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Quantum-optical state engineering up to the
two-photon level

Erwan Bimbard'??, Nitin Jain'3", Andrew MacRae' and A. I. Lvovsky'*

The ability to prepare arbitrary quantum states within a certain Hilbert space is the holy grail of quantum information
technology. It is particularly important for light, as this is the only physical system that can communicate quantum
information over long distances. We propose and experimentally verify a scheme to produce arbitrary single-mode states
of a travelling light field up to the two-photon level. The desired state is remotely prepared in the signal channel of
spontaneous parametric down-conversion by means of conditional measurements on the idler channel. The measurement
consists of bringing the idler field into interference with two ancilla coherent states, followed by two single-photon
detectors, which, in coincidence, herald the preparation event. By varying the amplitudes and phases of the ancillae, we

can prepare any arbitrary superposition of zero-, one- and two-photon states.

system (such as the optical field) is complicated, because its

equidistant energy levels cannot be individually accessed
using classical control signals. Outside the optical domain, this chal-
lenge has been addressed in ion traps! and high-Q microwave cav-
ities? by coupling the oscillator energy eigenstates to a two-level
atomic or spin system through a sequence of simple interactions®.
Very recently, a similar approach was used to synthesize arbitrary
superpositions of Fock states of a microwave electromagnetic field
inside a superconducting cavity by means of coupling to a
Josephson phase qubit*.

For travelling optical fields, quantum-state engineering (QSE) is
particularly difficult because of their transient nature, which pre-
cludes the step-by-step technique of building up the required
optical coherence. Therefore, a widely used approach to optical
QSE involves generating a primitive quantum state of light and
then manipulating it, for example, by bringing it into interference
with an ancillary system. By applying appropriate measurements,
the ancilla is then traced out, leading to reduction of the overall
system to the desired target state, ready to be detected and charac-
terized. The ‘primitive’ is commonly the state of correlated
photon pairs produced in spontaneous parametric down-conver-
sion (SPDC). Conditional photon detection on one or both chan-
nels is often used to produce the state of interest.

There exist a number of theoretical proposals for implement-
ing optical QSE (reviewed in ref. 5), including using coherent
displacements and photon subtraction operations®’, repeated para-
metric down-conversion® or continuous-variable post-selection’.
Experimentally, complex entangled states of dual-rail optical qubits
have been produced!®!!, albeit mostly in a post-selected manner: we
do not know that the state has been prepared until it is detected and
destroyed. A variety of single-mode states have been prepared without
resorting to post-selection, including photon number (Fock) states |1)
(ref. 12) and |2) (ref. 13), single-rail optical qubits'*-16, photon-added
states'” and the ‘Schrodinger kitten’ state!®1°. However, engineering of
arbitrary quantum states of light has not yet been demonstrated.

In the present work, we significantly extend the region of the
optical Hilbert space within which we can engineer arbitrary

| ngineering of arbitrary quantum states in a harmonic oscillator

states. We report, for the first time, heralded synthesis of arbitrary
single-mode coherent superpositions of Fock states up to the two-
photon level, with stable phase relations and a high overall effi-
ciency. In addition to these states being of fundamental interest,
they can be used for practical applications, such as optimal
estimation of the loss parameter of a Gaussian bosonic channel®.

Figure 1 shows a simplified layout of the experiment. The two-
mode state produced by down-conversion can be written in the
photon number basis as

|P) = /1= []0,,0) + ¥/1,, 1) + Y2, 2) + O(¥))] (1)

where the signal and idler modes are represented by s and i, respect-
ively, and vy is the SPDC amplitude (proportional to the pump field
amplitude, effective second-order susceptibility and length of the

Remote state preparation

Parametric down-conversion
Idler

Weak coherent states

Signal

Local oscillator Homodyne detection

Figure 1| Scheme to produce arbitrary quantum-optical states at the two
photon level. The idler output of parametric down-conversion is mixed with
two weak coherent states on beamsplitters, and the coincidence detection
from the two detectors heralds the production of the expected state in the
signal channel. SPCM, single-photon counting module.
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