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Using a continuous-wave type-II optical parametric oscillator below threshold, we have demonstrated a
novel source of heralded single-photons with high-fidelity. The generated state is characterized by homodyne
detection and exhibits a 79% fidelity with a single-photon Fock state (91% after correction of detection loss).
The low admixture of vacuum and the well-defined spatiotemporal mode are critical requirements for their

subsequent use in quantum information processing.

The reliable generation of single-photon states is a cen-
tral resource for the development of quantum informa-
tion sciences and technologies, including quantum com-
munication and computing [1,2]. For instance, since the
seminal proposal by Knill, Laflamme and Milburn [3],
single-photons are indeed at the heart of linear-optical
quantum computation (LOQC) [4]. Practical implemen-
tations however require to generate such states with a
low admixture of vacuum as efficient LOQC protocols
are constrained by loss thresholds [5]. For instance, the
best known figure to date, which applies to cluster state
computation, is a 1/2 overall loss tolerance [6], i.e. the
product of the source fidelity and detector efficiency
has to be above this value. This constraint puts a chal-
lenging demand on single-photon generation. Addition-
ally, linear-optical processing cannot increase the fidelity
of the state, even with multiple imperfect sources [7].
Moreover, gate implementation requires to make single-
photons interfere with a high visibility and thus to be
emitted into a well-controlled spatiotemporal mode.

In this letter, we demonstrate the generation of high-
fidelity single-photons based on a frequency-degenerate
type-II optical parametric oscillator (OPO). Our her-
alded source combines the two important previous prop-
erties: a low admixture of vacuum and a very-well defined
spatiotemporal mode due to the OPO cavity.

The generation technique consists in using photon
pairs emitted in two distinct modes: the detection of a
single-photon on one mode heralds the preparation of
a single-photon into the other one [8]. This conditional
preparation has been widely used so far with a variety
of physical systems, including atomic cascade, atomic
ensemble [9] and pulsed single-pass parametric down-
conversion (PDC) [10-13]. More recently, continuous-
wave OPOs, where PDC occurs in cavity, have also been
considered for this purpose [14].

In this case, two methods can be used to obtain the two
distinct modes. The first one is based on tapping a very

© 2012 Optical Society of America
OCIS codes: 270.0270, 270.6570, 270.5290,190.4970

small fraction of a squeezed vacuum [15], leading intrin-
sically to a low count rate. The other method consists in
using non-degenerate modes emitted into the same spa-
tial mode of the OPO cavity. Using a type-I non-linear
interaction, signal and idler have the same polarization:
the only degree of freedom is thus the frequency. The two
correlated modes can be then two modes with frequen-
cies separated by multiples of the cavity free spectral
range, as demonstrated in [16]. However, this configura-
tion requires for the homodyne tomography to use local
oscillators with shifted frequencies. The other possibility
is to use a type-II interaction: the frequency-degenerate
signal and idler modes have orthogonal polarizations and
can be easily separated. This technique, which was not

Fig. 1. Experimental setup. A continuous-wave type-
IT optical parametric oscillator (OPO) is pumped far
below threshold. The orthogonally-polarized signal and
idler modes are separated by a polarizing beam-splitter
(PBS). The idler mode is frequency filtered (Condition-
ing Path) and detected by a superconducting single-
photon detector (SSPD). Given a detection event, the
heralded single-photon is characterized by homodyne de-
tection. FP: Fabry-Perot cavity, IF: interferential filter.



implemented so far, leads to a simpler apparatus and
enables us to reach a higher fidelity.

The experimental setup is sketched on Fig. 1. A
continuous-wave frequency-doubled Nd:YAG laser (Dia-
bolo, Innolight) pumps below threshold a triply-resonant
OPO made of a semimonolithic linear cavity [17]. The
input mirror is directly coated on one face of a 10 mm-
long KTP crystal (Raicol), with an intensity reflection
of 95% for the 532 nm pump and high reflection at 1064
nm. The output coupler, with a 38 mm radius of curva-
ture, is highly reflective for the pump and has a reflection
of 90% for the infrared. The free spectral range is equal
to A = 4.3 GHz. The internal losses at 1064 nm are es-
timated to be 0.4%, giving a cavity bandwidth v = 60
MHz. The triple resonance condition is achieved by ad-
justing the frequency of the laser and the temperature
of the crystal. The OPO cavity is locked on the pump
resonance by the Pound-Drever-Hall technique.

At the output of the OPO, the orthogonally-polarized
signal and idler modes are spatially separated thanks to
a polarizing beam splitter. The idler is directed to fre-
quency filtering elements (conditioning path on Fig. 1)
to remove non-degenerate modes. Indeed, the output of
the OPO cavity contains a great number of modes sepa-
rated by the free spectral range: each mode at frequency
wo+pA is entangled with the mode at wg—pA, where p is
an integer. In order to herald the generation of a single-
photon at the central frequency wy, it is thus necessary
to reject all these non-degenerate modes. A first filtering
stage is based on a commercial interferential filter (Barr
Associates), with a bandwidth equal to 0.5 nm. The re-
maining modes are then filtered by a linear Fabry-Perot
cavity. With a length equal to 0.45 mm and a finesse of
1000, this cavity has a free spectral range of 330 GHz
and a bandwidth close to 320 MHz. The bandwidth is
chosen in order to be larger than the one of the OPO
and the spectral range to be larger than the one of the
interferential filter. This two-stage filtering enables us to
reach a -25 dB rejection (0.3%) of the unwanted modes.

The experiment is conducted on a cyclic fashion: the
filtering cavity is locked during 40 ms, then the measure-
ment period starts for 60 ms.The filtering cavity is locked
on resonance by the Dither-and-Lock technique. For this
purpose, a counter-propagating beam is injected via an
optical switch (Thorlabs OSW12-980E). The beam is re-
jected at the entrance of the cavity via an optical circu-
lator and detected. During the measurement period, the
optical switch is inverted, the filtered mode is detected by
a superconducting single-photon detector (SSPD, Scon-
tel) working at cryogenic temperature. The quantum ef-
ficiency at 1064 nm reaches 7%. Notably, dark noise is
negligible (below 1 Hz), an important feature as false
events degrade the fidelity of the heralded state [18].

Given a detection event on the conditioning path, the
heralded state is then characterized by quantum state
tomography performed via a homodyne detection. The
6 mW local oscillator is provided by the 1064 nm output
of the laser, after spatial mode filtering by a high-finesse
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Fig. 2. High-fidelity single-photon. (a) Measured quadra-
ture obtained from 50000 acquisitions. The black solid
line is a fit of the experimental data, while the blue solid
line provides the distribution for a perfect single-photon
state and the gray line for the vacuum. (b) Diagonal ele-
ments of the density matrix, with and without correction
from detection losses. (¢) Corresponding Wigner func-
tion. The solid lines give the cross-section for a perfect
single-photon and the experimental cross-section after
correction. x and p denote quadrature components.

cavity (‘mode cleaner’ in Fig. 1). The homodyne detec-
tion (55 MHz bandwidth) is based on a pair of high quan-
tum efficiency InGaAs photodiodes (Fermionics, 500 pm,
97%). An optical isolator just before the homodyne de-
tection is required in our setup to remove light from the
local isolator backscattered by the photodiodes. For each
trigger event, the photocurrent is recorded with an oscil-
loscope (Lecroy Wavepro 7300A) at a sampling rate of 5
GS/s during 100 ns. The local oscillator phase is swept
during the measurement.

As the local oscillator is continuous, post-processing
is required to extract the conditional state in the tem-
poral mode f(t). This mode depends on the bandwidth
of the OPO and of the filtering path. In our case, the
filtering path is much wider and does not affect the tem-
poral mode. The theoretical expression of the optimal
mode is thus f(¢) = \/mye ™I [14]. Overall, each trig-
ger event leads to a single outcome of the quadrature
measurement, which is obtained as x = [ f(t)z(t)dt,
where x(t) is the measured difference photocurrent signal
from the homodyne detection. Accumulated measure-
ments are then processed with a maximum likelihood
algorithm [19], which provides the density matrix of the
heralded state and the corresponding Wigner function.
The value of « is optimized to obtain the highest con-
tribution of single-photon, i.e. the largest negativity of
the Wigner function. The resulting value (65 MHz) is
slightly different from the OPO bandwidth as the gain



of the electronics is not flat over the whole spectrum.

Results are displayed on Fig. 2. Figure 2(a) gives the
histogram of the measured quadrature values, while fig.
2(b) and 2(c) show respectively the diagonal elements
of the reconstructed density matrix and the correspond-
ing Wigner function. The state is in good approximation
a mixture of vacuum and single-photon state. The two-
photon component is around 3%, resulting from multi-
photon pairs creating by the down-conversion process.
The OPO is operated far below threshold (1 mW for a
threshold of 80 mW) to limit this contribution. Without
any corrections, the single-photon component reaches
78.6+£0.5% (Error bar is estimated following the method
in [20]). To the best of our knowledge, this is the high-
est value reported to date. By taking into account the
detection losses, we infer a value as high as 91%.

Table 1 gives the various efficiencies affecting the final
result. Two contributions have to be distinguished. A
first one comes from the overall losses coming from prop-
agation and detection. This includes the propagation ef-
ficiency nprop, the mode overlap limited by the visibility
V of the local oscillator-signal interference nyis = V72,
the efficiency of the photodiodes 7pnot and the electronic
noise of the detection 7yeise (the electronic noise is 20 dB
below vacuum noise at the central frequency) [21]. They
sum up to an overall detection loss of 1 — 1 =15%,
which is taken into account to give the values with cor-
rection. The second contribution is more fundamental
and cannot be corrected as it is associated with the gen-
eration process. It depends on the OPO escape efficiency,
given by nopo = T/(T+ L), where T is the transmission
of the output coupler and L the intracavity loss. This
value is estimated to be nopo = 96%. Given these es-
timated parameters, the expected vacuum component is
18%, in very good agreement with the measured value.

Table 1. Experimental efficiencies

Thoise Tlphot Tvis Tlprop Thtot TIoPO
96%  97% (98%)2  95% | 85% || 96%

The heralding rate for single-photon generation is 30
kHz. Given the bandwidth of the OPO, it corresponds
to a brightness of 400 photons/s per MHz. This rate is
mainly limited by the losses in the conditioning path,
which reaches 97%: the quantum efficiency of the SSPD
is 7% and the overall transmission (including optical
switch and filtering elements) is 40%. Corrected from
the losses in this path, the rate can be close to 750 kHz.

In conclusion, we have reported the generation of
high-fidelity heralded single-photons, using a configu-
ration based on a type-II optical parametric oscillator
below threshold. A 79% fidelity has been demonstrated,
mainly limited by the losses in the detection path.
Thanks to the OPO cavity, the spatial mode enables to
reach high interference visibilities without the need of
additional filterings. Moreover, the frequency-degenerate
interaction makes the operation much simpler than

previous realizations. This practical tool can facilitate
the implementation of various new experiments in
quantum information processing [20]. The technique
developed in [22] could be extended to our efficient
scheme if time-gating of the single-photons is required.
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