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ABSTRACT
Cavity-enhanced spontaneous parametric down-conversion is capable of efficient generation of single photons with suitable spectral prop-
erties for interfacing with the atoms. However, beside the remarkable progress of this technique, multimode longitudinal emission remains
a major drawback. Here, we demonstrate a bright source of single photons that overcomes this limitation by a novel mode-selection tech-
nique based on the introduction of an additional birefringent element to the cavity. This enables us to tune the double resonance condition
independent of the phase matching and thus to achieve single-mode operation without mode filters. Our source emits single-frequency-mode
photons at 852 nm, which is compatible to the Cs D2 line, with a bandwidth of 10.9 MHz and a detected photon-pair rate of 2.5 kHz at
10 mW of pump power, while maintaining g(2)(0) = 0.13. The efficiency of our source is further underlined by detecting a four-photon rate of
0.28 Hz at 20 mW of pump power. These detected rates correspond to a photon-pair generation rate of 47.5 Hz, and a four-photon generation
rate of 37 Hz. Such photon generation rates open up a variety of new applications reaching from hybrid light-matter interactions to optical
quantum information tasks based on long temporal coherence.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5095616., s

I. INTRODUCTION

Photons’ mobility, efficient detection, and ease of manipulation
allows for observing many quantum phenomena1,2 and makes them
a natural candidate for quantum information processing applica-
tions.3–7 However, the lack of photon-photon interactions raises the
challenge to implement two-qubit gates.8 One promising strategy to
overcome this is interfacing single photons with the strong opti-
cal nonlinearities provided by matter-based quantum systems.9–12

Such hybrid quantum systems, with the combined benefits of both
photons and matter, can realize quantum devices such as two-
qubit gates, quantum memories, quantum repeaters, and eventually
a full-scale quantum network.13

Spontaneous parametric down-conversion (SPDC) has been
widely used to generate high-purity single photons14 at a broad
range of frequencies at room temperature. In contrast to other pho-
ton generation techniques,15,16 SPDC also allows for efficient photon
heralding. Recent developments in periodic poling and laser-written
waveguides have triggered the realization of bright, robust and
tunable photon sources.17,18

The bandwidth of photons that are generated via SPDC is
in the order of hundreds of gigahertz to terahertz,19–21 which is

orders of magnitude broader than the few megahertz linewidth
of typical atomic transitions. One obvious method for narrow-
ing the bandwidth is passive spectral filtering. However, designing
high transmission narrow-band filters comparable to the atomic
transitions is challenging and passive filtering leads to a dramatic
reduction of the photon emission rates, rendering such techniques
inefficient.22

It has been shown that an optical parametric oscillator (OPO)
pumped well below its threshold can emit single photons within
the bandwidth of its cavity and greatly enhance the spectral bright-
ness.23,24 Since the SPDC bandwidth is typically larger than the free-
spectral range (FSR) of the enhancement cavity, the resulting source
has a multimode spectral characteristic.25–28 Additional filters such
as filter cavities,25–27,29 atomic line filters,30 and wavelength-division
multiplexers31 have been employed to suppress these unwanted
modes. However, introducing these mode-filtering stages comes at
the cost of photon losses and increased complexity of the setup
constraints in the source design.

Recently, doubly resonant OPOs have opened up the possibility
to use the so-called cluster effect (see Fig. 1) and exploit its frequency-
selectivity to enable narrow-band photon sources to perform with
significantly fewer modes.31–36

APL Photon. 4, 090804 (2019); doi: 10.1063/1.5095616 4, 090804-1

© Author(s) 2019

https://scitation.org/journal/app
https://doi.org/10.1063/1.5095616
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5095616
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5095616&domain=pdf&date_stamp=2019-September-30
https://doi.org/10.1063/1.5095616
https://orcid.org/0000-0003-1288-8695
https://orcid.org/0000-0002-2645-5279
https://orcid.org/0000-0002-4964-817X
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/1.5095616


APL Photonics ARTICLE scitation.org/journal/app

FIG. 1. Cluster effect. The longitudinal modes for signal are shown in orange and
the modes for idler are in green. The two arrows indicate the direction in which
frequency increases. For maximum SPDC gain, both signal and idler should be
resonant at the center of the SPDC bandwidth (black solid curve), as depicted in
the figure. The overlap condition is periodical, but because of the difference in the
FSRs for signal and idler, the modes that are next to the fully overlapping ones
coincide only partially. This leads to a spectrum that is made of clusters of modes,
separated by ΔνC. In each cluster a bright central mode is surrounded by weaker
neighboring modes. In a high finesse cavity, the linewidth of signal and idler modes
are narrow enough to make the partial overlap negligible.

Reaching the necessary doubly resonant condition for the clus-
ter effect is unfortunately not trivial and has been mainly attempted
at highly nondegenerate SPDC,34–36 or has not been sufficient to
directly generate single mode narrow-band photons comparable to
atomic transitions yet.33

In this work, we report a novel approach to reach doubly reso-
nant condition by inserting an additional birefringent crystal in a
type-II OPO and tuning the clustering independent of the SPDC
phase-matching. In this way, we are able to obtain a single clus-
ter within the SPDC bandwidth and reaching single-mode opera-
tion. Tuning the cluster effect allows us to generate photons at a
broad range frequencies, covering the degenerate case. The mea-
sured number of generated longitudinal modes from our source
is to our knowledge the lowest ever reported. Our mode-selection
scheme minimizes photon losses because of the additional filter-
ing and enhancing the generation rate, which leads to an easily
detectable four-fold coincidence rate from our source.

II. SINGLE-MODE OPERATION
In a doubly resonant OPO, SPDC emission can occur only in

the signal and idler longitudinal modes that are both resonant to the
cavity at the same time. Due to birefringence or frequency depen-
dence of the refractive index of optical components, signal and idler
modes can have different FSRs. In this case, not every signal mode
within the SPDC bandwidth is simultaneously resonant with a cor-
responding idler mode, and the resulting OPO spectrum is made of
clusters of few modes instead of a comblike pattern (see Fig. 1). This
effect is known as the cluster effect37–40 and explained in Fig. 1.

The clusters are separated by a combined FSR that is larger than
both signal and idler FSRs, given by the relation below,37 in which
FSRs ,i are the FSR for the signal and the idler modes, respectively,

FSRc = FSRs ⋅ FSRi

∣FSRs − FSRi∣ . (1)

However, reaching the doubly resonant condition at a desired
wavelength is not trivial. Because tuning the cluster effect involves
modifying the refractive indices of the SPDC crystal for signal and
idler, consecutively affecting the SPDC phase-matching condition
and complicating the process. When we add another degree of free-
dom dedicated for tuning the cluster separation—without affecting
phase-matching—then we can simplify the tuning. Previous works
have already partially investigated this by angle tuning of the SPDC
crystal or applying voltage across the crystal.33,38 Yet these efforts
have not been sufficient to fully suppress the unwanted longitudinal
modes.

We consider having a linear cavity with length d, which con-
tains an SPDC crystal with length L, a birefringent crystal—which
we call cluster-tuning crystal—with length L′ and some air gap (Lgap
= d − L − L′). We take ns, ni as the group indices for the signal
and idler at the SPDC crystal, and n′s , n′i as the group indices at the
cluster-tuning crystal. The cluster-tuning crystal should be mounted
such that the birefringence of the SPDC crystal is partially com-
pensated, meaning that (ns − ni)(n′s − n′i) < 0. The cluster-tuning
crystal length, L′, should not be long enough to fully compensate for
the birefringence of the cavity, because in this case all the signal and
idler modes would completely overlap and the clustering would not
occur.

By using Eq. (1), for the cluster separation in this arrangement,
we obtain

FSRc = c
2∣nsL − niL + n′sL′ − n′iL′∣

. (2)

The additional degrees of freedom of the cluster-tuning crys-
tal allows us to achieve the cluster effect at the desired frequencies,
independent of the phase-matching condition, and, at the same time,
increase the cluster separation such that only one cluster falls within
the SPDC bandwidth.

This happens when FSRc > ΔνSPDC, where ΔνSPDC ≈ c/2|nsL
− niL| is the half-width-half-maximum of the SPDC gain profile.41

By using Eq. (2), this condition becomes

1
2
∣ns − ni∣
∣n′s − n′i ∣

≤ L′

L
< ∣ns − ni∣∣n′s − n′i ∣

. (3)

This leads to emission of a single cluster which can still con-
tain more than one mode (See Fig. 1). When the bandwidth of the
modes is narrow enough such that the partial overlap determining
the neighboring modes is negligible, each cluster contains only one
mode. If we define Δνs and Δνi the bandwidth of signal and idler
modes, respectively, which we can write this condition as

1
2
Δνs +

1
2
Δνi < ∣FSRi − FSRs∣. (4)

Approximating the same finesse, F, for both signal and idler, we
set a minimum threshold for the finesse
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F > 1
2
FSRi + FSRs

∣FSRi − FSRs∣ . (5)

III. EXPERIMENTAL REALIZATION
We show a schematic of the experimental realization of the

source in Fig. 2. The probe laser (Toptica DL Pro 852, 50 mW) is
tuned to the Cs D2 line and acts as the frequency reference. In order
to lock the pump laser (Toptica DL Pro 426, 30 mW) to the probe
laser, we frequency-double the probe by a single-pass type-I PPKTP
crystal (30 mm, Raicol Crystals) to 426 nm. We sample part of the
pump laser beam and combine it with the frequency-doubled probe
laser on a 50:50 BS. The resulting beat note is then detected by a
fast photo-diode (Alphalas UPD-200-UP) and sent to the home-
built feedback electronics to generate the error signal and lock the
pump laser to the probe laser via frequency-offset lock.42 We recycle
the probe laser after passing the frequency-doubling stage and send
small part of it to a double-pass AOM (Gooch & Housego 70 MHz)
arrangement to provide detuning from the desired atomic transi-
tions. The frequency-shifted beam is used to perform polarization
spectroscopy on Cs vapor to lock the probe laser to the Cs D2 line
transitions. With this technique, we can stabilize both pump and
probe laser frequencies to the Cs D2 line and fine tune their fre-
quencies independently. The rest of the probe is sent to the cavity
for locking.

We have built our OPO in a linear, semihemispherical con-
figuration. The asymmetric geometry allows for nondegeneracy in
transverse modes, which simplifies the alignment and coupling to
single-mode fibers. The outcoupling mirror is partially reflective for
the pump beam (specified R < 0.97 at 426 nm) and has a modest
transmission for the probe (T ≈ 0.03 at 852 nm). The incoupler has

a high reflection for the probe (R > 0.999 at 852 nm) and partial
reflection for the pump (specified R < 0.57 at 426 nm).

We use a 30-mm-long, type-II PPKTP crystal (Raicol Crystals)
for SPDC and a 15-mm-long BBO (Caston, Inc.) for tuning the clus-
ter separation. Both crystals are antireflection coated for 426 nm
and 852 nm. We control the crystals temperature with a precision
better than 2 mK using home-built crystal ovens and electronics
from Team Wavelength (PTC-5K-CH). The whole crystal assembly
is mounted on a 5-axis stage (Thorlabs PY005) for fine alignment of
the OPO cavity.

The cavity is 60 ± 1 mm long from which we estimate FSRs
= 1.56 ± 0.02 GHz and FSRi = 1.58 ± 0.02 GHz. According to Eq. (5),
the minimum finesse to achieve single-mode operation is 81. Con-
sidering the mentioned mirrors reflectivities and lumped transmis-
sion loss of 0.01 per crystal, we estimate an average finesse of 121,
which is safely above this limit. We separate the single photons from
the residual pump beam by using a combination of two dichroic
mirrors, two long-pass filters (Thorlabs FEL0750), and one bandpass
filter (Thorlabs FBH850-40). We make sure the cavity is resonant for
both signal and idler by monitoring the overlap of the transmission
peaks of the probe for the orthogonal polarization modes.

A 10:90 BS samples part of the probe for locking the cav-
ity. The transmitted probe beam is sent to a digital lock module
(Toptica Digilock) for a side-of-the-fringe lock. We use two optical
shutters (Thorlabs SHB05T) controlled by an Arduino Uno micro-
controller to block the probe beam during the measurement cycles
(600 ms) and to prevent it from reaching the detectors. After sep-
arating the signal and idler by a PBS, we couple the photons into
single-mode fibers (53% average coupling efficiency) and send them
to the single-photon counting modules (Excelitas SPCM-ARQH-
12-FC) for detection and analysis. Our detectors have an average

FIG. 2. Narrow-band single photon source. Two tunable
diode lasers operating at 852 nm—called probe, stabilized
to Cs D2 line via polarization spectroscopy—and 426 nm—
called pump—locked to the probe by frequency-offset lock-
constitute the laser system. The OPO cavity’s geometry
is semihemispherical, and it contains two crystals: A 30-
mm-long PPKTP (periodically poled potassium titanyl phos-
phate) for collinear, type-II phase-matched SPDC of 426
nm–852 nm and a 15-mm-long BBO (barium borate) for tun-
ing the cluster effect. Two optical shutters switch the probe
beam and block the APDs to iterate between the cavity lock
and the measurement mode with 60% duty cycle. The pho-
tons are coupled into single-mode fibers and routed to the
APDs and the TTM for analyzing the temporal correlations.
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detection efficiency of 69% and typical FWHM jitter of 350 ps,
which corresponds to a combined jitter for coincidence detection
of
√

2 × 350 ps ≈ 495 ps. The detectors readout is recorded by a
time-tagging module (AIT TTM8000).

IV. CHARACTERIZATION AND RESULTS
We study the temporal correlation functions of the emitted

photons in order to infer their spectral properties and to demon-
strate the single-photon character of our source.33,43,44 The cross
correlation function G(1,1)(τ) is proportional to the probability of
detecting a signal photon at time t and an idler photon at time t + τ.
The FWHM of the cross correlation temporal profile is defined as the
cross correlation time, τc, and is inversely proportional to the band-
width of the emitted photons. For a doubly resonant type-II OPO,
we have43

G(1,1)(τ) ≈ H(τ)e−2γsτ + H(−τ)e2γiτ , (6)

where H(τ) is the Heaviside step function and γs ,i are the signal and
idler decay rates in the cavity. We plot the measured cross correla-
tion in Fig. 3, together with a fit from Eq. (6). This cross correlation
signal is not symmetric because of the birefringence in the OPO,
which is not fully compensated by the cluster-tuning crystal. This
fact is evident from the cavity damping times associated with each
decay rate: for the signal, τs = 1

2gs
= (12.9 ± 0.5) ns, and for the idler,

τi = 1
2gi
= (14.8 ± 0.5) ns. We can estimate individual bandwidths

for the signal and the idler based on these damping times as well:
Δνs = 1

πτs
= (10.7 ± 0.5) MHz, and Δνi = 1

πτi
= (12.3 ± 0.5) MHz.

The cross correlation time, calculated from the FWHM of
the fit, is (18.7 ± 0.5) ns. Considering the doubly resonant condi-
tion, the effective bandwidth of the photons is given by 0.64

πτc
, which

corresponds to a bandwidth of (10.9 ± 0.3) MHz for the photon
pairs.43,45

FIG. 3. Experimental cross correlation. The delays are calculated from the coin-
cidence time-tags recorded by the TTM. Each time bin has a width of 0.99 ns,
which is equal to two times the combined jitter of the detectors. The errorbars are
calculated from the Poisson statistics of the photon counting. The fit function is an
exponential [see Eq. (6)] and the decay rates γs and γi are the fit parameters. The
FWHM of the fit is (18.7 ± 0.5) ns, resulting into a bandwidth of (10.9 ± 0.3) MHz.

The damping times allow us to estimate the finesse of the
cavity for each mode (See the Appendix). We measure Fs = 130
± 1, and Fi = 147 ± 1. These measured values are safely above the
threshold for single mode operation for our cavity, which is 81,
and in good agreement with the finesse estimated from the nomi-
nal mirror reflectivities and expected losses in the crystals, which is
121.

The autocorrelation function, G(2)(τ) provides information
about the statistics of the single SPDC fields. We measure this by
splitting the signal arm with a 50:50 fiber beam splitter (Thor-
labs TW850R5F1) and by recording the coincidences at the output
ports at the time delay τ, thus realizing an Hanbury Brown-Twiss
interferometer. Our results are plotted in Fig. 4.

Unlike the cross correlation, G(2)(τ) is symmetric and has a
more complex shape [see Eq. (8)]. Ideally, the autocorrelation would
peak at G(2)(0) = 2 when being measured by a detection system
with no time-jitter, thus revealing the thermal statistics of the SPDC
fields. However, given the relatively large combined jitter in the
detectors (≈0.495 ns) with respect to the correlation time (18.7 ns),
this holds true only for a single-frequency-mode photon source, and
in the multimode case the peak value decreases, G(2)(0) < 2. In fact,
the value of autocorrelation function at 0 delay gives the effective
number of modes that are present in the cavity, N:44

G(2)(0) = 1 +
1
N

. (7)

The general expression for the autocorrelation when the signal
and the idler experience different decay rates, γs ≠ γi, is given by:35

FIG. 4. Experimental autocorrelation. The delays are calculated from the coinci-
dence time-tags recorded by the TTM. We normalize the counts to the value at
far delays. Each time bin has a width of 0.99 ns, which is equal to two times the
combined jitter of the detectors. The error bars are calculated from the Poisson
statistics of the photon counting. The fit function is that of Eq. (8) and the fit param-
eters are γs and γi . The autocorrelation is symmetric and visibly broader than the
cross correlation. The autocorrelation time is calculated from the FWHM of the fit
is 44.4 ± 0.5 ns, which is more than two times larger than the cross correlation
time, as expected. The peak value at 0 delay is 1.942 ± 0.001, corresponding to
single-frequency-mode operation.
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FIG. 5. Setup for the measurement of the 4-fold coin-
cidences. For the 4-fold coincidence measurement, the
pump power is increased and the double pairs are spa-
tially separated by two 50:50 fiber beam splitters. The 4-fold
coincidences are post selected by the TTM.

G(2)(τ) ≈ 1 +
⎡⎢⎢⎢⎢⎣
e−

γs+γi
2 ∣τ∣(1 +

γi + γs
2
∣τ∣)
⎤⎥⎥⎥⎥⎦

2

. (8)

By fitting Eq. (8) to our experimental data, we obtain G(2)(0)
= 1.942 ± 0.001. The errors are based on Poisson statistics and are
obtained by Monte Carlo simulation of several runs.46 From the
measured value of G(2)(0) we can extract the effective number of
modes N = 1.062 ± 0.001. To our knowledge, this is the lowest
number of effective modes ever obtained for a narrow-band photon
source without employing additional mode-filters. The autocorrela-
tion function is expected to be broader than the cross correlation
function. We calculate the FWHM of the fit to be 44.4 ± 0.5 ns, more
than two times larger than τc as expected from the theoretical predic-
tions. These two results indicate that our source effectively operates
in a single-longitudinal mode.35,44

Another parameter that is used for source characterization
is the heralded or conditional second-order correlation function
g(2)(τ), which is measured in the same way as the autocorrelation,
with the only difference that the detection of the signal photon is her-
alded by the corresponding detection of an idler photon. The value
of this function at zero delay, g(2)(0), quantifies multiphoton emis-
sion from an SPDC source.28,41 This value should be g(2)(0) = 0 for
an ideal single-photon source without higher order emissions and
is considered to be reasonably low for narrow-bandwidth sources if
g(2)(0) < 0.5.28 We calculate g(2)(0) as41

g(2)(0) = 2 × CH × CCHAB

(CCHA + CCHB)2 , (9)

where CH is the rate of single counts for the heralding photons,
CCHA, CCHB are the 2-fold coincidence rates between the heralding
photon and the two arms of the Hanbury Brown-Twiss interfer-
ometer, respectively, and CCHAB is the 3-fold coincidence rate. We
measure the heralded autocorrelation at 1 mW of pump power to
be g(2)(0) = 0.04 ± 0.01, and at 10 mW of pump power to be g(2)(0)
= 0.130 ± 0.006. The errors are calculated from the Poisson statistics
on photon counting.

We record 2.5 kHz 2-fold coincidence counts at 10 mW of
pump power. This corresponds to a photon-pair generation rate of

47.5 kHz, which leads to a spectral brightness of 436 s−1 mW−1

MHz−1. The photon-generation rate is defined as the counts after
correcting for the collection loss. The main contributors for this
loss in our implementation are fiber coupling, imperfect detection
efficiencies, and the transmission rate for the dichroic filters. This
single-mode photon-pair generation rate surpasses previous results
based on bulk optics and additional mode filters at the same level of
photon purity.28,33,47,48

Our mode selection technique allows for direct single-mode
emission and therefore does not require any additional filtering
stage. This drastically reduces the losses and gives us the possibility
to operate the source at a new parameter regime such that multi-
photon generation can be detected. In order to demonstrate this, we
increase the pump power to 20 mW and introduce an additional
50:50 BS (see Fig. 5) for being able to measure the 4-fold coinci-
dences by probabilistically separating the photons into four output
modes. At this pump power, we measure a 4-fold coincidence rate of
0.28 Hz, with the 0.003 Hz estimated accidental rate,49 and obtain a
double-pair generation rate of 37 Hz. The heralded autocorrelation
at this pump power has been measured to be g(2)(0) = 0.156 ± 0.004.

V. CONCLUSIONS
Here, we experimentally demonstrate a novel technique to

efficiently generate narrow-bandwidth single-frequency-mode pho-
tons. We characterize our source by analyzing the temporal cor-
relations of the emitted photons. Furthermore, we show that our
mode-selection approach reduces the losses to the level that makes
multiphoton generation accessible to experimental investigation.
Our work opens up the possibility to use narrow-band multipho-
ton states for applications such as verification of matter-based two-
photon gates,11,12 multiboson correlation sampling and richer tem-
poral interference landscapes,50 and generation of highly entangled
narrow-band states for quantum communication and quantum
information processing.51
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APPENDIX: CALCULATING FINESSE
From the cavity damping times retrieved by the cross correla-

tion measurements, we can estimate the finesse of the cavity for each
polarization mode. This is given by35

Fs,i ≈ π

1 − exp( −Lcτs,i
)

, (A1)

in which L is the cavity length, c is the speed of light, and τs ,i is
the damping time for each mode. Considering a cavity length of
60 ± 1 mm and the values τs ,i from the cross correlation measure-
ments, we achieve Fs = 130 ± 1, and Fi = 147 ± 1.
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