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Abstract:  We present observations of quasi-phase matched parametric
fluorescence in a periodically poled twin-hole silica fib@he phase
matching condition in the fiber enables the generation of gederate
signal field in the fiber-optic communication band centeradl656 nm.
We performed coincidence measurements and a Hong-Ou-NMarder-
iment to validate that the signal arises from photon pairsofacidence
peak with a signal to noise ratio (SNR) of 4 using 43 mW of pump
power and a Hong-Ou-Mandel dip showing 40% net visibility reve
measured. Moreover, the experiments were performed vatidard single
mode fibers spliced at both ends of the poled section, whickem#his
source easy to integrate in fiber-optic quantum commumicapplications.
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1. Introduction

Since several years, photon pairs have become an impoemince for quantum communica-
tion [1, 2, 3, 4]. Lately, effort has been concentrated onegating those pairs in waveguiding
structures to increase efficiency and avoid collection asdrition losses. For instance, photon
pair sources based on parametric fluorescence in peribdjpaled lithium niobate waveg-
uides [5] or on four-wave mixing in silica fibers [6, 7] havedmeextensively studied. In 1999,
G. Bonfrateet al. reported the observation of quasi-phase matched paranfieirescence
in a periodically poled D-shape silica fiber [8]. This suggesanother promising photon pair
source based on second-order nonlinearity in fibers. Hawswvee that first demonstration, no
further results have been reported.

In this paper, we report the observation of quasi-phasemadtparametric fluorescence in
periodically poled twin-hole silica fiber (PPSF). We alsowtthat the measured signal arises
from photon pairs by performing coincidence measuremeamisaaHong-Ou-Mandel experi-
ment. Compared with the periodically poled D-shape fibeeslus [8], twin-hole fibers have
several advantages: they can be directly spliced to ofiloals so that the photon pairs are
readily collected. Moreover, the technology for periodidipg in twin-hole fibers is compati-
ble with tens of centimetres of interaction lengths, thuatding higher conversion efficiency
than in D-shape fibers. Finally longer interaction lengtoahduces narrower spectral width of
the created photon pairs which makes quantum communicstioemes easier to implement.

2. Periodically poled twin-hole silica fiber

Since silica glass presents a vanishing second-ordemmsanlty owing to its centro-symmetric
structure on a macroscopic scale, the technique of therafialgpghas been applied to twin-hole
glass optical fibers in order to induce a permangit, thereby enabling parametric second-
order non-linear optical processes[10]. The twin-holerfinges its name to a pair of holes
running parallel to the core along the fiber length (insetin B). During the poling process a
high voltage £ 4 kV) is applied across the core thanks to two thini@s-diameter wire elec-
trodes that are inserted into the holes. Simultaneouslyiltee is heated to 250. Under the
action of the applied electric field, impurities ions, tyglily Na", drifts away from the anode

#79567 - $15.00 USD Received 30 Jan 2007; revised 19 Mar 2007; accepted 19 Mar 2007; published 3 Apr 2007
(C) 2007 OSA 16 April 2007/ Voal. 15, No. 8/ OPTICS EXPRESS 4420



leaving behind a negatively charged region. Sudden coohdufithe glass freezes the ions in
their new position and an intense electric fieldikV/um) is consequently frozen in the glass.
This electric field couples with the existing third-ordemiinearity to give an effective(?
through the relationshig@ = 3x (¥ Eg4., whereEq is the frozen field induced by poling. The
poling time (10 min), voltage and temperature were chosesrder to maximize the overlap
between the frozen-in field and the core of the fiber. A 8 cm lonijorm x (@ nonlinear re-
gion was produced in this way. Quasi-phase matching forieffiggrowth of the parametric
fluorescence power was implemented by periodic UV erasutteeafiniform frozen-in field as
described in [9].

The twin-hole fiber we used has a slightly elliptical core iafrdeter 3x 3.3 um, a numerical
aperture of 7+ 0.01 and a hole to core separation of Lim. The 8 cm long poled region
was spliced to SMF-28 fibers at both ends. However in this &&ntipe mode matching of
the twin-hole fiber and the single mode fibers was not optichilading to significant splice
losses £ 3 dB/splice). This prevents us from knowing exactly how mipcimp power we
inject in the fundamental mode of the poled fiber. This samepéahas previously been used
for demonstration of second-harmonic generation in a lowey all-fiber configuration[11].
The second-harmonic generation (SHG) wavelength tuninji@rof the fiber is depicted in
Fig. 1.

SH Power, a.u.

1540 1545 1550 1555 1560 15656 1570
Wavelength (nm)

Fig. 1. Second-harmonic power (after removal of the pump) vgrangp wavelength. The
pump peak power is 220 W and the resonance is at 1556 nm. The awmeptndwidth of
the fiber is~ 1.4 nm FWHM.

3. Coincidence measurement

The experimental setup for studying parametric fluoreseéndescribed in Fig. 2. It consists
of cw Ti-Sa laser tunable around 775 nm. The polarizatiorhefgump beam is adjusted us-
ing a polarizing beam splitter (PBS) and a half-wave plat&/@J. The pump is injected in
the fiber through a<20 microscope objective. Finally, at the output of the filtlee, pump is
removed by dielectric long-wave pass filters (LWP) and thealigent to a 3 dB coupler where
the photon pairs are probabilistically separated. Eaclpleowutput leads to an InGaAs/InP
avalanche photodiode operating as single photon detdfo®@antique id200). The Peltier
cooled InGaAs/InP avalanche photodiodes (APD) are opgfatgated mode (100 ns gate), at
10 kHz rate with a 10 % efficiency and a dark count probabilftg@° per ns.

By carefully scanning the wavelength and the polarizatibthe pump field, we have found
the poling resonance to be at 778 nm, leading to the generafia degenerate signal field
centered on 1556 nm in the fiber-optic communication bangl @{&)). This is consistent with
the second-harmonic generation (SHG) measurements irsdhie poled fiber, see [11] and
Fig. 1. At the maximum gain, the signal power before the 3 dBpbter can be obtained from
the photon count rate (1.5 %). Taking into account the dutjecfx 0.1 ms/100ns- x 10°), the
10 kHz rate, the dark counts, and the efficiency of the deteitte optical power detected by
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Fig. 2. Experimental setup: ISO, isolator; PBS, polarizing beam splittafPHalf-wave
plate; X20, microscope objective; SMF, single mode fiber; PPSF, dlieally poled silica
fiber; LWP, long-wave pass filter; APD, avalanche photodiode; TACe timamplitude
converter; Inset: Cross section image of the twin-hole fiber used in gexiexent. Distance
between the holes is 10m.

the APD isR, = 0.1 pW. The pump power at the output of the single mode fiber wanwWs
which is 7 times smaller than the value reported in [8].

Theoretically, at degeneracy and in the low gain conditiba,signal power can be approxi-
mated by

hay
Psignal ~ TanrlSHPpump (@)

wherensy is the second-harmonic generation efficiency normalizedegg@ump power anB,,
is the FWHM of the signal spectrum in rad/s. At degeneracylatier reads

)

wherefs is the signal propagation constaaty the signal angular frequency at degeneracy and
L the length of the poled section.

The dispersion‘(jj%ﬁzS has been estimated using the method described in [12] based o
2%

white light interferometry, leading to a signal spectratithiof 17 THz. This bandwidth is far
bigger than the SHG bandwidth since parametric fluoresceagegenerate non-identical pairs
of photons. As a result, the two generated photons may h#fezatit wavelengths as long as
the total energy still adds up to 778 nm photon. Such a widewatth can be problematic for
guantum communication experiments. The standard metho¢etcome this problem is to use
bandpass filters, see for instance [14]. In our experimeatiang-wave pass filter and the APD
cut-off wavelengths reduce the effective bandwidth to T0HG.

The second-harmonic efficienggy has been measured to be 0.02 %/W. According to Eq. 1,
and assuming a pump power of 43 mW, this leads to a predictedefuence power (sig-
nal+idler) of 37.4 pW at the output of the poled section. Theoretical result corresponds to a
photon pairs rate of 146.2 MHz for the 17 THz bandwidth. Hosrethe losses induced from the
splices (not optimized) and the pump filtration setup hawentestimated to be -9.8 dB. Taking
into account the detector specifications (bandwidth, efficy, gate...), it leads to a predicted
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output power ofPi" = 3.92 pW. This is quite far from the parametric fluorescence nneas
value & = 0.1 pW). The discrepancy (-15.9 dB) on the signal power is aiteith to the impre-
cision on the estimation of the splice losses and the amdtiné@ump power which is injected
in the fundamental mode of the poled fiber. Indeed, the phasehimg is only achieved for the
fundamental mode. Coupling the pump power into this modéffisdt because the SMF-28
fiber, spliced at the ends of the PPSF, is multimode at thieleagth. Therefore, even slight
bends can cause higher order modes to be excited resultmgigmificant changes in the value
of P,.

Finally, using Eq. 1, we estimated the conversion efficigPgpa/ Poumpat the output of the
poled section. SincBy(signak-idler) = 0.1 pW and since the losses induced by the filtering
process are estimated to be8 9B, we deducéigha = 0.5 pW. As a result, we deduced a
conversion efficiencyPsignai/Ppump Of 1.2 10-1 which is comparable to the value4610-11
reported in [8] where they manage to efficiently inject in thedamental mode. On the other
hand if all the pump power was injected into the fundamentadie) we estimate that the con-
version efficiency should be approximately 4 18
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Fig. 3. (a). Parametric fluorescence power (after removal of theppto pump power ratio
versus pump wavelength. The periodic poling resonance lies at 778Mh@oincidence
histogram: each slot is 0.5 ns long. The peak in the histogram is a sigrfatutiene-

correlated photons. It shows a SNR of 4. The pump power measutegl@utput is 43 mW.

As regards the coincidence measurement, a time to ampbtmesrter (TAC) allowed us to
plot the delay between the detection times of the two APDig.(B). In the setup, we added
a 3 m fiber delay line in front of one of the APD’s, correspomgino a 15 ns delay between
photon arrival times at the detectors. Thus, the presenagiebk at 15 ns in the histogram is
a signature for time-correlated photons created by paraniletorescence in the poled fiber. A
signal to noise ratio (SNR) of 4 is obtained (Fig. 3(b)) with#W pump power. It improves
the 1.5 SNR reported in [8]. A coincidence count rate of 253nt®e per two hours over 3 ns
(6 slots) is measured thanks to the TAC. It means a 0.035 HriclEnce rate that is related
to a 3.5 kHz effective photon pair rate arriving on the APDKisTvalue has to be compared
to a theoretical expected value of 342 kHz that results frioenli46.2 MHz theoretical photon
pair rate mentioned above, decreased by losses (-26.3 @Blting from splice and filters
(—9.8 dB x 2), coupler (-3 dB since a photon pair has 50% chance to beesp)li bandwidth
limitation (-2 dB for filters and APDs and -1 dB for the coupleand connectors{0.12 dBx
3x 2). If we also include the pump coupling efficiency (-15.9 d@B)culated from the previous
measurement, the expected rate of 8.8 kHz is in good agraemitbnthe 3.5 kHz measured
rate.

To conclude, this result could still be significantly impealvby optimizing the coupling of
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the pump to the fundamental mode -which could be achieve@impving the SMF-28 pigtail
at the input-, and by reducing the splice losses betweendles gection and the single mode
output fiber. The latter improvement can be achieved usirgtaM.A., small core fiber instead
of the SMF-28, or by putting a buffer fiber with intermediatee size between the PPSF and
the SMF-28, or by inducing a taper between both fibers. Innteeerk, we have reduced the
splice loss to~ 1 dB Moreover, an all-fiber set-up to remove the pump and méirgent
detectors may also be used. Recent experiments with aretlffitration set-up reduced the
-9.8 dB losses to -2.8 dB.

4. Hong-Ou-Mandel experiment

In order to validate this photon-pair source, a Hong-Ou-tdrexperiment[13] was realised
using an all-fiber Michelson interferometer. As shown in skbematic description Fig. 4(a),
photon pairs enter the interferometer via an optical catarl The circulator sends the photon
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Fig. 4. (a). Schematic depiction of the experimental set-up for obgethi@ Hong-Ou-
Mandel dip. Photon pairs may be splitted on a 50/50 beam-splitter (BS I’eanchbined

on the same beam-splitter after reflection on two Faraday mirrors (FMIF&2). The
coincidence rate between the two outputs is measured as a function ofafidHdeset on
the upper arm. (In the actual experiment, optical-fiber componentsar (b) Theoretical
coincidence probability versus the delal: expected two-photons interferences prevent
the dip to be easily observed (gray line). Small variations deican be induced by a
pattern generator (PG) to lower this effect (blue line).

pairs on a 50/50 beam-splitter (BS1) (in practice a 3dB filoeipter) where they can be sep-
arated. The photons then propagate towards Faraday mplawed at the end of each arm of
the interferometer (going from left to right in Fig. 4(a))ftér reflection, they come back to the
beam-splitter (BS1) (going right to left). One arm is slighonger, and introduces a total extra
optical pathAL. If AL is set to zero the two photons that come back to the beanteslite in-
distinguishable, and they experience photon bunchingAs8in the original Hong-Ou-Mandel
experiment, detectors are put at the beam-splitter oytpats the number of coincidences is
measured as a function of the delaly. One expects a substantial dip in the coincidence rate
whenAL = 0. In our case, twin photons only have 50 % chance to be sephvaten they
first go through the beam-splitter (left to right). As a résbibth single-photon and two-photon
interferences occur when they come back to the beam-slittgat to left). As discussed by
Halder et al[14], the coincidence probability that results from th@eposition of the two
phenomenona is

P. 02— e 29T _ coswyT, ©)
whereAw is the fluorescence bandwidth (approximated to be Gausgiaa)the time delay
induced by the optical path differenéd. andwy is the pump pulsation. When plotted against
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T, the &2’ term results in a dip that is the Hong-Ou-Mandel signatunethe Fig. 4(b),
the expected coincidence probability is plotted with respé AL (gray curve). One sees the
one-photon interference fringes superposed on the dipintédringe spacing is related of the
pump wavelength, whereas the dip for a 10.6 THz bandwidtipeeted to be B um wide.

In our experiment the fiber in each arm was individually terapge controlled thanks to two
Peltier modules powered by PID temperature controllersisiiL could be tuned using the
fiber thermal expansion. The fiber length difference betvikertwo arms of the interferometer
is first measured using white-light interferometry. As stiated by Fig. 5(a), a temperature
difference close to 10 °C is set in order to cancel the lengfardnce between the two arms.
Similarly to Sec 3, APD’s are used in order to perform coiecice measurements for different
AL values.

In our experiment we observed peaks and dips in the coincedexte and in the power meas-
ured by the two APD’s, corresponding to the interferenaegies predicted by Eqg. 3. However
the stability of the interferometer was not sufficient toiakly measure these intereference
fringes over a long period. The resulting noisy data wouldehaasked the presence of the
Hong-Ou-Mandel dip, which was the main aim of the experim&atsolve this problem we
periodically induced a small variation on the delslythat with an amplitude of approximately
A /2. As aresult the fringes are averaged during acquisitior s illustrated by the blue curve
in Fig. 4(a). This slight variation was achieved thanks t@@01°C temperature variation of
one arm induced every 30 s by a pattern generator. With tleigaging the coincidence rate
shows a clear.@ um dip as shown in Fig. 5(b). As a consequence of the averagmdip is
slightly broader than the expected value from Eq..3 (fm). When the noise is subtracted, the
net visibility is 40%. In the Fig. 5(b), the measurementsam@pared to theory and show good
agreement.

301.
% 280+

154 b 2]
200

1604
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1204 *  noise
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Fig. 5. (a) Differences in fiber lengths measured by white-light interfetry versus tem-
perature difference between the two arms of the interferometer. (bgi@dence measure-
ments at the Michelson interferometer outputs (black dot) for 45 mW puwgpmeas-

ured at the output of the PPSF and gaussian fit (red curve); Theidene rate is calcu-
lated over 3 ns time window (4 slots); the error on the coincidence numbeeit the dark

counts; the horizontal error is due to the slight modulatioAlgfthe blue points show the
accidental events. The theoretical curve (grey) takes into accouspéutral width of the

produced photon pairs, and the slight modulatiodAbf It has a 50% maximum visibility
(after accidental events are substracted). Note that we have a haheidence rate than
in section 3 thanks to a better coupling of the pump to the fundamental mode
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5. Conclusion

In conclusion, we showed that with lower pump power than ihwW8 were able to observe
parametric fluorescence in a periodically poled silica fimed measure a coincidence peak
with a SNR of 4. This source is highly broadband with 17 THzotle¢ical bandwidth. The
poled region was spliced to standard single mode fibers wdtiolws that the source could be
easily integrated in fiber-optic communication systems.gagtOu-Mandel dip with 40% net
visibility has been observed. It demonstrates that pesalyi poled twin-hole silica fibers are
valid candidates as sources for quantum communicatioallizitoday, we have manufactured
poled fibers up to 25 cm long and nonlinearities up to four ditiee one induced here. This
suggests that further improvements on photon pair soursedban parametric fluorescence in
periodically poled twin-hole silica fiber can be expected.
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