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Experiments involving entangled photon pairs created via spontaneous parametric down conversion
typically use wavelengths in the visible regime. The extension of a photonic quantum information
link to a fiber optical network requires that entangled pairs be created at telecommunication
wavelengths (1550 nm), for which photon counting detector technology is inferior to visible
detection, in particular, low coincidence detection rates of correlated-photon pairs. We demonstrate
a correlated-photon pair measurement using the superconducting single photon detector in a
heralding scheme that can be used to substantially improve the correlated-photon detection rate.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2219411]

The production and detection of entangled photon pairs
has become a standard experiment in the field of quantum
optics and has led to dramatic demonstrations of nonlocality
in quantum mechanics. A growing area of research coordi-
nates the entanglement physics with the field of information
theory to perform communication and cryptographic tasks
that have been impossible with classical media of
information.'

Laboratory demonstrations of communication protocols
that capitalize on the principles of quantum mechanics, such
as quantum key distribution, have been tailored for use in
modern communications systems using common telecommu-
nication components.2 Many experiments exploiting the
physical properties of entanglement are incompatible with
modern fiber optic networks, however, because the wave-
lengths typically used for downconverted photons are in the
visible rather than the near infrared band, typical of fiber
optic communications systems. The primary challenge of a
near infrared (NIR) implementation is the lack of detector
technologies for detecting single NIR photons reliably. Com-
pared with silicon avalanche photodiode (APD) single pho-
ton detectors that detect visible wavelength photons,
InGaAs/InP photodetec:tors3 that are typically used for NIR
photon counting have difficult commercial availability, low
detection efficiency (=10 to 20%), high dark counts (P,
=10* to 10° Hz) and slow relaxation rates (20—100 us), lim-
iting them to clock speeds in the few megahertz ramge.4 Us-
ing standard telecommunication components and InGaAs
single photon detectors (SPDs) yield an inefficient way of
producing and detecting NIR entangled photon pairs.5 The
long dead time blanking required to suppress afterpulsing
substantially limits the achievable coincidence detection
rates between pairs of detectors. Improvement of detector
dark count rate and speed can drastically improve the overall
throughput of an entangled source communication system
rate of detection from an entangled source.
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Two types of superconducting SPD (SSPD), the transi-
tion edge sensor (TES) and the NbN meander SSPD, have
emerged as possible improvements over avalanche photo-
diodes. The TES has high #», low P, and is photon-number
resolving but suffers from operation speeds in the kilohertz
range and operates at ~100 mK.° The SSPD in contrast can
operate at 4 K, a temperature accessible with commercial
cryogen-free refrigerators.7 The SSPD is a nanoscale super-
conducting wire that is biased close to its critical current (1,.).
A photon striking the wire forms a hot spot causing a tran-
sient voltage over the device that is registered as a photon
detection. The SSPD has low detection efﬁciency&9 (1%~
20%) but low dark count rates and ability to operate with
sources producing photons at gigahertz speeds.lo’11 More-
over, due to the low dark count rates and short dead times,
the SSPD can be operated without gating electronics, as is
necessary for the InGaAs APD, which makes it useful for
implementing a heralded single photon source in the NIR.

The laboratory configuration for producing and detecting
correlated 1550-nm photon pairs is shown in Fig. 1. A
775-nm Ti:sapphire laser, operating with 10-ps pulses at
80-MHz rate, pumps a spontaneous parametric downconvert-
ing (SPDC) source consisting of two 19-mm-long, type 1
periodically poled lithium niobate (PPLN) nonlinear crystals
at 135 °C and with poling period 18.6 um. The geometry is

775 nm
Ti:Saph Laser

FIG. 1. Laboratory setup for producing wavelength degenerate correlated-
photon pairs at 1550 nm. Pump laser aligned for type I phase matching
through two 19-mm PPLN downconverting crystals. The correlated pairs are
sent through a nonpolarizing beam splitter for coincidence detection.
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arranged for type I collinear degenerate phase matching,
which has an extremely broad spectral output. A spectral
filter (AN=10 nm) is placed prior to collection of the collin-
ear photon pairs into single-mode fiber and sent to a polar-
ization insensitive beam splitter and with probability 1/2 di-
rected toward separate SPDs, labeled DO and D1 in Fig. 1.

The probability of a detector photoresponse, a click, is
well approximated by P () =un,+ P4(i), since both the
photon probability times the detection efficiency and the de-
tector dark count probability are small enough that higher-
order products are neglected, and where i € [DO,D1] is the
detector index. The parameter w is used to describe the mean
number of photon pairs generated per time bin."”

A coincidence event is recorded when both detectors
click simultaneously; correlated coincidences due to detec-
tion of photon pairs occur with probability P yn.=(u/2)
X (7po7p1), the factor of % due to the splitting of degenerate
photon pairs with a beam splitter, as compared to determin-
istic splitting of nondegenerate pairs, and accidental coinci-
dences, due to uncorrelated detections and dark counts occur
with probability P,..=Pick(D0)Pyick(D1), the product of the
individual probabilities for independent point processes.

Detector dead time can substantially limit the overall
detection coincidence rate. Neglecting detector dead time,
the detection coincidence rate is R gip.= % f (70 7p1), Where
[ is the system clock rate, the optical pulse rate. For a single
detector, the dead-time-reduced click rate is approximately
Rejick=1/({ Tgtici) + Tacad)» Where 7ye,q is the detector dead time
after firing and (7 is the mean time between detector
firing events. For a detector pair in a coincidence heralding
scheme, the dead-time-reduced coincidence rate is R g
= 1/ [{ Tetick) + Tacago/ P(coinc| click0) + Tyeqq ], Where  7yeaq0
and 7y.,q are the dead times for each detector and
P(coinc|click0) is the probability of a coincidence (i.e., the
probability detector D1 clicks) given that the heralding de-
tector, DO, clicked. For high contrast (low accidentals) coin-
cidences, we have Rcoinc: 1/(< 7-click>'|' 7-deadO/ o1+ 7-deadl)~

The ratio of the measured coincidence rate from a
correlated-photon source (including both correlated and un-
correlated contributions) to that of an uncorrelated source is

1—‘(M):Pcoinc"'Pacc:1 l il
Py 2 (e pao) (et pan)”

(1)

where the detector contribution is completely described by
the noise-equivalent-photon probability, u,=P,/7;, a pa-
rameter which can also absorb uncorrelated background pho-
tons. Improved methods of single photon detection can in-
crease the ratio in (1) and also permit alternate modes of
operation, such as heralding.

The experimental setup for heralding detection of corre-
lated photons is shown in Fig. 1 and is similar to those of
Refs. 12 and 13. Heralding was accomplished with a SSPD,
operated at 4.25 K in a cryogen-free system, by sending one
output of the beam splitter in Fig. 1 to the ungated SSPD.
The I. of the SSPD was measured to be 24 nA, and a bias
current /,=14 uA was applied to the device. To maximize 7,
typically 1,/1.~ 1. For this experiment, however, ,,/1.~0.6,
sacrificing the optimum # to maintain a very low P, The
SSPD is DO detector and an InGaAs APD is D1 detector in
Fig. 1.

The APD was gated to look for a photon at delay 7, after
the SSPD recorded a detection event, with the coincidence
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FIG. 2. A plot of the coincidence rate as a function of the delay between
SSPD photoresponse and the gating signal of the InGaAs APD. The central
peak is larger than the side peaks indicating correlated-photon pair produc-
tion. The central peak height corresponds to P+ P, and the side peak
height corresponds to P, . defined in the text. The inset shows a Gaussian fit
to a zoom in of the central peak.

event rate as a function of the delay 7, shown in Fig. 2. The
graph shows a set of peaks separated by 12.5 ns, the period
between consecutive laser pulses. The central peak, located
at 7~ 45 ns, shows an elevated coincidence rate, indicating
that for this value of 7, the APD is triggered to detect pho-
tons from the same optical pulse as the SSPD and indicating
the presence of photon correlations. The excess signal is due
to correlated-photon pairs. The peaks in the figure have a
finite width that is approximated by a Gaussian distribution
to guide the eye (see inset of Fig. 2) with a standard devia-
tion of approximately 350 ps which is commensurate with
InGaAs APD photoresponse jitter. The signal in the side
peaks is due solely to accidentals, since we assume no cor-
relation between pairs from successive laser pulses. Using
standard two-photon detector calibration techniques,M’15 the
data in Fig. 2 are used to calculate the detection efficiencies
of the two detectors and the value of u. Deducting the inde-
pendently measured system losses of #,,,=10dB, the
detection efficiencies for the two detectors are %app
=10.6% +1.7% and 7g5pp=0.065% +0.014%, with uncer-
tainties based on the 1—o¢ purely statistical variance of the
measured efficiencies. The low SSPD detection efficiency
was verified with an attenuated laser pulse and is attributed
to spatial misalignment at the fiber/SSPD interface combined
with the low current bias operating point described above.
The calculated value of w increased linearly with pump
power, as expected, with a slope of 0.02/mW.

The reduced after pulsing and dead times of SSPDs can
facilitate faster measured coincidence rates. The curves in
Fig. 3 compare the detection coincidence rate as a function
of system clock frequency for three different detector tech-
nologies: the InGaAs APD pair measured in this letter, the
SSPD/APD pair measured in this letter, and the best reported
performance of an SSPD, %gspp=57%, reported in Ref. 9.
The APD/APD curve illustrates that for higher clock fre-
quencies, the dead time saturates the coincidence rate, with
little improvement possible even for increases in the other
operating parameters; higher pair flux w, higher efficiency,
and lower losses. For SSPD/APD heralding, substantially
higher rates are possible.
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FIG. 3. The detection coincidence rate as a function of system clock fre-
quency for multiple detector technologies. The dotted line is for a pair of
measured InGaAs APDs, the dashed curve is for the measured SSPD/APD
pair, and the dot-dash curve is for the best reported SSPD characteristics
(Ref. 9). Measured coincidence rates for APD/APD clocked operation at
1 MHz (x) and for SSPD/APD heralded operation at 80 MHz (@) are
shown.

The measured SSPD/APD coincidence detection rate,
marked by a (@) in Fig. 3, on the order of 1/s is slightly
smaller than typically measured APD/APD coincidence de-
tection rates of near 5/s, marked by a (x), despite the factor
of 150 reduction of detection efficiency between the SSPD
and the APD. The SSPD/APD measurement was able to fully
exploit the optical pulse rate, 80 times faster than for a pair
of APDs clocked at 1 MHz, due to the short SSPD dead
time. Even more improvement would be realized for higher
laser pulse rates and for cw laser pumping, boosting the co-
incidence rate dramatically.

Following Eq. (1) the contrast (I') is a function of the
pair production rate or pump power. Figure 4 plots the mea-
sured contrast as a function of the pump laser power. The
data were collected by varying the pump laser power and
measuring the coincidence rate at two values of 7, corre-
sponding to the central peak and one side peak with integra-
tion period between 10 to 100 s. Also plotted in Fig. 4 is the
calculated contrast from Eq. (1) using the efficiencies mea-
sured above, and the dark count rates of each detector are
measured to be P,(APD)=1.0X107 and P,(SSPD)=2.6
X 1075. The fit agrees well with the measured contrast ratio
of the data over the range of pump power. The measured
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FIG. 4. The dots are measurements of the contrast of the center peak to the
side peaks (as shown in Fig. 2) as a function of the power from the pump
laser. Equation (1) is plotted as a solid line using the measured parameters
from the experiment.
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noise-equivalent-photon level for the APD is u,(APD)=9.4
X 10™*. The SSPD level is not as good, u,(SSPD)=4.0
X 1072, due to the low detection efficiency.

The experiment presented here demonstrates the proof-
of-principle use of a SSPD in a photon pair heralding scheme
which can improve detection of coincidence events between
two correlated telecommunication wavelength photons. The
SSPD is used as an ungated or staring-mode detector, sensi-
tive at 1550 nm, to herald the arrival of the 1550 nm twin
photon. This staring-mode operation is commonly used with
Si APDs in the visible wavelengths and has performance
advantage over gated-mode operation, typical of InGaAs
APDs, for the detection of photon pair coincidences. SSPD
staring-mode operation and faster dead time are leveraged to
allow higher clock speeds, demonstrated in this letter at
80 MHz.

The ultimate goal of this project is the development of a
fiber-based entangled quantum cryptography link as an addi-
tion to the DARPA Quantum Network developed by BBN
Technologies.16 To date, many entangled photon sources
have operated by producing correlated photons with different
wavelengths, commonly one photon in the visible and one at
telecommunication wavelengths, allowing for shared quan-
tum information between a party at the source and a remote
party. The source demonstrated here, along with the im-
proved detection, generalizes the scheme allowing two arbi-
trary, separated parties to share an entangled-photon pair
generated from a remote source of entanglement.
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