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Abstract: We report the development of a fiber-based single spatiaemod
source of photon-pairs where the efficiency of extractingtph-pairs is
14x better than a previous implementationl[16]. This criticaprovement

in efficiency enabled a spectrally bright and pure photoin-gaurce
having a small second-order correlation function (0.03) amaw spectral
brightness of 44,700 pairs 5nm mW1. The source can be configured
to generate entangled photon-pairs, characterized viemapand minimal
guantum state tomography, to have a fidelity of 97% and taofj@2%,
without subtracting any background.
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1. Introduction

The contemporary workhorse method for obtaining photarsges been Spontaneous Para-
metric Down Conversion (SPDC)I[1] in nonlinear crystalspital SPDC sources employ bulk
crystals whose output is coupled into single-mode fitigf8][2owever, because SPDC emis-
sion from bulk crystals is inherently spatially multi-mqdmly a fraction of the two-photon
yield can be collected into a single-mode fiber. This is oasoea that has prompted numerous
studies on SPDC inside waveguided[4.]5,16, 7, 8], as theawefithe total emitted light with

a single spatial mode is much better in this regime.

Another approach, which is the subject of this paper, is tweggte photon-pairs via Spon-
taneous Four-Wave Mixing (SFWM) inside optical fibers[9,[10,[12]. Of particular interest
is SFWM inside of a solid core photonic crystal fibler|[13] (AQGkhich has spatial mode sizes
typically an order of magnitude smaller than in conventlditeers, resulting in much higher
nonlinearity. Combined with appropriate phase-matchimgditions, SFWM in PCFs has en-
abled very bright polarization-entangled photon-pairrses (even after aggressive spectral
filtering) operating at room temperature [14]. However,B@F source still has outstanding is-
sues. Most significantly, the performance of PCF sourcdsrsiubm low extraction efficiency;
losses are typically high when the pairs are to be prepatedimwell-defined bandwidth with
a useful single spatial mode.

In this paper we report an improvement ofxd4or the extraction efficiency, compared
to earlier implementations of PCF sources![15, 16]. This amabled by incorporating sev-
eral novel (and simple-to-use) elements, including empavtad PCFs, high efficiency reflection
Bragg gratings and high transmission band-pass filters h@@rbasis the quality and spectral
brightness of single-mode photon-pair SFWM sources arefgigntly improved. The photon-
pair purity of the source, determined using the second amieelation function (6)(0)), was
measured to be as small as 0.0055. When the source is usetkt@tgepolarization-entangled
photon-pairs, the fidelity (to a Bell state) and tangle arasneed to be 97% and 92% respec-
tively. Indistinguishable photons have also been heraltedetection of their twins, which
exhibit a high level of indistinguishability via the demaragion of a 82% raw visibility Hong-
Ou-Mandel interference dip.

2. Photon-pair purity

To simplify the discussion, and as the basic theory of SFWaidia fibers has been well de-
scribed previously [17], we begin by describing our expental parameters.

2.1. Efficient extraction of photon-pairs

In our photon-counting experiments (fig. 1), we work with R@&rgineered to be polarization
maintaining along two principal axes. To maximize the noadir gain, the pump polarization
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Fig. 1. (Color online) Layout of first experiment for pumpiad® CF and collecting photon-
pairs. Photon-pairs are detected via a start-stop coincéleircuit. Reflection Bragg grat-
ings separate signal and idler from the pump. Using two iggatper arm suppresses the
pump light by up to 180 dB.

is aligned with the axis which exhibits higher nonlinearityis configuration also enables the
generation of co-polarized photon-pairs.

The PCF we use has a length of one meter and a nominal zerasi@p&avelength of
74545 nm. The core diameter of the PCRislum, but the diameter at the ends were expanded
to 15 um by collapsing the fiber structure over a length offs. To reduce the influence of
uncorrelated single photons due to Raman Scattering, thg puavelength is tuned to 741.7
nm, which is slightly blue-detuned compared to the zerpetlision wavelength [18,16]. This
improves photon-pair purity without much loss in the pawmghiction rate.

The pump is a pulsed Ti:Sapphire laser (repetition rate d¥iHz, and pulse duration of 8
ps). Phase matching results in the peak of the signal andvidieelengths being at 690.4 and
801.2 nm respectively. After spectral filtering, photoreseollected into single-mode fibers and
detected by Si avalanche photo-diodes (APDs). Electrdgitats from the detectors are sent
to a start-stop data acquisition system for coincidenceitmang (5 ns time window).

The ends of the PCF are not anti-reflection coated resulting eémission efficiency of
Ntiver = 96%. The collapsed fiber ends, with their resulting largercap modes, allow the
use of simple and inexpensive aspheric lenses (NA=0.25suned transmission efficiency
Niens = 98%) to couple light into and out of the fiber, rather than higagnification micro-
scope objective$ [15, 18]. To select the photons in the smymhidler channels within a narrow
spectral bandwidth, and to reject the pump, reflection Bgagtjings are used (two gratings per
channel). The measured suppression of the pump with a simgtang is~ 90 dB, giving a
combined suppression of 180 dB. Typical pump powes it mW; at this level the combined
suppression results in a negligible pump presence at thesA®inhpared to the photon-pair
count rates of several thousand per second.

The full-width-at-half-maximum (FWHM) for the signal filtés of 0.17 nm and to maximize
the collection of all correlated photons, the bandwidthdéar photons must be at least 0.23 nm.
To meet this requirement and to allow for a 0.1 nm pump bantthwitie idler filter bandwidth
is fixed at 0.3 nm. The measured peak grating reflectancegsridhan 98%. However, the
photon-pairs are carved from a broad SFWM spectrum, andgérwatively) assuming that the
filters have a Gaussian band-pass profile, the averagegdticiency,ngrating, is 87%. Using
two gratings in reflectance leads to a combined efficiencyggjtmg = 76%. All transmitted
light suffer~ 10% scattering losses within the grating.

The single spatial mode is defined by the single-mode cadledibers. To maximize the
detection rate of highly detuned photon-pairs, the fiberptiog efficienciesfcoupiing for the
signal and idler wavelengths are matched at 50%. This effigishould increase with the
use of mode-matching optics such as cylindrical lenses aersophisticated adaptive optics
techniques that have demonstrated 97% coupling efficieatyden single-mode fibeis [19].

These values determine the single photon extraction effigid-or signal photons, this is



Table 1. Extraction efficiencies for different PCF sourc@surce[[15] used grating-based
spectrometers for spectral selection, wHile [16] usedrdichmirrors and bandpass filters.
Photon-pair detection efficiency of the end-tapered sasrté times larger than previously
reported implementations [15,116].

Efficiency (%)
Our source Source:[[15] Source:[[16]

signal idler | signal idler | signal idler
Nfiber 96 96 96 96 N.A.
Niens 98 98 75 70 N.A.
spectral selection eff. 76 68 16 27 N.A.
Ncoupling 50 50 53 58 N.A.
extraction eff. 36 32 6.1 11 N.A.
Ndet 60 50 60 50 N.A.
Single Photon Detection Eff. 22 16 3.7 55 5.0 5.0
Photon-pair Detection Eff. 3.5 0.2 0.25

Nsignal = ncoup|mgn§ratmgn|ensnfibe, = 36% , whereas for idler photons (which suffer the addi-

tional scattering l0sS)igier = 0.9 x ncoup|ingn§ratmgn|ensnfiber = 32%. The overall photon-pair
extraction efficiency isffsignafidier =) 12%, which is higher than previous implementations
that used microscope objectives]|[15], inferred to be 0.7% .

The single photon detectors have detection efficiencjgs, of 60% at 690.4 nm and 50%
at 801.2 nm. The single photon detection efficiency for digretons is 22% and for idler
photons is 16%. The maximum coincidence-to-singles ratladh is a gauge of single photon
detection efficiency) is 10% due to the presence of uncde@lsingle photons.

Putting all the efficiencies together, we find that in our ngode pair source approxi-
mately 3.7% of all generated photon-pairs are detected iBhsubstantially higher than the
collection efficiencies of previous implementations theliaved efficiencies of 0.25% [116]
and 0.21%[[15] respectively (Table 1).

2.2. Measured purity

Higher pair detection efficiency, together with the narroaedected bandwidth, enables a high
purity photon-pair source. The photon-pair purity is impat as it determines the background
(caused by erroneously identified pairs) limiting the ubeiibility in experiments. This purity
can be estimated using either the coincidence-to-acattemattio (C/A), and from the second-
order correlation functiog(® (0) [20]. C/A is commonly used [11,12] because the accidentals
rate is a direct estimate of the background level. The C/Aipaters can be obtained directly
from two-fold coincidence measurement setups such as thindiv.[1.

To determine the C/A, it is necessary to estimate the rateciflantal coincidences. To a first
approximation, the rate of coincidences between diffgqpanip pulses is a good estimate of the
accidentals rate. Our start-stop acquisition system letsionitor coincidence and accidental
counts simultaneously. The observed C/A on pump power (atetted pair rate) for our PCF
is shown in fig[2 (a).

The second-order correlation function is a direct meastiteeqpresence of multiple photons
(per pulse) in the signal and idler channels. When therelisame pair per pulseg'® (0) = 0;
in practice this is never achieved because of detector darkts. A semiclassical theory of
light establishes a lower limit of 1 for thg?) (0) of classical coherent light sourcés [20]. Thus
we would expect that thg(? (0) values for our source would lie somewhere between 0 and 1,
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Fig. 2. (Color online) Two measures of photon-pair puritye toincidence-to-accidentals
ratio (C/A) andg(? (0). (a) Photon-pair purity dependence on the detected pair ¢t
g<2)(0) againstraw spectral brightness. The inset indicates the detecti@angement for
obtaining theg(2>(0). The signal photon acts as a herald, while the idler photoasent
into a polarization neutral 50:50 beamsplitter. The ratéhode-fold and two-fold coinci-
dences determine the valuegs? (0).

when operated with low pump power.

In the measurement scheme for this (inset offfig. 2 (b)), ther johotons are incident on a
50:50 fiber beamsplitter whose output ports are sent to AFBs.detector in the signal arm
acts as the herald for a three-fold coincidence. Followisigrale model described i [21], the
correlation function is

4C12Ly

g?(0) = C12+C1a)? (2)

where the three-fold coincidence ratedsys, the rate of signal photons ;, and the two-
fold rate between signal and idler detectors@igandC,3, The three-fold coincidences were
detected with an electronic circuit based on FPGA technoj2g]. The measured correlation
values (fig[2) are much less than 1 signifying the nonclaésiature of the emitted light.
Figure[2 (a) links photon-pair purity with the detected pate. From the figure, a detection
rate of 45 pairs st (~ 0.05 mW) hagy®(0) = 0.007+ 0.005, and a C/A = 900 (C/A- o for
no background accidentals). When pump power is increase® tom\W, the detected pair rate is
3,800 pairs st, g@ (0) = 0.03+0.001 and C/A=100. For comparison, a very good photon-pair
source based on SPDIC[21] exhibitg'& (0) of 0.001440.0003, with a count rate of 350 pairs

Table 2. Selected data points from fig. 2 (b) for compagf?g(O) values between differ-
ent sources. Increasing the pump repetition rate, but kggpéak pulse power constant,
it should be possible to increase the pair production ratdéewhaintaining the level of

g?(0).
g2(0) Detected Rate  Bandwidth Spectral Brightness
(pairs s™?) (nm) (pairs sthmmw1)
our Source 0.007+0.005 45 0.17 5,300
0.03+0.001 3,800 0.17 44,700
Source([[15] 0014+ 0.002 350 0.9 7,800
Source[[21] (00014+0.0003 350 6.9 32
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Fig. 3. (Color online) Schematic of the polarization-eigiad photon-pair source based on

a 9@ twist of the photonic crystal fiber. The PCF is pumped in bdtealions. A single
Bragg grating (BG) selects for each of the signal and idlersuppress residual pump
light highly transmissive ¥ 99%) bandpass (BP) filters are used. The entangled state is
analyzed using a combination of quarter-waQe and half-wave %) plates together with

a polarizing beam splitter (PBS).

s1 and bandwidth of 6.9 nm. To compare spectral brightnessdmtgources, the pair rate
is often normalized to pump power and collected bandwidfter&Ahis normalization, theaw
spectral brightness of our source (at 0.5 mW) is 44,700 ggainsn mW) 2 (fig.[2 (b)). Selected
points from fig[2 (b) are presented in Table 2.

3. Polarization-entangled photon-pairs

Here, we characterize a polarization-entangled pair gohuilt around an end-tapered PCF.
This is done by using a coherent superpositioftif) and|VV), where|HH) and|VV) rep-
resent the horizontal and vertical polarization stateshotpn-pairs. Such a superposition may
be generated by placing the PCF in a Sagnac loop as reporfied, ib6)] (fig.[3).

To generate the orthogonal polarization states, only oimeipal axis of the PCF is pumped
from both ends. The axis at one end was aligned to match witHtloutput of a polarizing
beam splitter (PBS). The PCF was twisted so that the axiatation at the other end is matched
with the V output of the PBS. The extinction ratio of a PCFdzhSagnac loop is better than
200:1. Light from the pulsed laser is split by the PBS and paithp PCF in two directions. By
controlling the polarization of the pump (and hence itstiplj ratio at the PBS), it is possible
to balance the pair production from both outputs of the PCfs 15 necessary because the
photon-pair production rates for the two pump directiores raot equal (byx~ 20%), despite
having the same level of inserted pump power (most probaldytd non-uniformity in the
PCF).

The recombination of light from both ends at the PBS genertdie superposition gHH)
and |VV), producing a polarization-entangled photon-pair stateng only a single Bragg
grating for each wavelength, we are able to separate theedesignal and idler photons from
the rest of the light output. Sufficient suppression of puigptlwas achieved with the help of
an additional bandpass filter. These filters are centered®@mé (FWHM= 12 nm) and 692
nm (FWHM = 40 nm) respectively, both having a measured transmissiaiegicy of 99%
and a box-like spectral selection profile.

The polarization-entangled state can be completely ckeiaed by quantum state tomog-
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Fig. 4. (Color online) (a) illustrates the concept of minimad optimal tomography for

an unknown Stokes vector. (b) is a graphical representafitime density matrix obtained
using minimal and optimal quantum state tomography. Thigpasd of the matrix is on the

left; the imaginary part is the right. The magnitude of thenponents in the imaginary part
are less than 0.013. The fidelity to tihe Bell state is 97 1%.

raphy. We used a tomographic technique that is known to bémalrand optimal([2B]. The
key point of this technique is that the polarization statégift is described by a Stokes vector
which has only three independent variables [24, 25]. SuctokeS vector can be illustrated
on a Poincare sphere (figl 4 (a)). The direction and magnitfidey Stokes vector is com-
pletely determined by its overlap with four other referemeetors in the sphere. In contrast,
standard polarimetry requires six overlap measuremgsls [f2was further shown that when
these reference vectors define a tetrahedron in the Poisplere, the characterization rate
is optimized [[23]. Hence, characterization of single pmopmlarization states requires only
4 projective measuremenis [27]. This is of particular int@oce when considering N-photon
states, where the number of projective measurements go@s[&8], in contrast to standard
polarimetry that grows as\6

To characterize our photon-pair state, we needed to moh@meparate two-fold coinci-
dences. This was done by projecting the signal photons séglig onto the 4 reference polar-
izations states; the reference states were prepared hingothe half-wave and quarter-wave
plates (fig[B) to the angles described[in][25]. For each ptinje state of the signal, the idler
photons are also projected onto the same four referen@sstatthis way, we obtain the 16
combinations of coincidences that are sufficient to obtgih@ton-pair Stokes vector that can
be converted into a density matrix]28].

The source is typically operated at room temperature withumgp power of 1 mW (be-
fore the PBS), and the detected pair rate-ig,800s 1. The detected rate is lower than with
a single pump direction setup because the spatial mode sliape the two fiber ends are
slightly different, causing additional loss in couplingarsingle-mode fibers that define the
useful spatial mode as well as transmit light to the APDs. dé&esity matrix of our photon-
pair state (at 1 mW of pump power andthoutcorrecting for accidentals) is reconstructed and
shown in fig[#% (b). The fidelity of this density matrix to the xiraally entangled Bell state,
P = %2 ([HH) —|VV)), is 97+ 1% (error propagation assumes a Poissonian noise model and

standard error propagation is used). The tangle is one meathquantifying the degree of
entanglement, and from our measured density matrix thddasmépund to be 92 2%.
4. Heralded indistinguishable single photons

Another possible use of the end-tapered PCF is to act as eesofineralded indistinguishable
single photons. We note that a single PCF that is pumpedréétithnally acts effectively as
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dip. The signal photons act as heralds for the idler photBosinterference to take place,
the idler photons are all set to the H polarization. (b) Theesbed HOM dip at approxi-

mately 1 mW of pump power in each arm of the PCF. When correfcieaiccidentals, the

HOM dip is compatible with unit visibility.

two sources of heralded single photons (similar to some SEXp@riments where a nonlinear
crystal is pumped in two directions [29]). When combinedwiite spectral filtering described
in previous sections, the idler (and signal) photons gdadritom either end of a PCF are
effectively indistinguishable. We demonstrate this featwy performing the classic Hong-Ou-
Mandel (HOM) photon interference experimentl[30].

This experiment (fig[15(a)) is a modification of the setup tvas used to generate the
polarization-entangled pairs. Here two pairs of photonsewsollected, one pair from each
output of the PCF. Using the FPGA-based counting systemhkeall rate of four-fold coin-
cidences was monitored. To act as heralds for their resqgeidlier partner, the signal photons
were split off via a PBS. The idler photons were also sentufhoa PBS to identify their
polarization. Idler photons leaving from the V-polarizeattpof the Sagnac loop were rotated
with a half-wave plate to become identical in polarizatioithwthe photons leaving from the
H port. The photons are then interfered on a 50:50 beanmapliibr maximal spatial overlap
of idler photons at the 50:50 beamsplitter, there is a singbele fiber between the grating and
the first PBS in the Hong-Ou-Mandel setup. The degree of teahpoerlap between the idler
wavepackets was controlled by moving a retroreflector tasidhe path delay. The rate of
four-fold coincidences is recorded against the positiothisfretroreflector.

The main source of noise in this measurement is multiple gaireration from a single
pump pulse causing a background that reduces the visilofithe HOM interference. The
background rate can be determined by sequentially blockagh input port of the 50:50
beamsplitter, and adding up the remaining four-fold caleaices. At 1 mW of pump power
(9@ (0) ~ 0.08 and C/A~ 30), the average rate of four-fold coincidences wa6.03 s 1.
These are comparable with some of the brightest four-foldaidences reported via SPDC
(0.004 s1 [B1])) or SFWM (Q04 s ! [18]).

When the idler photon wavepackets had maximal spatial aped dip was obtained in the
raw four-fold coincidence rate with a visibility of 826%. When the estimated four-fold acci-
dentals rate 0.005 s 1) is subtracted, we find that the dip is compatible with unsitviity



(fig.[B(b)). This result indicates that by operating at lowemp power (but requiring longer in-
tegration times or higher repetition rates), it is possibleerald purely indistinguishable single
photons.

5. Conclusion

We have reported on a substantial improvement in buildifmghlber and more compact sources
of single-mode photon-pairs using photonic crystal fib€hés improvement was brought about
by the use of end-tapered PCFs and novel spectral filterstiilesd the photon-pair emission
characteristics of a pulse-pumped end-tapered PCF, asériezl the dependence of count
rates and noise on pump power.

It was observed that a relatively high photon-pair couné @800 pairs s1) could be
obtained with a low level of background noisg'¥(0) = 0.03). The combination of high
count rate and low background noise makes it possible tal bwight sources of high quality
polarization-entangled photon-pairs by placing the PC& Bagnac loop. Another advantage
of the bi-directionally pumped Sagnac loop is that a singl& Ran act aswo sources of her-
alded single photons, that are essentially indistingdiEhaur source is (spectrally) brighter
while at the same time displaying better photon-purityjstidguishability and polarization-
entanglement quality compared to previous implementatdfiber-based photon-pair sources
[14,[15]16].

One direction of current research is to use PCE5[[33, 34 ,B§¢herate factorizable states,
which in principle, can remove the need for spectral filtgrim [35], a custom PCF was used
to generate nearly factorizable states, allowing a fold-fate of 0.3 s to be achieved. The
combination of factorizable states, end-tapers and maakehing optics could lead to sources
with even higher levels of detected pair brightness. Funiloee, PCFs in such arrangements
need not be limited to photon-counting experiments siniedtso possible to use end-tapered
fibers to generate squeezed lightl[36, 37]. Together, thessillities highlight the potential of
end-tapered PCFs as a source of non-classical light.
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