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Very many photons: Classical Optics

Few photons: Quantum Optics

One photon: Quantum Optics

No photons: Zen Quantum Optics



We have studied nonlinear optical processes with qubits, where only
virtual photons are involved. (PRA 2016)

Our results show that N spatially-separated and non-degenerate qubits can
coherently exchange energy in analogy with light modes in nonlinear optics.

These processes can produce multi-particle entanglement simply starting
from one or more qubits in their excited state and letting the system evolve
spontaneously

We have also studied nonlinear optical processes where both virtual and
real photons are involved.

Two separate atoms can be jointly excited by a single photon and vice
versa. This joint absorption and emission processes can also occur with
three or more atoms (and with atoms in separate cavities).



Spontaneous time evolution is also able to transfer the 
entanglement from two qubits to a different one.

Maximally-entangled multi-particle states can be obtained by free 
evolution.

These effects arise from terms that can change the number of
excitations in the system, enabling higher-order processes via
virtual photons. We describe a unified picture of this type of
processes and their relation to nonlinear optics.
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Cavity QED investigates the interaction of confined electromagnetic field modes with atoms,
where the quantum nature of light affects the system dynamics.

A high degree of control of quantum systems can be reached in the strong-coupling regime of
cavity-QED, where the atom-field coupling rate is dominant with respect to the loss and
decoherence rates. This paves the way for many interesting physical applications.

Cavity QED can be exploited for the realization of quantum gates and quantum networks for
quantum computational tasks

Many of the proposed concepts, pioneered with flying atoms, have been adapted and further
developed using superconducting artificial atoms in the electromagnetic field of microwave
resonators. This has produced the rapidly growing field of circuit QED, which is useful both for
exploring light-mater interactions in a controllable manner, and for future quantum
technologies.
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A single photon can simultaneously excite two or more atoms

We consider two separate atoms interacting with a single-mode 
optical or microwave resonator. 

When the frequency of the resonator field is twice the atomic 
transition frequency, we show that there exists a resonant coupling 
between one photon and two atoms, via intermediate virtual states 
connected by counter-rotating processes. 

If the resonator is prepared in its one-photon state, the photon can 
be jointly absorbed by the two atoms in their ground state which 
will both reach their excited state with a probability ~ 1. 



A single photon can simultaneously excite two or more atoms 

Like ordinary quantum Rabi oscillations, this process is 
coherent and reversible, so that two atoms in their excited 
state will undergo a downward transition jointly emitting a 
single cavity photon. 

This joint absorption and emission process can also occur 
with three atoms. 

The parameters used to investigate this process correspond 
to experimentally demonstrated values in circuit QED.



Last sentence of our preprint:

We hope that this work (on one photon 
simultaneously exciting two or more atoms) could 
simultaneously excite two or more referees. 

Indeed, it simultaneously excited the referees.



… a nice 
summary
by Philipp Ball
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outputs scored by Altmetric



Two or more (identical) flux qubits strongly coupled to a superconducting resonator 

Resonator-mode Hamiltonian

qubit Hamiltonian

Intracavity-field operator

coupling strength

Pauli operators for the i th qubit

Parity symmetry-breaking



Parameters:

The two split eigenstates, 
at the minimum splitting, 
correspond to maximally-
entangled 3-particle states. 

Analogous results occur even
if the atoms are nonidentical
(different transition energies
and couplings)

4

1
2

3



the system briefly 
“borrows” a second 
photon from chance 
fluctuations in the 
vacuum within the cavity

Diagram providing the largest contribution to the 
coupling strength between the 1-photon & 2-qubits Comparison between

the perturbative and
the numerical 
calculations 





cavity mean photon number

atom mean excitation number

zero-delay two-atom correlation function

no damping

two qubits excited

One photon in the cavity



The processes described here should be observable by
placing two superconducting artificial atoms at opposite
ends of a superconducting transmission line resonator.
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We propose a physical process, analogous to spontaneous parametric down-
conversion, where one excited atom directly transfers its excitation to two
spatially-separated atoms with probability approaching one.

The interaction is mediated by the exchange of virtual rather than real
photons.

This nonlinear atomic process is coherent and reversible, so the pair of
excited atoms can transfer the excitation back to the first one: the atomic
analogue of sum-frequency generation of light.

This approach can be expanded to realize other nonlinear inter-atomic
processes, such as four-atom mixing, and is an attractive architecture for the
realization of quantum devices on a chip.



Resonator-mode Hamiltonian

qubits Hamiltonian

Pauli operators for the i th qubit

We consider a quantum system of N two-level atoms
(with possible symmetry-broken potentials) 

coupled to a single-mode resonator

Interaction Hamiltonian



The three-qubit splitting can be 
described by an effective Hamiltonian:



for

… virtual photons at work!



qubit 1 population

qubit 3 population

qubits 1&2 correlation

qubit 1 
populationqubit 3 

population

qubits 1&2
correlation

qubit 3 
population

qubits 
1& 2



The four-qubit splitting can be described
by an effective Hamiltonian:



4-particle  GHZ-like state

qubit 1 population

qubit 2 population

qubits 1&4
correlation

qubits 2 & 3
correlation





Adjusting the transition frequencies of the qubits, a four-qubit down-
conversion analogous to that studied above for three qubits can also
occur. This process is enabled by the resonant coupling between the states

and can be described by the effective Hamiltonian

This coupling offers the possibility to encode an arbitrary qubit state into a 
three-qubit entangled state:
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Two separate atoms can be jointly excited by a single photon and viceversa. This joint absorption and
emission processes can also occur with three or more atoms [and with atoms in separate cavities].

We described nonlinear optical processes with qubits, where only virtual photons are involved. The results
presented here show that N spatially-separated and non-degenerate qubits can coherently exchange energy
in analogy with light modes in nonlinear optics. These processes can produce multiparticle entanglement
simply starting from one or more qubits in their excited state and letting the system evolve spontaneously.

For nonlinear optical processes where both virtual and real photons are involved.

The spontaneous time evolution is also able to transfer the entanglement from a pair of qubits to a different
one.

The processes proposed here extend further the broad field of nonlinear optics. This architecture can be
extended to consider qubits in different coupled cavities and may open new possibilities for quantum
information processing on a chip. Maximally-entangled multiparticle states can be obtained by free
evolution.

These effects arise from terms that can change the number of excitations in the system, enabling higher-
order processes via virtual photons. We have developed a unified picture of this type of processes and their
relation to nonlinear optics.
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