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Entanglement lies at the heart of quantum mechanics,
and one of its most important uses is to test Bell’s in-
equality to further our understanding of reality and local-
ity [1]. As most commonly implemented, this test is
carried out by examining the correlation between a pair
of entangled photons [2]. Although many tests have been
made of Bell’s inequality since the seminal works of the
1970s and 1980s [3–5], an unqualified result has yet to be
achieved. One fundamental reason is that a significant
fraction of photons generated in such tests are not de-
tected during measurement. While the measured correla-
tions are explained by quantum mechanics, and most
believe that quantum mechanics is indeed the mecha-
nism behind those correlations, the low measurement ef-
ficiency does open the possibility of a cleverly designed
local-hidden-variable theory that could reproduce the ob-
served correlations without having to resort to quantum
mechanics [6,7]. To close the loophole using Bell’s origi-
nal scheme, an overall efficiency, from the generation to
the detection of the photons, of at least 83% is required
[1]. By taking advantage of nonmaximal entanglement,
Eberhard was able to relax this efficiency requirement
to 67% [8]. But even this more moderate efficiency re-
quirement still represents an extremely difficult technical
challenge and has only recently been achieved [9,10].
While this is sufficient for closing the detection loophole,
many proposed quantum information applications have
an additional requirement that the photons be in a single
optical spatial mode. In this Letter, we report an exper-
imental demonstration of symmetric, single-spatial-
mode, single-photon heralding efficiency of 84% for a
type-II spontaneous parametric downconversion (SPDC)
process.
Photon pairs are typically produced via an SPDC proc-

ess, in which a higher energy photon is consumed to cre-
ate a pair of correlated lower energy photons. (These
photons are referred to as signal and idler photons in this
Letter and have horizontal (H) and vertical (V) polariza-
tion, respectively.) The relevant efficiencies are the sig-
nal and idler photon heralding efficiencies (ηs and ηi),

defined as the probability of a signal (idler) photon being
present in the single-mode optical collection fiber, con-
ditioned on an idler (signal) photon being detected by
a single-photon detector (SPD). Experimentally, this is
given by the ratio of the number of detected two-photon
coincidence events (C) to the number of detected idler
(signal) photons Ni�Ns� in a given time period, after cor-
recting for the detection efficiency of the signal (idler)
SPD ηSPDs �ηSPDi �. Thus the signal and idler heralding
efficiencies are given by ηs � C∕�Ni · ηSPDs � and
ηi � C∕�Ns · ηSPDi �, respectively. While ideally the detec-
tion of a signal (idler) photon heralds the presence of its
twin with a probability of 100%, inefficiency in the collec-
tion and detection of photons after their creation results
in unheralded photons and heralding photons whose
twin never arrives. In addition to these losses, the mea-
surements are often further degraded by stray light in the
system and detector dark counts. Recent theoretical
studies suggest the possibility of collecting the twin pho-
tons into single-mode optical fibers with near-unit
efficiency [11,12], and on the detection front, experimen-
talists have made significant advances, pushing photon
detection efficiencies close to 100% [13–15]. Inspired
by these advances, we have experimentally demon-
strated a symmetric, single-spatial-mode, single-photon
heralding efficiency of 84%, i.e., when a signal photon
is detected by an SPD, the probability of its twin idler
photon being present in the other single-mode optical fi-
ber is 84% and vice versa. This high symmetric efficiency,
in a single-spatial-mode configuration, helps pave the
way for many important quantum information applica-
tions, such as the device-independent quantum key dis-
tribution [16–19], as well as facilitating many quantum
metrology applications.

The experimental layout [Fig. 1(a)] employs a grating-
stabilized diode laser emitting cw light at 405 nm with a
linewidth of less than 200 MHz. The laser light passes
through a single-mode (for λ � 405 nm) optical fiber to
ensure a good single spatial mode, a Glan–Taylor polar-
izer for a high degree of linear polarization, and a 10 nm
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bandpass filter centered at 405 nm to eliminate light at
longer wavelengths. A half-wave plate and a quarter-
wave plate are used to adjust the optical power of the
pump beam transmitted through the polarizer. A desired
pump beam waist is set at the center of a 25 mm long
periodically poled potassium titanyl phosphate (PPKTP)
crystal by positioning a single aspheric lens (L2, with
f � 14 mm) and adjusting a variable length optical path.
The crystal’s cross section is 1 mm × 1 mm. A half-wave
plate before the crystal is used to adjust the polarization
of the pump beam to maximize the twin-photon yield of
the SPDC. The PPKTP crystal is designed to convert H-
polarized photons at 405 nm into pairs of orthogonally
(H- and V -) polarized photons degenerate at 810 nm
via type-II phase-matched SPDC. Immediately after the
crystal are a long-pass filter (>600 nm) and a 10 nm
flat-top bandpass filter centered at 810 nm that together
suppress the pump light by more than 150 dB. A collec-
tion lens (L3) is placed with its focus at the center of the
crystal to nominally collimate the produced twin H- and
V -polarized photons, which are separated using a polar-
izing beam splitter. Then aspheric lenses L4 and L5, one
focal length from the fibers F2 and F3 (core diameter of
4.4 μm, single mode for 810 nm light), collect the colli-
mated light into the single-mode fibers, which are con-
nected to SPDs (commercially available fiber-coupled
silicon photon-counting modules).
The optical paths and modes of the signal and idler

photons are defined by the light coupled into the single-
mode optical fibers just before the SPDs. These optical
paths and the pump beam are aligned to overlap at the
center of the PPKTP crystal. Because high overall optical

efficiency is the goal of this effort, it is helpful to deter-
mine the transmittances of all the components in the op-
tical path. To do this we sent an 810 nm laser polarized
either horizontally or vertically backward through the
system using the single-mode fiber in front of each
SPD to ensure that we were measuring the transmittan-
ces of only the spatial mode of interest [Fig. 1(b)]. To
monitor and correct for any drifts in the incident optical
power, a 50∕50 nonpolarizing beam splitter was used
after the single-mode fiber to send half of the light to
a high-spatial-uniformity, high-stability detector, a cali-
brated silicon photodiode trap (Trap1) [20]. The rest of
the light went to the optical element [device under test
(DUT)]. The optical power was measured before and
after the DUT by a second-calibrated silicon photodiode
trap (Trap2). The ratio of those measurements, after nor-
malizing to the power measured by Trap1, yields the ab-
solute transmittance of the DUT at 810 nm with high
accuracy. The optical transmittance of the PPKTP crystal
at 810 nm is measured in the same way, with the trans-
mittance from the center of the crystal given by the
square root of the total transmittance. The measured
transmittances for horizontally and vertically polarized
light at 810 nm of all optical elements in the beam path
are summarized in Table 1. The SPDs were calibrated
against the trap detector, and the efficiencies are also
listed in Table 1. The optical loss of the antireflection
coating on each end of the single-mode optical fiber is
as quoted by the manufacturer.

In the determination of single-photon heralding effi-
ciency, the UV pump beam was kept at 2.5 mW and
the beam waist was 220 μm. The single-photon detection
rate at each SPD was 50,000 events per second or less.
The FWHM of the spectrum of the photons collected into
single-mode optical fibers was measured to be 0.2 nm.
The single-photon, single-spatial-mode heralding efficien-
cies are shown in Fig. 2(a) as a function of the signal and
idler collection beam waists (at the center of the crystal),
with the highest efficiencies are being 84.4(5)% and 83.7
(5)% for the idler and signal photons, respectively. [Cor-
rections for background counts are 146�1�∕s (242�1�∕s)
for the signal (idler) arm.] These are the highest such
symmetric efficiencies reported to date (compare to pre-
vious results [11,21]). We measured the same heralding
efficiencies to within 0.1% by varying the pump power

Fig. 1. (a) Complete optical setup of collinear type-II SPDC
source and collection, (b) optical setup for calibrating transmit-
tance of a device under test (DUT). Q1, λ∕4 plate at 405 nm; Q2,
λ∕4 plate at 810 nm; H1 and H2, λ∕2 plates at 405 nm; H3 and H4,
λ∕2 plates at 810 nm; L1 to L6, lenses. Focal lengths for L1 and
L2: f � 14 mm; and for L4 and L5: f � 11 mm. Lenses with
f � 300, 400, 500, and 750 mm were used for L3 to produce
the collection beam waists of 60, 90, 120, and 175 μm in Fig. 2
with appropriate adjustments in the optical path length. F1 to
F3, single-mode optical fibers; GT, Glan–Taylor polarizer; B1
(B2), 10 nm bandpass filter centered at 405 nm (810nm); B3,
2 nm bandpass filter centered at 810 nm; LP, long pass filter
(>600 nm); M1 to M9, mirrors; PBS, polarizing beam splitter;
BS, 50∕50 nonpolarizing beam splitter; D1 and D2, SPDs.
Arrows above some optical elements indicate that these ele-
ments are translated to produce the desired beam waist.

Table 1. Optical Transmittancesa

Component TH (Signal) TV (Idler)

PPKTP 0.99280(4)
LP 0.9918(1)
B2 0.97976(5)
L3 0.98558(6)
PBS 0.982(1) 0.984(2)
M1�M2 0.993(2)
M3�M4�M5 0.993(2)
L4 0.9891(2)
L5 0.9891(2)
F2, F3 (both ends) 0.997(2)
Pathb 0.914(3) 0.916(3)
SPD detection efficiency 0.504(5) 0.450(5)

aAll uncertainties are 1 standard deviation.
bProduct of measured transmittances of individual optical elements.
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continuously from 0.4 to 2.7 mW, indicating that any con-
tribution from the multiple-photon-pair process is negli-
gible (<0.1% given the maximum detected count rate and
the 5 ns coincidence window). Figure 2(b) shows the
number of detections registered by the SPDs as a func-
tion of the collection beam waists. The corresponding ef-
ficiencies for collecting photons into the single-mode
optical fibers, often referred to as mode-coupling effi-
ciencies, were determined to be 92.1(6)% and 91.6(6)%,
after correction for the optical transmittances listed in
Table 1.
In conclusion, we have experimentally demonstrated a

symmetric, single-spatial-mode, single-photon heralding
efficiency of 84% in a type-II SPDC process. This high ef-
ficiency was achieved through improved mode matching,
with the data pointing toward larger collection mode
waists. The high efficiency along with the single-
spatial-mode character demonstrated here promises a
wide utility for research in fundamental physics and
quantum information processing applications, and as a
high water mark, it may spur the development of theoreti-
cal models of the SPDC process.
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Fig. 2. (a) Heralding efficiencies as a function of the optical
beam waist of the collection mode at the center of the crystal,
corrected for SPD efficiencies and (b) detected single-photon
and two-photon coincident events in 30 s.
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