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Abstract: We demonstrate a picosecond source of correlated photon pairs
using a micro-structured fibre with zero dispersion around 715nm
wavelength. The fibre is pumped in the normal dispersion regime at
~708 nm and phase matching is satisfied for widely spaced parametric
wavelengths. Here we generate up to 10° photon pairs per second in the
fibre at wavelengths of 587 nm and 897 nm, while on collecting this light in
single-mode-fibre-coupled Silicon avalanche diode photon counting
detectors, we detect ~3.2x10° coincidences per second a pump power
0.5mw.
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1. Introduction

High brightness sources of correlated and entangled photon pairs are required for various
multiphoton and linear optical logic applications [1-3]. They also find useful application to
guantum cryptography [4] and gquantum communications [5;. The preferred sources for such
experiments until recently have been three wave mixing in ¥'? non-linear birefringent crystals
[6-8]. These sources are inherently wide band, low brightness (per nanometer, per single
mode) sources. More recently periodically poled fibres[8] and periodically poled waveguides
have been shown to be useful pair photon sources[9, 10]. In poled fibres the low non-linearity
limits the brightness while in planar waveguides the non-circular mode limits the coupling
efficiency into single mode optical fibres.

It is well known that parametric gain can arise from the ¥ non-linearity in optical fibres
[12,13] and phase matching can be achieved by using the modulation instability when
pumping fibres in their anomalous dispersion regime. Various pair photon generation
experiments have been performed in this regime [14-18]. The photon pairs are generated close
to the pump wavelength and are always accompanied by a significant Raman background and
careful filtering is required.

We have recently shown that phase matching can be obtained for widely spaced
wavelengths by pumping photonic crystal fibre (PCF) close to the zero dispersion wavelength
in the normal dispersion regime [19]. This allowed us to demonstrate a CW source of photon
pairs at widely spaced wavelengths of 834 nm signal and 1404 nm idler by pumping at
1047nm wavelength [20, 21]. However the idler signal lies on the shoulder of the fifth order
Raman peak which is still asignificant source of background light. Here we choose fibre with
the zero dispersion point in the near infra-red (715nm) and pump with a picosecond pulsed
laser, blue-detuned a few nanometers into the normal dispersion regime. This generates
photon pairs visible to efficient silicon-based photon counting detectors. The number of
created photon pairs is proportional to the square of the peak intensity while the spontaneous
Raman scattering grows roughly linearly. Hence the use of a picosecond laser in our
experiment allows us to improve the brightness while reducing Raman background noise to
negligible levels. At the power used we remain in the spontaneous Raman scattering region
and see no stimulated Raman scattering [19,22].
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We are seeking to develop a source which may be applicable for future quantum
interference experiments involving three or more photons created as two or more pairs.
Interference effects between separate pair-photons can be studied by overlapping photons
with a time uncertainty shorter than their inverse bandwidth or coherence length [23]. This
restricts us to sources pumped by ultra-short laser pulses where the bandwidth is of order
nanometers and also requires a high efficiency of collection. We show in the following that
our source is naturally narrow band (compared to other guided configurations) and is
efficiently coupled into single mode optical fibers, thus being ideal for quantum interference
experiments.

2. Theory

Here the main nonlinear process that has to be taken into account is four-wave mixing (FWM)
where phase matching and conservation of energy give the Egs. (1) and (2) [12]:

k +ks—2k, +2)P, =0 (@]
and
o+ 0, =20, 2

where k; 5, are the wave-vectors (propagation constants) of the idler, signal and pump photons
and a g, their respective frequencies; P, is the peak pump power and y is the nonlinear
coefficient of the fiber,

_27'“'12

where n, =2x10%° m?W is the nonlinear refractive index of silica, Ae is the effective area of
the fiber mode and A is the pump wavelength. These phase-matching conditions will yield the
wavelengths for peak gain in a given fiber, which will depend on the chromatic dispersion of
the fiber.

Figure 1 shows the microstructured fiber used in our experiment. The fiber has a core
diameter of 2 um and a zero dispersion wavelength A, defined at 715 nm. Figure 2 shows the
phase matching diagram plotting signal and idler wavelength against the pump. This is
calculated from Egs. (1) and (2) using the dispersion curve for a simple strand of silicain air
as a close approximation [24] to the fiber used in this experiment. A strand diameter of 2 um
was used which gives a zero dispersion wavelength at 715 nm as measured in the fibre.

Fig. 1. Electron microscope image of the PCF used with core diameter d=~2 um, %o = 715 nm
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Fig. 2. Nonlinear phase-matching diagram for the process 2, — o+ . The curve does not
change significantly in the range P, = 0-3 W. Beyond the 716 nm *“degeneracy” point we
move into the modulation instability region where photon pairs can be created close to the
pump wavelength (see[14-19] ).

Since the number of created photon pairs is proportional to the square of the peak intensity
while the Raman scattering grows roughly linearly, the use of a picosecond laser in our
experiment allows us to improve the brightness but also to reduce the Raman source of
background noise to negligible levels. For a given average power from the pump laser, the
pair photon signal will scale as the inverse of the mark to space ratio of the pulses, whereas
the Raman signal will be unchanged.

In our experiments we pump in the normal dispersion regime, where the sidebands
generated are widely spaced at equal frequency intervals from the pump. The natura
linewidth determined from the phase matching relations (when pumped by a monochromatic
source) is below 0.2 nm. Hence we expect the bandwidth of parametric light generated by a
picosecond pumped source to be mainly determined by the slope of phase matching curves
multiplied by the pump bandwidth. Here we use a pulse full-width-half-maximum (FWHM)
bandwidth of 0.3 nm (corresponding to a ~4 ps pulse) centered at 708.4 nm, which
corresponds to a calculated FWHM bandwidth of 3.2 nm at 587 nm for the signal and 4.5 nm
at 897 nm for theidler.

3. Experiment

In order to estimate the brightness of our source we used the coincidence setup depicted in
Fig. 3 where a mode-locked picosecond Ti:Sapphire pump laser (Spectra Physics - Tsunami)
set at 708.4 nm, emitting 4 ps pulses with a repetition rate of 80 Mhz is sent, through an
optical isolator, onto a prism P to remove in-band light from the pump laser spontaneous
emission. A pin hole is then used to improve the pump mode and eventually several
attenuators bring the power down so that up to 540 uW average power is launched into the
fiber. Since the PCF is birefringent and supports two modes, a half wave-plate (HWP) is used
to align the pump polarization aong one axis thus preventing polarization scrambling and
creating pairs with the same polarization as the pump beam. Compared to bulk crystal where
the nonlinear interaction occurs actualy at the pump beam focus, here the interaction will
extend over the full length of the fiber and is thus more efficient. We then used for our
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experiment 2 m of PCF allowing us to expect a high conversion efficiency. The output of the
fiber is collimated using an aspheric lens, followed by a removable mirror M, allowing us to
monitor the photon pair spectrain a monochromator or to launch them into a coincidence test
bench. In this latter part of the setup, a dichroic mirror centered at 700 nm is used to spread
the incoming beam into two arms, one corresponding to the signal channel and the other to
the idler, where band-pass filters F1 and F2 centered at 570 nm and 880 nm respectively
(width ~ 40 nm, T>80%) are used to remove in-line pump and background light. Each photon
of the pair is then launched into single mode fibers that are connected to two Silicon
avalanche photodiodes (APD). The detected photons are counted in a dual-channel counter
and the coincidences between the two APDs are analyzed using a time interval analysis
system (TIA).

Ti:Sa

mode locked
picosecond
laser

Counter

709 nm

Isolator

Spectrometer TIA

=]

Stop Start
: | |
I
: Delay
|
I
| Single-mode Qi
: fiber
I
I
PCF | T Single-mode
Attenuator @ LR e fiber
I | 0 o P
I U U LA
Pin hole HWP M DM

Fig. 3. Optical layout. Laser, 708 nm Ti:Sa laser; P, prism; HWP, halfwave plate; PCF, 2 m of
photonic crystal fiber; M, protected silver mirror (R>95%); DM, dichroic mirror
(centered@700nm, T>85%, R>90%); F1, 570 nm band-pass filter, bandwidth 40 nm, T=80%;
F2, 880 nm band-pass filter, bandwidth 40 nm, T=80%; APD, Silicon single photon detector.

4. Results

Pumping with 708.4 nm light and aligning the polarisation on one of the axes of the fiber, we
see the narrowband pair-photon spectraillustrated in Fig. 4 and Fig. 5. The short wavelength
sits at 587 nm and the corresponding idler at 897 nm. Note that these wavelengths are easily
tunable using fiber parameters or pump wavelength thus allowing us to set the signal and idler
photon far from the degeneracy point (A;=715 nm) where the noise from Raman background
is negligible. The pair emission is narrow band and we measure 2.7 nm and 5.5 nm FWHM
bandwidths for the signal and idler respectively. These correspond well with the simple
theory presented in section 2. The spectra were taken at a pump power of 700 uW and flat
background comes entirely from the electronic bias errors in the CCD amplification and
analogue to digital converter (ADC) circuits. In the IR signal we see a very dlight increase in
background towards shorter wavelengths which we ascribe mainly to residual Raman
scattering. The micro-structure makes the fiber slightly birefringent. As a consequence, when
we do not launch into the correct fibre polarisation axis, we see two peaks corresponding to
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different phase matching conditions for the different fibre axes. The absence of the second
peak here implies our sourceis strongly polarised.
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Fig. 4. Fluorescence spectrum of the signal photons. The measurement was integrated over 10
seconds. The number of ADC countsis proportional to the number of photons detected by the
cooled camera in wavelength-bins of width 36 pm. The photon spectrum is centered at 587 nm
and features a FWHM bandwidth of 2.7 nm. The small peak at 598 nm is attributed to
unwanted background light or a detector fault. It is visible when the laser is blocked.
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Fig. 5. Fluorescence spectrum of the idler photons. The measurement was integrated over 10
seconds. The photon spectrum is centered at 897 nm and features a FWHM bandwidth 5.5 nm.
Here the wavelength-bin width is 36 pm.
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Looking now at the coincidence test bench in order to determine the brightness of our source,
we measured the number of single countsin both signal and idler channels, while we recorded
the number of coincidences. This experimental protocol amounts to recording the percentage
of detections in the “start channel” which have been stopped by detection in the “stop
channel” in the following time interval and effectively provides a direct estimate of the
“lumped” efficiency of the stop channel.
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Fig. 6. Timeinterval histogram showing the coincident photon detection peak and also a zoom
on one of the accidental coincidence peak for different pump powers. Here the time between
two peaks reflects the pump laser repetition rate. However the width of the peaks is limited by
the response time of the detectors which is typically hundreds of picoseconds (rather than the
actual duration of the pump pulses). The instrument displays the probability that a start pulse
is stopped within a given time bin. Here the time-bin width is 156 ps. To step through the
pump powers press Ctrl + click on the graph.

The central peak corresponds to signal and idler photons belonging to the same pulse, whereas
the small satellite peaks stand for uncorrelated events i.e. signal and idler coming from
subsequent pulses (whether they are actual pairs of photons or Raman photon). It isinteresting
to note the satellite peaks grow with pump power, whereas the central peak remains constant.
The central peak reflects the lumped collection efficiency which is relatively constant with
increasing pump power (confirming correlated photon pair creation), while the satellite ones
are linked to the probability of having a photon from a different pair or a Raman background
photon in a neighbouring pulse. In the absence of background the satellite peaks would be
indicative of the rate of generation of pairs of pairs, or 4-photon events. It is these events that
could be useful for multi-photon interference experiments and quantum information
applications. However, we also have to take into account both the Raman background and the
multi-photon pair rate in the central peak as they increase the photon count probability. Thus
we will introduce C.ay as the raw coincidence rate in the central peak and we will calculate
the added accidental coincidence rate thanks to the satellites peaks C.
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We can use the singles counting rates and the coincidence rates to estimate the actual rate of
pairs created inside the PCF, using the following Egs. [25]:

N =7s7op" + Bs
N, = nin;ptr +B (4)

Craw = 77577i770pt77;p1r + Cb

where N, N; are respectively the counting rates in the signal and idler APDs, while B, B; are

background rates including Raman photons and multi-photon pairs. 75 and 7 are the APD
quantum efficiencies at 587 nm and 897 nm, the net optical transmission and launch
efficiencies into single mode fibre of each arm are 7o and 77’ .

On one hand, if we neglect the background (Raman and multi-photon pairs), we could directly

estimate the measured lumped efficiencies 77,'\;|‘mp of each arm and the pair photon production
rate r

Cr _Cb

lump __ aw
N =

u C W
M == 5)

S
_ C Cb
g

On the other hand, we can also estimate these lumped efficiencies directly from the detector
data sheet [ 26] and from classical loss measurement on our collection setup. We found 7s~0.6
and 7~0.33, while the launch efficiencies into single mode fiber of each arm are estimated to
be 60-65%. When combined with the measured transmission of lenses and filters (presented
in Fig. 3 caption) we estimate 77, ~0.35-0.38, 77/ onx ~0.33-0.36 (including fiber coupling,
filters, dichroic mirror and lenses losses for signal and idler channels respectively). This then
gives us an estimate of 7\4™~0.211-0.229 and 7,2™ ~0.11-0.119 where the subscript P

denotes “predicted”. It becomes clear that any difference between the “measured” and
“predicted” lumped efficiencies would arise from the background we neglected earlier in Eq.
(5). We can then roughly estimate the background contributions by combining Egs. (4) and

(5) to give
I
T
lump N,
N :
lump (6)

e
e s

We then took several measurements for arange of different pump powers so that the ratio
of Raman background to signal would change thus changing the ratios B/N in Egs. (6) and
compared the measured and predicted efficiencies. The results are shown in the following
Table 1.

raw
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Table 1. Summary of results for different pump powers

Pump Power P 170 uW 245 uWw 380 uwW 540 uw
Ns 3.4x10° st 6.8x10°s® | 1.57x10°s* | 2.89x10°s*
N, 1.9x10°s' | 3.6x10°s" | 82x10°s' | 1.52x10°s!
Craw 3.9x10" st 8.0x10" s* 1.8x10° st 3.6x10°s*
Co 0.1x10%s' | 0.2x10*s’ | 0.1x10°s' | 04x10°s’
C=Cran-Cp 3.8x10"s' | 7.8x10°s' | 1.7x10°s' | 3.2x10°s!
Measured signal efficiency
up 20.0 % 21.7% 20.7 % 21.1%
Nav Eq- (5)
Predicted signal efficiency
up 21.1-22.9%
N
%i from Eq. (6) 0.052-0.126 0-0.052 0.019-0.096 0-0.08
Measured idler efficiency 2 0 086 0
Pl Eq. (5) 11.2% 11.5% 10.8% 11.1%
Predicted idler efficiency
ump 11.0-11.9%
Mip
B%\ls from Eq. (6) 0-0.059 0-0.034 0.018-0.092 0-0.067
Photon pair production rate in 6 1 6 1 6 1 7 <1
thefibrer (Eq, (5)) 1.7x10° s 3.1x10°s 7.6x10°s 14x10"s
Average ””B“utl";'e"f pairs per 0.021 0.039 0.095 0.18

From Table 1, we see that we have measured up to 3.2x10° net coincidences per second. We
also see that the lower estimated idler efficiency is below the measured value suggesting that
the fibre launch efficiency is higher than our lower estimate at ~62%. Therefore if we look at
the higher estimated efficiency, it confirms that the background in the signal count rate
(green) is very low (<5% of the total rate), as expected as there is no Raman signal in the
green. In the infra-red we estimate a background that varies between 3% and 10% of the count
rate whatever is the pump power. This is counter to our expectation of a reduction of
background a higher pump powers and may simply be due to our rather crude analysis.
Indeed we have taken no account of dead-time corrections in the detectors and time interval
analyser and only a simple account of multi-photon effects. We are presently making an
independent measure of the background to confirm these results. At this stage we can say that
background in the IR is smaller than 10% of the signal for al powers measured.

5. Discussion

In Fig. 7 we plot the coincidence rate as a function of pump power. We clearly see a purely
quadratic behaviour. Thus we cannot present our rates in terms of coincidences per milliwatt
per nanometre. However we have seen 320,000 net coincidences per second with pump
powers of 0.54 mW (or ~1.2x10° /sec/mW?) with natural bandwidths of signal 2.7 nm and
idler 5.5 nm. This is this brightest source of pair photons and heralded single photons that we
know of [27]. Our source is limited in brightness by two principle factors. The first is
saturation of the detectors and coincidence measuring equipment, which is causing significant
distortion at the highest pump powers. The second is the optical losses and detector
efficiencies.

#7933 - $15.00 USD
(C) 2005 OSA

Received 27 June 2005; revised 7 September 2005; 9 September 2005
19 September 2005/ Vol. 13, No. 19/ OPTICS EXPRESS 7580




A preliminary experiment using a multimode fiber in the signal channel showed efficiency in
the signal arm going up to 33% due to high coupling efficiency (>95%) in multimode fiber.
This result highlights the limited launch efficiency into single-mode fibers, which we estimate
to be about 62%. Although this value is already better than any nonlinear waveguide [10]
solution to our knowledge, we expect this efficiency to be improved to >80% using a pigtailed
fiber [28] which will compare favourably with the best results from bulk nonlinear crystal [7].
3.5x10° - /

3.0x10° - /

2.5x10°
2.0x10° /

1.5x10° - /

5
1.0x10° - ,

Coincidence rate C (s")

5.0x10* - -

e —
0.0 0.1 0.2 0.3 04 0.5 0.6

Pump power P (mW)

Fig. 7. Net coincidence rate as function of the pump power. The fit is purely quadratic (no
linear term) C=AP? with constant A=1.21x10° /sec/mW?. Discrepancies at high powers are due
to saturation effects in both the detectors and coincidence measuring apparatus.

It is aso worth discussing the Raman background. The Raman scattering produces about
13 THz frequency shift per order. At the idler wavelength we are between the 6" and 7"
order. Thisis the main reason for our low Raman background. At the powers we are using we
will only ever see spontaneous Raman scattering at this order and in this length of fibre [19].
This means the Raman grows linearly with increasing pump power. In Fig. 6 we would expect
the satellite peaks to decrease in significance as we increase pump power as the ratio B /N,

decreases, if they were dominated by spontaneous Raman scattering. The satellite peaks in
figure 6 actually increase clearly showing that the background coincidence rate at high
counting rates is dominated by random overlap of more than one pair of photons. We thus do
not to present our data in terms of the ratio of coincidence rate to background coincidence
rate. We work here only with the measured efficiencies of 20.7+/-0.3% in the signal (green)
and 11.3+/-0.2% in the idler (IR) which are more significant. Since the background
coincidence rate is linked to the multi-photon pair probability, it is indicative of the four
photon coincidence rate we will get in future experiments and is a variable we want to
maximise.
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For these multi-photon quantum information experiments we require a narrower bandwidth so
that the coherence length is equivalent to the pulse length [23]. A quantum interference
experiment involving four-fold coincidence between photons coming from two separated
sources would require afilter of order 0.2 nm bandwidth in the Green (0.4nmin the IR). Such
filters will transmit only 40% of in-band light thus halving our effective efficiencies and
collect only ~1/15 of the available spectrum. However counting rates would be significantly
reduced thus allowing an increase in pump power. Using our source with a pump power of 2
mW, the expected rate of photon pairs detected within this bandwidth is >8.10" /s, which
means arate of four photon events >80 s?, two orders of magnitude higher than any previous
experiment.

6. Conclusion

We have reported the measurement of picosecond-pulsed photon pairs generated by four-
wave mixing in a single-mode optical fiber, pumped in the normal dispersion regime. The
source is polarized, bright, narrowband, single-mode and tunable by varying laser wavelength
or fiber parameters. The wide separation of the generated pair wavelengths means that most of
the background can be avoided. All these advantages make this new source of photon pairs
more appropriated compared to conventional ones for quantum information processing
applications.
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