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All-Fiber Photon-Pair Source for
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Abstract—In this letter, we present a source of quantum-cor-
related photon pairs based on parametric fluorescence in a fiber
Sagnac loop. The photon pairs are generated in the 1550-nm
fiber-optic communication band and detected with InGaAs–InP
avalanche photodiodes operating in a gated Geiger mode. A
generation rate 103 pairs/s is observed, which is limited by
the detection electronics at present. We also demonstrate the
nonclassical nature of the photon correlations in the pairs. This
source, given its spectral properties and robustness, is well suited
for use in fiber-optic quantum communication and cryptography
networks.

Index Terms—Fiber four-wave mixing, parametric amplifiers,
photon counting, quantum communication, quantum cryptog-
raphy.

E
FFICIENT generation and transmission of quantum-cor-

related photon pairs, especially in the 1550-nm fiber-optic

communication band, is of paramount importance for practical

realization of the quantum communication and cryptography

protocols [1]. The workhorse source employed in all implemen-

tations, thus far [2] has been based on the process of spontaneous

parametric down-conversion in second-order [ ] nonlinear

crystals. Such a source, however, is not compatible with optical

fibers as large coupling losses occur when the pairs are launched

into the fiber. This severely degrades the correlated photon-pair

rate coupled into the fiber, since the rate depends quadratically

on the coupling efficiency. From a practical standpoint, it would

be advantageous if a photon-pair source could be developed that

not only produces photons in the communication band but also

can be spliced to standard telecommunication fibers with high

efficiency. Over the past few years, various attempts have been

made to develop more efficient photon-pair sources, but all have

relied on the down-conversion process [3]–[6]. Of partic-

ular note is [4], in which the effective of periodically poled

silica fibers was used. In this letter, we report the first, to the

best of our knowledge, photon-pair source that is based on the

Kerr nonlinearity ( ) of standard fiber. Quantum-correlated

photon pairs are observed and characterized in the parametric

fluorescence of four-wave mixing (FWM) in dispersion-shifted

fiber (DSF).

The FWM process takes place in a nonlinear-fiber Sagnac

interferometer (NFSI), shown schematically in Fig. 1. Previ-
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Fig. 1. Diagram of the experimental setup. FPC: Fiber polariziation controller.

ously, we have used this NFSI to generate quantum-correlated

twin beams in the fiber [7]. The NFSI consists of a fused-silica

50/50 fiber coupler spliced to 300 m of DSF having zero-dis-

persion wavelength nm. It can be set as a reflector

with proper adjustment of the intraloop FPC to yield a trans-

mission coefficient 30 dB. When the injected pump wave-

length is slightly greater than , FWM in the DSF is phase

matched [8]. Two pump photons of frequency scatter into

a signal photon and an idler photon of frequencies and ,

respectively, where . Signal-idler separations

of 20 nm can be easily obtained with use of commercial

DSF [7]. The pump is a mode-locked train of 3-ps-long pulses

that arrive at a 75.3-MHz repetition rate. The pulsed operation

serves two important purposes: 1) the NFSI amplifier can be op-

erated at low average powers (typical values are 2 mW, cor-

responding to 9 W peak powers) and 2) the production of the

fluorescence photons is confined in well-defined temporal win-

dows, allowing a gated detection scheme to be used to increase

the signal-to-noise ratio. A 10% (90/10) coupler is employed to

inject a weak signal, which is parametrically amplified and the

output signal and the generated idler are used for alignment pur-

poses. For the photon-counting measurements described in this

letter, the input signal is blocked.

After passing through the 90/10 coupler, the fluorescence

photons are directed toward free-space filters that separate the

signal and the idler photons from each other and from the pump

photons. To measure the nonclassical (i.e., quantum) correlations

between the signal and the idler photons, one must effectively

suppress the pump photons from reaching the detectors. Since

a typical pump pulse contains 10 photons and we are

interested in detecting 0.01 photons/pulse, a pump-to-signal

(idler) rejection ratio in excess of 100 dB is required. To meet

this specification, we constructed a dual-band spectral filter

based on a double-grating spectrometer. A primary grating

(holographic, 1200 lines/mm) is first employed to spatially

separate the signal, the pump and the idler photons. Two
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Fig. 2. Transmission curves of the signal and idler channels in the dual-band
filter.

secondary gratings (ruled, 600 lines/mm) are then used to

prevent the pump photons that are randomly scattered by the

primary grating (owing to its nonideal nature) from going

toward the signal and idler directions. The doubly diffracted

signal and idler photons are then recoupled into fibers, which

function as the output slits of the spectrometer.

Transmission spectrum of the dual-band filter, measured with

a tunable source and an optical spectrum analyzer (OSA), is

shown in Fig. 2. The shape is Gaussian in the regions near the

maxima of the two transmission bands, which are centered at

1546 nm (signal) and 1528 nm (idler), respectively, and the full-

width at half-maximum (FWHM) is 0.46 nm. For pulse trains

separated by 9 nm, which is the wavelength difference between

the pump and the signal (or idler), this filter is able to provide

an isolation 75 dB; the measurement being limited by the

intrinsic noise of the OSA. The combined effect of the Sagnac

loop and the double-grating filter, thus provides an isolation

105 dB from the pump photons in the signal and idler channels.

The maximum transmission efficiency in the signal channel is

45% and that in the idler channel is 47%. The total collection

efficiency for the signal (idler) photons is thus 33% (35%), with

inclusion of the losses in the Sagnac loop (18%), and at the 90/10

coupler (10%).

The separated and filtered signal and idler photons are di-

rected toward fiber-pigtailed InGaAS–InP avalanche photodi-

odes (APDs, Epitaxx EPM239BA). In recent years, the perfor-

mance of InGaAs APDs as single-photon detectors for use in

the fiber communication window around 1550 nm has been ex-

tensively studied by several groups [9]–[12]. The pulsed nature

of the photon pairs allows us to use the APDs in a gated Geiger

mode. In addition, the quality of our APDs permits room-tem-

perature operation with results comparable to those obtained by

other groups at cryogenic temperatures. A schematic of the elec-

tronic circuit used with the APDs is shown in the inset in Fig. 3.

A bias voltage ( 60 V), slightly below the avalanche

breakdown voltage, is applied to each diode and a short gate

pulse ( 8 V, 1-ns FWHM) brings the diodes into the break-

down region. The gate pulse is synchronized with the arrival of

the signal and idler photons on the photodiodes. Due to limita-

tions of our gate-pulse generator, the detectors are gated once

Fig. 3. Quantum efficiency versus dark-count probability for the two APDs
used in the experiments. The inset shows a schematic of the electronic circuit
used with the APDs.

every 128-pump pulses, giving a photon-pair detection rate of

MHz kHz. We expect this rate to increase

by more than an order of magnitude with use of a better pulse

generator. The electrical signals produced by the APDs in re-

sponse to the incoming photons (and dark events) are reshaped

into 500-ns-wide TTL pulses that can be individually counted

or sent to a TTL AND gate for coincidence counting.

In Fig. 3, we show a plot of the quantum efficiency versus

the dark-count probability for the two APDs used in our ex-

periments. A figure-of-merit for the APDs can be introduced

through the noise-equivalent power NEP

[9], where is the Planck constant, is the frequency of light,

is the detector quantum efficiency, and is the dark-count

rate measured during the gate time. The best values of NEP ob-

tained by optimizing are 1.0 10 W Hz for APD1

and 1.6 10 W Hz for APD2. These values are com-

parable to those reported in [9]–[12] for cryogenically cooled

APDs. Under the optimized conditions the efficiency of APD1

(APD2) is 25% (20%) and the corresponding dark-count prob-

ability is 2.2 10 /pulse (2.7 10 /pulse).

As a first test of our photon-pair source and of the filtering

process, we measure the number of scattered photons detected

in the signal (idler) channel ( ) as a function of the number

of pump photons injected into the NFSI. The results for

the idler channel are shown in the inset in Fig. 4. We fit the

experimental data with , where

is the number of dark counts during the gate interval and

and are the linear and quadratic scattering coefficients,

respectively. The fit clearly shows that the quadratic scattering

owing to FWM in the fiber can dominate over the residual linear

scattering of the pump due to imperfect filtering.

In Fig. 4, we present the coincidence counting results. The

diamonds represent the rate of coincidence counts as a function

of the rate of the signal and idler photons generated during the

same pump pulse. For convenience, we have plotted the coinci-

dence rate as a function of the geometric mean of the signal and

idler count rates. In fact, since the efficiency of the two detec-

tors is different, we measure different single-photon count rates

in the two channels. Dark counts have been subtracted from the
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Fig. 4. Coincidence rates as a function the single-photon rates in two different
cases. Signal-idler fluorescence produced by a pump pulse (diamonds) and
signal-idler fluorescence produced by two consecutive pump pulses (triangles).
The line represents the calculated “accidental” counts. The inset shows a plot of
the detected idler photons as a function of the injected pump photons (hollow
circles). A second-order polynomial is shown to fit the experimental data. The
contributions of the dark counts, linear scattering and quadratic scattering are
plotted separately as well.

plotted count rates. For the coincidence rates, both dark-dark

and photon-dark coincidences have to be taken in account, but

for the counting rates in our experiment the former are negli-

gible. Thus far, we have achieved a maximum coincidence rate

of 10 counts/s ( coincidence rate/pulse gate-pulse rate),

which is expected to go up by at least a factor of ten with use of

a higher repetition-rate gate-pulse generator.

We have performed two independent experiments to demon-

strate the nonclassical nature of the coincidences. Results of

the first experiment are shown by the triangles in Fig. 4,

which represent the measured coincidence rate as a function

of the signal-photon count rate when the signal is delayed

with respect to the idler by one pulse period. The delay was

achieved by inserting a fiber patch-cord of appropriate length

in the signal path from the output of the filter to APD1.

For two independent photon sources, each with a count rate

, the “accidental” coincidence rate is given by

, regardless of the photon statistics of the sources.

This quadratic relation is plotted as the solid line in Fig. 4,

which fits the delayed-coincidence data (triangles) very well.

These measurements then show that while the fluorescence

photons produced by the adjacent pump pulses are indepen-

dent, those coming from the same pump pulse show a strong

correlation, which is a signature of their nonclassical behavior.

In the second experiment, measurements were performed to

demonstrate the nonclassicality test described in [13]. It can be

shown that the inequality

(1)

is valid for two classical light sources, where is the coin-

cidence-count rate for the two sources, is the calculated

“accidental” coincidence-count rate corresponding to the same

photon-count rate for the two sources, and are the co-

incidence-count rates measured by passing the light from each

of the two sources through a 50/50 splitter and detecting the

two halves independently, and and are the calculated

“accidental” coincidence-count rates in the 50/50 splitting mea-

surements. When we substitute the experimental data, (1) yields

, where the error is statistical. The inequality

for classical sources is thus violated by over seven standard de-

viations.

In conclusion, we have demonstrated, for the first time to our

knowledge, a source of quantum-correlated photon pairs that is

based on FWM in a fiber near 1550 nm. We have also devel-

oped and tested a room-temperature coincidence detector for the

photons in that window. The photon-pair detection rate ( 10

coincidence counts/s) at present is limited by the electronics em-

ployed in our setup. In addition, we believe that the spectral filter

used for rejecting the pump photons can be implemented with

fiber Bragg gratings, making this source integrable with the ex-

isting fiber-optic infrastructure.
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