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1. Introduction

Quantum correlated photon pairs have been a critical ressdor quantum information pro-
cessing (QIP). For the QIP protocols, such as entanglemeaqmng, quantum teleportation,
generation of GHZ states, and quantum computing etc, thatgomstate manipulation de-
pends on quantum interference among different photon airces [1, 2, 3, 4]. To obtain
high visibility in interference, photons originated frorifferent sources must be identical in
their spectral, spatial, polarization and temporal modeghat it is impossible to determine
their origins [5, 6]. So far the workhouse for implementirg tvarious QIP tasks has been
entangled photon pairs produced by parametric down caive8DC) inx (2 nonlinear crys-
tals [7, 1, 2]. Due to the independent nature of the down-edad fields, stationary fields
cannot be used unless the coherence length of the fieldsgerdman the temporal resolution
of the detectors [8, 9], which is usually of the order of 4®s. Therefore, an ultrashort pulse is
often used for pumping the PDC, because the timing provigetdultrashort pump pulse can
overcome the problem of slow detector [6]. However, a probégises when the widely used
x@ nonlinear crystal is pumped by a broadband laser. Becaute abmplicated dispersion
relationship iny (? materials, the down-converted fields are not transfornitdicheven though
the pump field is [10]. The incoherence in the down-convefildlds makes the high visibil-
ity in interference between independent fields impossihiteaut using optical filters to clean
the modes, which will reduce the count rate significantlyisTiroblem can be solved to some
extent by properly tailoring the dispersive propertiesha (2 crystals [11]. However, it is
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difficult to implement in the general sense because of thigdtion of thex (2 materials.

Recently there are growing interests in developing theouarfiber-based entangled photon-
pair sources [12, 13, 14, 15, 16, 17], because of the inhecenpatibility with the transmission
medium, the excellent single spatial-mode purity, and sebabnlinear vs. loss figure of merit
over thex@ nonlinear crystals. Although Raman scattering (RS) mayatigthe fidelity of
such sources [18, 19], it can be significantly suppresseablng the dispersion-shifted fibers
(DSF) [20, 17], by pumping a microstructure fiber (MF) in themal dispersion region [21],
and by pumping the optical fibers with a pulsed pump [16]. Afram the experimental pro-
gresses [12, 13, 21, 14, 15, 16, 17], theoretical modelsyaingl the fiber based two-photon
state for the pulsed pump in the normal and anomalous dispersgions, respectively, had
been successively investigated [22, 23]. Moreover, GRalyaett [24] et al. have theoretically
studied photon pair-state preparation with tailored spéptoperties by spontaneous four-wave
mixing (FWM) in MF, showing the flexibility of engineering gisrsion in MF can provide
a possible solution to generate two-photon state with ipespectral correlation suitable for
QIP. However, comparing with itg(? crystal counterparts, the characteristics of 2 based
fiber source, such as the spectral and temporal mode pepeftivarious fiber sources, have
not been fully explored.

In this paper, the spectral property of fiber based photors pginvestigated. We focus our-
selves on the case in which the DSF is pumped by a pulse withegicio of a few picoseconds.
We first theoretically analyze the spectral property of ilgaa and idler fields by studying the
non-degeneratg(®-based two-photon state in DSF [22]. In the derivation oftthe-photon
state, the magnitudes of the pump, signal, and idler waeesxeare expanded around the pump
central frequency up to the third-order dispersion, rathan only to the second-order disper-
sion as presented in Ref.[22]. The calculated results shawittis possible to make the phase
matching function of FWM ineffective in its correspondingnjpspectral function by properly
managing the parameters, such as the central wavelengiimgd,ghe detuning between the
signal (idler) and pump photons, and the pump power etc. \&e ¢éxperimentally investigate
the spectral property of the two-photon state in DSF by m@agthe true coincidence of sig-
nal and idler photons as a function of the central wavelengifignal photons when the pump
and idler photons with fixed wavelengths are set in seveffdrdint ways. The experimental
results agree with the theoretical prediction. The ingesion is useful for developing fiber-
based sources of entangled photon pairs and for studying-pihdton quantum interference
with multiple photon pairs.

2. Theory

When the central wavelength of the pump pulses is in the armrsalispersion regime of DSF,
the FWM parametric process is phase-matched and the pritpabspontaneous FWM is sig-
nificantly enhanced. In this process, two pump photons augecyw, scatter through the
Kerr (x®) nonlinearity of the fiber to create energy-time entanglgdal and idler photons at
frequenciesus and w, respectively, such thaiu = ws+ w. Because of the isotropic nature
of the Kerr nonlinearity in fused-silica-glass fiber, thengeated correlated-photons are pre-
dominantly co-polarized with the pump photons. We assuratttie pump, and the signal and
idler modes are linearly polarized and propagating inzttigection, which is parallel with the
fiber axis. The state vector of signal and idler photon pdoutated by means of the first-order
perturbation theory can be written as [22]

0
|W(ws@)) = A / dt / dzE{ 7 (t,2E 7 (t,2E5 (t,2E5 (t,2) | 0), 1)
L
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where

E{ ) (t2) = / daxal e ez ast) (2)
and

Ef*)(t,z):/dma,*e—‘("iz—‘*m ®)

are the negative electric-field operators of signal and i’tiﬂadﬂs,a;(i) andky;) are the creation
operator and wave-vector for the signal (idler) mode, retyay. The coefficienA in Eq. (1)
is a constant related to specific experimental details, aisdhe fiber length.

The positive-frequency electric field operator of puEﬁ)(t,z) in Eq. (1) is taken to be
a classical narrow pulse, having a Gaussian spectral gye/ekor the fiber with a length of
hundreds meters, its propagation loss can be neglectedefdhe the self phase modulation
(SPM) of pump can be included in a straightforward manne}. [22

E'(:,H('[,Z) _ efio.)potefinpz/dQpefQ%/Zogei(kpzprt)7 4)

where wyyo is the central frequency of pump pulss, is the optical bandwidth of the pump,
Py is the peak pump powekp, is the wave-vector of pumgy,is the nonlinear coefficient of the
optical fiber, and2p = wp — wWpo.

Substituting Egs. (2)-(4) into Eq.(1) leads to the follog/fiorm of state vector

| Wlen,a)) =g [ das [ daF(es )| @) | @), ©®)
x P,
gl Ta (6)
9 i i \2
Flws @)= / dz ?Xp{_mk.z_,,zwppz} eXp{—(Qs:a?') } @)
L \/1—|k”0§z— 5K (Qs+Qi)zo? P
Ak = kZ(QS—Qi +A)2+§A2(Qs+9i), 8)

whereg is a constant associated with the experimental detaily, and| w) are single-photon

signal and idler states in which the photons are presenequéncyws and w . The function

F(ws, wy) is called the two-photon joint spectral function, which isportional to the probabil-

ity amplitude of two-photon detection at andw . The wave vector mismatakk is calculated

by using the Taylor expansion &f,s; aroundwyg up to the third order dispersion. The term
" de

= 402 |w:wpo is the second order dispersion at the central frequency wippwhich can

2
be obtained fronk’ = —%Dsmpe(/\po —Ao), whereAg is the zero-dispersion wavelength of
the DSF,Dgjope= 0.075 ps/(nm-km) is the experimental value of the dispersion slope in the

" 2 . . . .
vicinity of Ag. The termk = (g—g‘é)zDsmp@s the third order dispersion aipy, A = wyp — Wo
is the central frequency difference between signal and fiéds, andQs and Q; are related
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to ws and wy by Qs = ws— wyp andQ; = w — wo. In terms of the mathematical structure of
the two-photon spectral function, we note that the secoderadispersion terrk’, the third
order dispersion terrk”, and the SPM ternyPyz play important roles in shaping the two-
photon spectral functioR (s, ). In contrast, the third order dispersion term and SPM term
are virtually nonexistent in thg(?-generated two-photon states.

Itis well known that for a pump pulse with a central waveldngjbse toAg and a duratioy
of a few picoseconds, if the fiber length L is of the order of dnenls meters, the pulse broad-
ening due to group velocity dispersion (GVD) and third ordiepersion can be neglected [25].

2 3
This is because the fiber length satisfies the relatibrs: T L< % Therefore, the pulse

k7//||
broadening factor A\/l—ik”agz— 3K (Qs+Qi)z03 in Eqg. (7) can be approximated as 1.
Then the spectral functidf(ws, ) is simplified as

F (e, @) = expliL (5 + yRy)] (s, ) p(s, ). ©
with
2
a(ws,m) = exp[—%] (10)
p
) k//L 2 ///L 2
(a5, @) = sinc[—=(Qs = Qi +8)" + = A%(Qs+ Qi) + yPpL] (11)

The mathematical structure of the actual parameter of tiefanction in Eq. (11) is compli-

cated, however, the second order dispersion t%n(]Qs— Qi +4)? and the SPM ternyP,L
can cancel out each other when the central wavelength ofiimg pulsel o in the anomalous
dispersion region of DSF is properly optimized 4001)0 — wo| < A. Under this condition, we

havep(ws, W) ~ sinc["l—gAz(Qer Qj)], here the actual parameter of the sinc function, « )
is the sum of the frequenci€¥s andQ;, which indicates the sinc function has the property of
exchange symmetryp(ws, @) = @(w, ws).

Equation (9) shows that the shapeBf ws, m)\z, proportional to the two-photon joint spec-
tral correlation of photon pairs, depends on the functier(gos, ca)|* and| (e, @ )|?, which
are determined by the spectrum of pump field and the phasénimgtcondition of FWM, re-
spectively. To understand the relationship betwigus, a)|%, |a (s, )| and|@(cs, @)|?,
it is instructive to examine plots of these functions indisally at various conditions. Fig-
ure 1 shows the envelop (e, w)[® for the pump WithApp = 1541 nm and full-width-
half-maximum (FWHM) of 1nm §¢,/2m = 75 GHz). Since the argument o (s, 0)|? is
the sum of the frequencig€gds and Q;, the function has constant value along lines defined by
Qs+ Q; = const namely,ws + @y = const which reaches its peak value at every point on the
line ws+ w = 2wpo. The graphical representation in Fig. 2, (a), (b) and (c)tleesinc func-
tion | @( s, m)|2 in DSF withAq = 1540 nm and/P,L = 1 for the frequency differena/2m=
2.17THz, 267 THz, and 3L8 THz, respectively. For each frequency differefActhe frequency
of the signal and idler photon pairs satisfying the relaiyn= Qs = 0 is labeled by a cross-
hairs. ForA/2m= 2.67 THz, the sum of the second order dispersion term and SP&giIgbly

small, so that the sinc function can be approximategi(@as, w ) ~ sinc[*;=A2(Qs+ Qj)]. One
sees that in the vicinity of the cross-hairs in Fig. 2(b), stép of the sinc function is about
the same as that of the exponential function in Fig. 1; whetlea strips in the vicinity of the
cross-hairs are shifted away from the liwe+ w = 2wpo whenA/2rtis not equal to B7 THz,
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Fig. 1. The envelope of the functiqmr(ws,oq)|2 for the Gaussian shaped pump pulse,
whose central wavelength and FWHM are 1541 nm and 1 nm, resgdgctivehis and
subsequent figures, the two axes represent the signal and idleefirggs, although as an
aid to the reader, the frequencies have been converted to waveleftgttsymmetry line of
the function|a (aws, @ )| can be defined by + @ = 2w, i.€.,Aj = AsApo/(2As — Apo).
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Fig. 2. The three top plots are the envelopes of phase-matching fungtias, «)|?, the
frequency (wavelength) differend®/2m in plots (a), (b), and (c) is.27 THz (1716 nm),
2.67THz (2116 nm), and 3L8 THz (2516 nm), respectively; the three bottom plots are
the normalized joint spectral intensitfy (cos, a )|? for spontaneous FWM in DSF, the fre-
quency (wavelength) differenct/2m in plots (d), (e), and (f) is 27 THz (1716 nm),
2.67 THz (2116 nm), and 318 THz (2516 nm), respectively. The solid line in each plot
is the symmetry axis of the exponential function s, oq)\z; the cross-hairs in each plots
corresponding t®; = Qs = 0. The parameters in Eq. (11) axg¢= 1540 nm)y =2 /W-km,

L = 0.3km, Dgjope= 0.075 ps/(nm-km), Apo = 1541 nm and/PylL = 1.
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as shown in Fig. 2(a) and (c), respectively. Figure 2(d)ate) (f) are the normalized joint spec-
tral intensity|F(wS,oq)|2 corresponding to Fig. 2(a), (b), and (c), respectivelys Itlear that
the spectral property of the functidh (s, m)\z highly depends on that of the sinc function
o(ws, @).

To obtain an unabridged understanding of the spectral fiomét(ws, o) , it is useful to
study the conditional spectruly;)(w) of the individual signal (idler) photon wave packets for
a given Gaussian shaped filter with widih at the idler (signal) field

Q? Q2
i(s) i(s)
o .
§i)(Q) = /in(s)e 6 |F(ws,@)?= /in(s)e o |a
It is worth noting when the paramete®s andQ;, associated with the bandwidths of signal
and idler fields, are much less thAni.e., |Qg|,|Qi| < A, and the sum of the second order
dispersion term and SPM term in the functipfws, w) (see Eg. (11)) is negligibly small, the

sinc functiong(ws, ) in Eq. (12) can be approximated to the Gaussian functiom(gihz

e 79 wherep = (KL /8)A2(Qs+Q;), andl” = 0.04822. In this case, the conditional spectrum
Si)(w) can be expressed as

(s, @)p(ws, @)’ (12)

Q%14 o (K"LA?/4)?)
203 + 0% + T 030 (K"LA? /4)2

Sy (Q) = g exp(— (13)

whereg' = \/Znaoap/\/ZUg + 08+ 0308L2(k"\?/4)2. Equation (13) shows that the con-
ditional spectra of the individual signal and idler photoawe packetS;(w) and S(w), are
identical. Moreover, if the conditioopk”LA? /4 < 1 is satisfied, we have

. V2naogoy Q2

exp—
2 2
\/ 208+ 0¢ 205+ 0o

Equation (14) shows;)(Q) only depends on the bandwidth of pump and that of the filter
placed in idler (signal) field, which implies the sinc fumetip(ws, ) in Eq. (12) does not
play a role. We note that the required conditiofs|, |Qi| < A andopk”LA? /4 < 1 are prac-
tically realizable. For example, the signal and idler phatairs at telecom band, with the fre-
quency differencé/2m = 1.8 THz (15 nm) and bandwidtty /2T = 25 GHz, can be obtained
by pumping 300 m DSF with a pulsed pump and by using the offstidf filters, such as fiber
Bragg-grating filters and fiber-pigtailed wavelength-gien-multiplexing filters. For the pump
pulse with a bandwidtiwy, /2= 100 GHz, we haverpk”LA?/4 = 0.13 < 1.

Knowing the special conditions under which the sinc functigf{cs, ) has the value of
about 1 and can be viewed as nonexistence, we investigatéohaeduce the spectral property
of the spectral functiof (ws, «) in the whole range of the frequency differentsdrom the
function &) (Q). Assuming the bandwidth in idler fieldy is much less than that of the pump
Op, S0 thatQ; ~ 0 is valid, then the trait 0&(Q) can be found by projecting the joint spectral
intensity|F (s, @ )|? onto theas axis for a given frequency differende Under this condition,
we have

S(Q)=S(Q)

] (14)

2

Q 2 ) //L ///L

S(Qs) O[F (ws, @) > = exp(—ﬁ) S'nc[?(Qs‘*‘A)Z + EAZQﬁ' yPol ] (15)
p

Equation (15) shows the spectral propertysgfQ) depends on that 9F (s, aq)|2. To charac-
terize the spectral functioiff (e, a )| within such a range where the gain of FWM is observ-
able, we plot the sinc function and joint spectral intenéitiyction for three different settings
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spectral intensit;,{F(ws,oq)|2 (b, d, f) under the assumptioR; = 0. The zero disper-
sion wavelength and dispersion slope of the DSFXre= 1540 nm anDgjgpe = 0.075
ps/(nnf-km), respectively. For (a) and (b), the central wavelength of pungh 3PM
term areApg = 1541 nm and/Ppl = 1, respectively; for (c) and (dj}y0 = 1541 nm and
yPoL = 0.5; for (e) and (f),App = 1542 nm and/P,L = 1. In the plots (a), (c) and (e), the
solid line is the symmetry axis of the corresponding exponential fun¢tiows, cq)\z, and
in the vicinity of the cross-hairs, whose corresponding frequencgréifice ig\g, the sum
of second order dispersion term and SPM term in Eq. (15) (and E}).i€ldegligible.
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of the pump central wavelength and SPM in Fig. 3. Keeping éteted parameters the same
as those in Fig. 2, we plot the shape of the sinc function asetifin of the frequency dif-
ferencel, as shown in Fig. 3(a). Figure 3(b) is the resultant jointcg@ intensity function.
Figure 3(c)—(f) are the same as Fig. 3(a) and (b), exceptdgn¥c) and (d), the SPM term
yPpoL = 0.5; whereas in Fig. 3(e) and (f), the central wavelength of pagy = 1542 nm. One
notes that for all the three cases, the strip of the sinc fomds not a straight line, its orientation
is about parallel to that of the exponential function whea fitequency differenceA around
the cross-hairs in Fig. 3(a), (c) and (e) are within a spetii@mge, depending oy, v, Py, 0p,
and the dispersion properties of the fiber. The cross-haifggy. 3 correspond to the frequency

differencerg = |/ —8yP,/K’, wherein the sum of the SPM and second-order dispersiorsterm
in Eqg. (15) and Eq. (11) is vanishingly small. Comparing thesin Fig. 3, we find: (i) for a
fixed Apo close toAg, when the pump power decreases, the frequency differspdecreases,
and the spectral range within whith( cs, oq)|2 exhibits spectral symmetry broadens; (ii) for a
fixed value of SPM, when the deviation &fy from Ag decreased)g increases, and the spectral
symmetry range ofF (s, «)|® broadens.

3. Experiment

We experimentally test the above theoretical analysis liyguthe experimental setup shown
in Fig. 4. Signal and idler photon-pairs at frequend@sand w, respectively, are produced
in 300m DSF by a pulsed pump. The zero-dispersion wavelehgthf the DSF is about
1539+ 2nm. The efficiency of spontaneous FWM in DSF is low becaushefélatively low
magnitude of Kerr ¢(®) nonlinearity. To reliably detect the scattered photoitspa pump to
photon-pair rejection ratio in excess of 100 dB is requifids is achieved with a filter Fby
cascading a free-space double-grating spectral filter (@&t provides a pump-rejection ra-
tio in excess of 90 dB [13] with a tunable filter (TF) (SantetNB30M-03D) and a 40-channel
array-waveguide-grating (AWG) in signal and idler band (Siee 4), respectively. Both the TF
and AWG can provide a pump rejection ratio greater than 40 ¢#iB.CEntral wavelength of sig-
nal channel can be tuned by properly adjusting the DGSF andrid-the central wavelength
of idler channel can be changed by adjusting the DGSF and dysitg the different channel
of AWG. The FWHM in signal and idler band isZbnm and B5nm, respectively.

The pump is a train of picoseconds pump pulses with a durafiabout 4 ps, which is spec-
trally carved out from a mode-locked femtosecond fiber lastr a repetition rate of 40 MHz.
Its central wavelength can be tuned from 1530 to 1560 nm. fieeae the required power, the
pump pulses are then amplified by an erbium-doped fiber asplEDFA). Before launching
the pump pulses into DSF, photons at the signal and idler lagth from the fiber laser that

Pump Out

Fig. 4. A schematic of the experimental setup; scattered signal and fdi&sns emerging
from the port labeled "Out” are detected; F, filter; G, grating; TF, tunéilbée; AWG, array
waveguide grating.
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leak through the spectral-dispersion optics and from thglified spontaneous emission from
the EDFA are suppressed by passing the pump through a 1ndwizith TF (Newport, model
TBF-1550-1.0) Ir, whose FWHM is about 1 nm. Single photon detectors (SPD, idaper-
ated in the gated Geiger mode are used to detect the signalanghotons. The 2.5-ns-wide
gate pulses arrive at a rate of about 600 KHz, which/i41of the repetition rate of the pump
pulses, and the deadtime of the gate is set to besl® suppress the after-pulse effect. The
electrical signals produced by the SPDs in response to tloerimg photons (and dark counts)
are acquired by a photon-counting system. Thus, singlets@uboth the signal and idler bands
and coincidences acquired from different time bins can berdened. The quantum efficiency
of SPD1 (SPD2) is about 10% (7%), with a corresponding datatprobability of 15 x 104

(2 x 10°) /pulse. The total detection efficiencies for both the sigmal idler photons are about
1%, when the transmission efficiencies of DSFJ0%), and E composed of DGSF 40%),
TF(~ 40%), and AWG £ 30%) are included.

We study the spectral property of our fiber source by meagutia true coincidence rate
as a function of the wavelength of signal photons when thegpand idler photons with fixed
wavelengths are combined in several different manners;iwiki equivalent to measuring the
conditional joint spectrum functio(Q) in Eq. (12). In the first experiment, the average power
of pump is about 0.4 mW (corresponding B,L ~ 1), the central wavelength of the pump
pulses is fixed at 15465+ 0.05nm, the central wavelength of the detected idler pho®fisad
at 153018+ 0.02nm, 153174+ 0.02nm, and 15330+ 0.02 nm, respectively. For each setting
of the pump and idler photons, we scan the central wavelesfgtfgnal channel and conduct
the photon counting measurement. At each wavelength, weune¢he single counts in both
the signal and idler channels, and record the coincideneedetween the detected signal and
idler photons. The true coincidence rate is obtained byraatihg the accidental coincidence
rate produced by the adjacent pump pulses from the coinoédeate produced by the same
pulse. For each set of data, after subtracting the Ramanilmatidn [18], the single counts in
both the signal and idler channel are about the same due $tetady-going detection efficiency
in both channels and the flat gain of FWM within the scanningelewgth range. The three sets
of data in Fig. 5(a) shows true coincidence rate vs. signakleagth in three cases. Each set of
data fits well with a Gaussian function, and their FWHM are alloeisame. The peaks of each

2.4 1535
* 1533.30 nm
41531.74nm (a)
= 1530.18 nm

-
o
T

1533 r

o
®
T

= Data
— Symmetry line

1531 ¢

True Coincidence Rate
(X10-5 /pulse)
Idler Wavelength (nm)

0 ‘ ‘ 1529 : :
1545 1548 1551 1554 1546 1548 1550 1552
Signal Wavelength(nm) Signal Wavelength (nm)

Fig. 5. (a) True coincidences versus the central wavelength of filjelinFsignal
band when the central wavelength of idler is fixed at 13381, 153174 nm, and
153018 nm, respectively. In the experimentyy = 154065 nm, and the average pump
power is about 0.4mW. The blue, pink and purple solid curves are fitheofGaus-
sian function f(A) = 2.12exfg—(2=3748)2], f(A) = 1.48exg—(2-15859)?], and
f(A) = 1.56exd—(2=15118)2] respectively. (b) Idler central wavelengths versus the
central wavelengths of the corresponding fitting curves. The solid lifieeteby A; =
AsApo/(2As — Apo) is the symmetry axis of the pump pulses.
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set of data and its fitting curve are different, the main reas¢he detection efficiencies of idler
photons are different, depending on the transmission effigi of the corresponding channel of
AWG. Figure 5(b) plots the central wavelength of idler phates. signal wavelength, which is
the central wavelength of the corresponding fitting funttibo show the characteristic of the
spectra clearly, a solid line satisfied with the relatipr= AsApo/(2As — Apo) is also plotted in
Fig. 5(b). One sees that all the three data points are sateosytihmetry line, indicating the
source has the property of spectral symmetry when the wagtilef the idler (signal) photon
is in the range from 1530nm to 153®nm (1551 nm to 15480 nm).

In the second experiment, we tune the central wavelengthmfppo 15417 + 0.05nm, and
make the same measurement at different pump power levéle Bxperiment, we measure the
photon correlation by fixing the central wavelength of therigghotons at 15374+ 0.02 nm,
153330+ 0.02nm, and 15388+ 0.02nm, respectively. At the pump power level of 0.4 mW
and 0.2 mW (corresponding ;L ~ 0.5), we obtain three sets of data for the three kinds of
experimental settings, as shown in Fig. 6(a) and (b), andat@) and (d), respectively. We find
each set of datain Fig. 6(a) and Fig. 6(c) fits well with a Geurs&inction, and their FWHM are
about the same at a certain pump level. The FWHM in Fig. 6(ajdemthan that in Fig. 6(c),
because the SPM induced pump pulse broadening increagetheiincreasing pump power.
At the lower pump level of 0.2 mW, taking the slight broadenai pump pulse due to SPM into
account, we find the FWHMs of the fitting curves, pump pulse aaditter in the idler band in
Fig. 6(c), which are about4 nm, Q9 nm, and 5 nm, respectively, satisfy the relation shown

2.4 1536

[0} + 1534.88 nm —
T = 1533.30 nm @) g
o ® 1531.74 nm =
[ORRr = L
o 16 S, 1534
o > 5
o a K
S o~ [
£ o é
8 k08 = 1532
® = [ — Symmetry line
[0}
=1 = + Data
= k=)
0 : l 1530
1545 1548 1551 1554 1547 1549 1551 1553
Wavelength (nm) Signal wavelength (nm)
6 1536
2 © 1534.88 nm =
& = 1533.30 nm ) £ (d)
o = 0 1531.74 nm % =
o B4y 5, 1534
o 3 S
o a 2@
2 2
S =2t ©
8% = 1532
o 5 — Symmetry line
2 5 < Data
= o h -
0 : 1530 : :
1545 1548 1551 1554 1547 1549 1551 1553
Wavelength (nm) Signal wavelength (nm)

Fig. 6. The same as in Fig. 5, excepgo = 15417 nm, and the central wavelength
of idler is fixed at 15388 nm, 15333 nm, and 15374 nm, respectively. In the ex-
periment, the average pump power is about 0.4 mW (in (a) and (b))OahdmW
(in (c) and (d)), respectively. The blue, purple and pink solid cuive&) are fits to
the Gaussian functiori(A) = 2.3exg—(A=351847)2) (1) = 1.64exg—(A=14997)2],
and f(A) = 2.15exg—(2=22142)2] respectively; the blue, purple and pink solid
curves in (c) are fits to the Gaussian functibfd ) = 3.92exp—(2=-55864)2], f(A) =
3.16exp—(A=355006)2] ‘andf(A) = 3.51exg—(2A=32%L78)2] respectively.
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in Eq. (14) [26]. In Fig. 6(b), the cross points of central wkangths of idler and signal are not
all sat on the symmetry line, some of them are below the lind the offset increases with the
increase of the frequency differenfg while in Fig. 6(d), all the three data points sit on the
symmetry line. The results agree with the calculated reswlhen the pump power decreases,
although the frequency differend® decreases, the spectral range within wHiéth,aq)|2
exhibits spectral symmetry broadens.

Comparing Fig. 6(a) with Fig. 5(a), obtained by using the puwith an average power of
0.4 mW, one sees the FWHM in Fig. 6(a) is slighter wider thanith&ig. 5(a), this is because
the broadening of the pump bandwidth due to GVD generallyeimees with the increasing
deviation of Apg from Ag. Comparing Fig. 6(b) with Fig. 5(b), one sees the spectrurthef
photon pairs shown in Fig. 6(b) starts to become asymmetmsnvthe idler (signal) photon
is within the range from 1537 nm to 153499 nm (15515nm to 1548 nm). The results agree
with the theoretical prediction: when the deviatiomgffrom Ag increases\ decreases; and

whenA is greater thamy, the symmetry direction of the functidf (a, «)|? will shift away
from that of the pump, and the offset increases with the amgeofA, as shown in Fig. 2 and
Fig. 3.

We would like to point out that above experiments are coretliet room temperature and
the polarization beam splitters are not used to suppregshibtens produced by cross-polarized
FWM and Raman scattering (RS) [18, 19, 17]. In our experimehts detected photons via
cross-polarized FWM are negligibly small. We verify this bgkmg a classical parametric-gain
measurement. When the polarizations of the injected wealakénd the pump are orthogonal,
at a certain pump level, the measured FWM gain is 20 dB lessthianvhen the polarizations
of the signal and pump are the same [18]. Although RS degrdmeguality of fiber-based
photon pairs source [18, 13], what we are interested in fsetteei true coincidence originated
from spontaneous FWM, the imperfection contributed by R3insieated after the accidental
coincidence is subtracted from the total coincidence.

4. Summary and discussion

In summary, we have characterized spectral propertiesmidegenerate photon pairs in opti-
cal fiber generated by a picoseconds pump pulse from bothéwedtical and experimental as-
pects. The theoretical calculations show that it is possibproperly manage the experimental
parameters so that the phase matching function of FWM dogdayt role in its correspond-
ing joint spectral function. Using the photon correlatioaaaurement, we have experimentally
verified the spectral property of the fiber based two-photatesand the experimental results
agree with the calculation.

The spectral correlation between the signal and idler pisotevealed in this study demon-
strates the spectral entanglement between the two phottiah is useful in quantum infor-
mation protocols such as quantum key distribution. Howes type of spectral correlation
cannot be used for the generation of heralded single-madgesphoton state for the appli-
cation in linear optical quantum computing [3], which ragsi the factorization of the joint
spectral functiorF (ws, ) [10, 24, 27]. On the other hand, a close examination of the-sin
function in Eq.(11) leads to

1! 111

KL k'L k"L
Plws, @) = smc[?A2+ VPoL+ = B(Qs— Q) + —¢ A (Qs+ Q)] (16)

up to the first order if2s, Q; (<< A). When we properly adjust the power and the second order
dispersiork” so that the first two terms cancel, the function becomes

@(ws, @) = sinc[A(Qs — Qi) + B(Qs+ Q)] a7
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Fig. 7. Plot of joint spectral functiotF (e, oq)\z with A/B = 10 for (a) gp = 3.3/A, (b)
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Fig. 8. Plot of joint spectral functiorF(oos,oq)\2 with op = 3.3/Afor (a) A= B and (b)
A= -B.

with A=K’LA/4,B = k”’LA?/16. Normally, this function shows a stripe with a slopeaiid =
(A+B)/(A—B) and this will not produce a factorizét| ws, c ). But an interesting case occurs
whenA >> B so thatd ~ 45°. Combining with the pump spectral functier( s, w ), which
lies in 135, ¢@(ws,ca) may provide a factorized joint spectral functiéifcs, ca) for proper
value of the pump band widthr,. As shown in Fig. 7, plots (a) and (b) show a non-factorized
joint spectral function with too large or too smat, but Fig. 7(c) shows a factorized F-function
with g, = 1.1/A. Furthermore whel = +B and o, >> 1/|A|, an asymmetric but factorized
F-function can be obtained as shown in Fig. 8. The ideas graglbere are the same as those
from Ref. [24] but the mechanism to achieve these are diifenge use a near degenerate
frequencies so that all linear dispersion terms are catteWe have to rely on higher order
dispersion terms to achieve the conditions for factorimatHowever, for the DSF used in our
current experiment, since the pump wavelenijihis close to the zero-dispersion wavelength
Ao, we have|A| << |B|, and therefore are unable to achieve the conditions mesttiabove.
But a micro-structured fiber will have all the freedom to atikf andk” to achieve these.
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