, while 
the bosonic code has only two possible error states (loss of zero or 
one photon).

A further advantage of bosonic encoding is that the logical qubits 
stored as standing waves in a resonator can be released as travelling 
waves to achieve quantum communication and remote entangle-
ment within the quantum computer (and beyond)99,93,100. The same 
error correctability that protects the logical bosonic qubits stored in 
resonators also protects them against errors in the communication 
process, so no additional encoding is required.

Because the resonator is a harmonic oscillator, classical drive 
tones cannot achieve universal quantum operations without the 
assistance of a nonlinear oscillator ancilla. Hence, the transmon is 
still needed, not as a qubit, but as a controller for the bosonic qubit. 
The controller coherence is not as good as that of the cavity it con-
trols, but this is partially compensated by the fact that the controller 
idles much of the time since the error rate in the resonators is low. 
New ideas for ‘hardware efficient’ fault tolerance are being devel-
oped and demonstrated to further reduce the impact of controller 
errors without increasing the hardware overhead52,71–75. This line of 
research is bringing the field into the early stages of the era of fault-
tolerant quantum computation.

Another exciting recent advance in continuous variable quantum 
information processing is the experimental realization of the states 
of the GKP101 QEC code in trapped ions102 and in circuit QED46. 
The code words consist of a periodic comb of squeezed states (or 
equivalently a uniform grid in phase space). Although originally 
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Fig. 5 | Quantum hardware. a, Electrical circuit schematic of a 17-qubit surface code, indicating the placement of the qubits and resonators used for 
qubit–qubit coupling and qubit readout. I/O stands for input/output. b, Dilution refrigerator used to cool superconducting chips through a series of stages 
spanning room temperature (top stage), 35 K, 3 K, 900 mK, 100 mK and 10 mK (bottom stage). Temperatures are approximate. The qubits are mounted 
inside electromagnetic shields (cylinders) below the 10 mK stage. Additional concentric thermal shields at each stage are not shown. Control and readout 
signals are conducted through the many coaxial wires running between temperature stages. c, Electrical schematic of control and readout infrastructure at 
the various temperatures stages used to control and readout qubits. TWPA, travelling-wave parametric amplifier; HEMT, high-electron-mobility transistor; 
Dir. coupler, directional coupler. Panels adapted with permission from: a, ref. 124, APS; b,c, ref. 110, Springer Nature Ltd.
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