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We study the generation of photon pairs by spontaneous four-wave mixing (SFWM) in photonic crystal optical fibers. We show that it is
possible to engineer two-photon states with specific spectral entanglement properties suitable for quantum information processing applica:
tions. In this work, we concentrate on inner-loop phasematching, for which signal and idler photons can be generated at a small spectral
separation from the pump, while sufficiently removed from the pump to ensure the absence of background photons produced by spontaneou
Raman scattering. We present specific source designs which permit both symmetric and asymmetric factorable states, which allow herald
ing of pure-state, single-photon wavepackets without the need for spectral post-filtering. Additionally, we present numerical results for the
conversion efficiency, where we compare sources based on inner- and outer-loop phasematching.
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Estudiamos la generdgi de parejas de fotones por mezclado de cuatro ondas aspor(SFWM) en fibras de cristal éotico. Mostramos

que es posible acondicionar el estado de dos fotones, de manera que exhiba propiedades dercesmdatial espéicas, convenientes

para aplicaciones en procesamiento de inforgraciantica. En este trabajo, nos concentramos en parejas que yacen en el loop interior
de la curva de empatamiento de fases, para el cual los fotohakysacomp@ante pueden ser generados a una desintobizgequéa

con respecto a la frecuencia de bombeo, pero lo suficientemente alejaskta gara garantizar la supf@side fotones producidos por es-
parcimiento Raman esp@mteo. Presentamos dixs de fuentes espicas, que favorecen la gener@cide estados factorizables &itricos

y asimetricos, los cuales permiten la anunc@acde paquetes de ondas unifioicos en estado puro sin la necesidad de filtrado espectral pos-
terior. Adicionalmente, mostramos resultados Buoos de la eficiencia de conversiSFWM obtenida en las ramas interiores y exteriores
del contorno de empatamiento de fases.

Descriptores: Estados fainicos no dsicos; entrelazamiento &otico; mezclado de cuatro ondas

PACS: 42.50.-p, 03.65.Ud, 42.65.-k, 42.65.Hw

1. Introduction than for the case of SPDC in second-order nonlinear crys-
tals. Thus, for example, we have shown that for a given fiber

Quantum optical technologies require photon states with speexhibiting two zero-dispersion frequencies within the spec-
cific spectral properties. For example, pure-state single hetral window of interest, it is possible to obtain states with
alded photon generation, of key importance for guantum netan arbitrary degree of spectral entanglement, controlled by
working, requires factorable two-photon states, with-  the pump frequency. Nevertheless, in fiber-based photon pair
out correlations, when considering all photonic degrees ofources, an important source of noise is constituted by back-
freedom [1]. Typically, however, photon pairs generated byground photons generated by spontaneous Raman scattering
spontaneous parametric nonlinear optical processes exhilif the pump mode (which occurs within a spectral window
significant spectral and spatial correlations due to the enef ~ 50 THz [11] towards the red from the pump frequency).
ergy and momentum conservation constraints. Spatial coM/e have shown in Ref. 7 that fiber bi-refringence together
relations may be minimized by the use of guided-wave conwith cross-polarized SFWM can result in factorable states in
figurations, such as those exploiting nonlinear waveguides geometry such that signal/idler separation from the pump
and optical fibers [2-4]. It has been shown that it is possi-exceeds the pump Raman bandwidth. In the current paper,
ble to eliminate spectral correlations for photon pairs genwe further explore the use of non-birferingent fiber for fac-
erated by means of spontaneous parametric downconversi¢éarable photon-pair generation. We show that it is likewise
(SPDC) [5,6], and recently by means of SFWM in photonicpossible to find non-birefringent fiber geometries which per-
crystal fibers (PCFs) [7-10], through group-velocity match-mit the generation of both symmetric and asymmetric fac-
ing techniques, together with the use of broadband pulsetbrable photon pairs in the visible and/or near-infrared, with
pumps. sufficient spectral separation from the pump so as to avoid

In Ref. 7 it has been shown that the SFWM process irRama.n contamination while retaining a relatively modest
PCF permits the emission of photon pairs with spectrallyoverall span of pump and generation frequencies, through
engineered properties with considerably greater flexibilitydegenerate-pumps, co-polarized SFWM.
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Evidently, a crucial consideration in the design of photon-match functioMk (w, ws,w; ), that in the case where the two
pair sources is the attainable emission flux, or alternativelypumps, signal and idler are co-polarized, is given by
the attainable conversion efficiency. In Ref. 12 we have
presented expressions of the SFWM conversion efficiency
valid for both the monochromatic-pumps and pulsed-pumps Ak (w,ws, w;) =k () + k (ws + wi —w) — k (ws)
regimes, as well as for both the degenerate-pumps and non- — k(wi) — 29, P 3)
degenerate-pumps configurations. We have studied the de- ! P

pendence of the conversion efficiency on various key expefyhich includes a self/cross-phase modulation contribution
imental parameters. In this paper, we present a compargyr the pump with peak poweP, characterized by the non-
son of the SFWM conversion efficiency involving outer-loop jinear parametet,, [13]. The energy conservation constraint
phasematching, for which the signal and idler modes are cong apparent in the argument of the second term of the phase
siderably removed from the pume.g. hundreds of nm), ismatch [see Eqg. (3)].

and inner-loop phasematching for which the signal and idler Modelinga(w) as a Gaussian function with bandwidth
modes can be comparatively in much greater spectral proxsng central frequency?, so that

imity to the pump. Note that we present a precise definition P

of what is meant by inner-loop and outer-loop phasematching 91/4 (w— wg)2

in Sec. 3. a(w) = W XP =z |- (4)

2. Spontaneous four-wave mixing theory the constank in Eg. (1), which is related to the generation
efficiency, is given by

In this paper we study the spontaneous four-wave mixing pro-

cess in a single-mode optical fiber with a third-order non- o 2.2(2#)1/2600% LyP )

linear susceptibilityy®). In this process, two photons from N hws o

pump fieldsE; andE; are jointly annihilated to create a pho- ) . o

ton pair comprised of one photon in the signal maklg,and In Eq. 5, ¢, is the vacuum electrical permittivity,

one photon in the idler modB;. For the analysis which we 1S Planck's constant¢ is the speed of light in vacuum,
present here, we concentrate on SFWM sources for which aft»=n(wj) is the refractive indexp” is the peak pump power,
four participating fields are co-polarized and propagate in th@nd the parametey is the nonlinear coefficient that results
fundamental mode of the fiber (HB. Likewise, we con- from the interaction of the four participating fields in the
centrate on SFWM sources based on photonic crystal fibeBFWM process. This parameter determines in part the am-
which offers a greater scope for photon-pair state engineeP“tUdeKJ of the two-photon component of the state (which in
ing [7]. In this process, for a fiber exhibiting two zero dis- turn defines the conversion efficiency) and is given by
persion frequencies, and for a given pump frequency, phase-

matching tends to be fulfilled for two distinct sets of signal y=—l"P
and idler frequencies. The purpose of this paper is on the deoc®niAcyy

?ne hand t? explore the p_hqton—state engineering potenyal c\)/{c/hereAeff is the effective interaction area among the four
inner-loop” phasematching,e. for the phasematched sig-

3X(3)W§ ©)

nal and idler solutions closest to the pump frequency. On thge'dS given by

other hand, we compare “inner-loop” and “outer-loop” pho- A= 1 7

ton pairs in terms of the attainable conversion e.fficiency.. eff = [dz [ dyA,(z,y)2A%(z,y) Al (z,y) @
The two-photon state produced by SFWM in an optical _ _

fiber of lengthL can be shown to be given by [7]: In the expression for the effective area [see Eq. (7)], func-

tions A, (z,y) (with u = p, s, 1) represent the transverse field
W) = |O>s|0>i+l‘€/dws/dwiF(ngwi) ws) _|w;),. (1)  distributions for each of the four participating fields, evalu-
’ ! ated at frequencyy,, and are assumed to be normalized so
Here, F' (ws,w;) is the joint spectral amplitude function that
(JSA), which describes the spectral entanglement properties 9
P . dxdy|A,(z,y)|* = 1.
of the generated photon pair; it is given by [7]: BT

Flws,w;) = /dwa(w)a(ws Fw—w) Note that, iQ generaly is different from%. of Eq. (3) [12]. '
By making use of Eq. (4) and a linear approximation
I , for the phasemismatch, it is possible to obtain an expression
x sinc| — Ak(w, ws, w;) ¢ Ak(wwawi) 2) f ioi i i i
D) ) W Wi . or the joint spectral amplitude in closed analytic form. Ex-
pandingk (w,,) in a first-order Taylor series around frequen-
The JSAis given, for degenerate pumps, in terms of theieswy, for which perfect phase-matching is attained (where
pump spectral amplitude functiom(w), and the phasemis- p = 1,2,s,4), and defining the detunings = ws; — w?
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andy; = w; — w¢, the approximate phasemismaifitt;;,, is
given, for degenerate pumps, by

LAkliTL — LAk(O) + Tsl/s + Til/i7

whereAE(©), given by Eq. (3) and evaluated at the frequen-
cieswy,
central frequencies. The coefficieris represent the group-
velocity mismatch between the pump centered at frequen
w, and each of the generated photons centered at the fr
quencyw;,. They are given by

)], (®)

o
i

) =k (
where the superscript’) denotes a frequency derivative.
Note that this approach requiragriori knowledge, for given
pump fields, of the signal and idler frequencie$ andw?] at

o
wp

T =L [k (

must vanish to guarantee phase-matching at thesgsb

cy ~~" "
ngSSIOH is neglected.

P PHASEMATCHING IN FIBER-BASED SPONTANEOUS. .. 17

Wherekf}) = k(l)(w“) represents the first frequency deriva-
tive of k(w), andn, = n(w,).

In Eq. (12),p is the average pump power, afdis the
pump repetition rate. For a pump with a Gaussian spectral
envelopep and R are related to the peak powerthrough
e relationP = po/(v/27R). Note that the conversion effi-
ciency [Eq. (12)] which we report here has been calculated in

e spontaneous limit, where the probability of multiple-pair

In the present paper, we show results of the conversion
efficiency for specific SFWM-source designs. On the other
hand, we describe conditions which permit the generation of
the important class of factorable states, which are defined so
that F' (ws,w;) can be expressed as the product of two func-
tions, F (ws,w;) = S(ws)I(w;), where the functions'(w)
andI(w) depend only on the signal and idler frequencies, re-

which perfect phase-matching is achieved. These frequenci§®ectively. On the other hand, we show that configurations

can be determined by solving (for example numerically) th
conditionAk(®) = 0 [see Eq. (3)], which requires knowledge

drased on inner-loop phasematching may used for the genera-

tion of photon pairs with an arbitrary degree of spectral cor-

of the dispersive characteristics of the fiber. It can be showf€lations. For a more complete discussion of SFWM theory,

that within the linear approximation, the integral in Eqg. (2)
can be carried out analytically, yielding

(9)

wherea (vs, v;) is the pump envelope function agdv,, v;)

Flin (styi) =« (Vsayi) (b(l/ayi) 5

see Refs. 7 and 12.

3. Phase and group-velocity matching proper-
ties of photonic crystal fibers

describes the phase-matching properties of the fiber. For de-

generate pumps these functions are given by

2
0 (v.1;) = exp [—(2;) , (10
¢ (vs,v;) = sinc {LA;UW} exp [zLAklm} . (11)

1. Conversion efficiency for the SFWM process
An important aspect to be considered in designing

have derived expressions for the SFWM conversion effi
ciency for different pump configurations [12]. By replacing
Egs. (2), (4), and (5) in Eq. (1), we have shown that the con

version efficiency for the pulsed-pump regime can be writter‘b

as
- 27710271[2) L2'yzp
(2m)3R o%wg

X /dws/dw,;h(ws,wq;)\f(ws,w,;)|2,

in terms of a version of the joint spectral amplitude [see
Eq. (2)] defined ag (ws, w;) = o(7/2)Y?F(w,,w;), which

(12)

does not contain factors in front of the exponential and sinc

functions so that all pre-factors appear explicitly in Eq. (12).
Here, the functiorh(w,, w;) is given by

kgl)ws k§1)wi
2

n;

h(ws,w;) =

- , (13)

The SFWM phasematching properties are determined by the
frequency-dependence of the propagation condtant. We
adopt the step-index model of Ref. 14, which permits a rough
estimate of the frequency-dependence of the propagation
constant:(w) exhibited by a photonic crystal fiber (PCF), by
modeling the discontinuous cladding as an effective continu-
ous medium. This allows a straightforward exploration of the
spectral entanglement properties of the resulting photon pairs
in {r, f} parameter space, wherds the core radius and

. ; . &he air-filling fraction of the PCF cladding. In order to design
photon-pair source is the source brightness. Recently, we

two-photon source to be used in an experiment, knowledge
of the exact fiber dispersion is required for a full quantitative
prediction of the generated frequencies and the type/degree of
signal-idler spectral correlations, expected for a given fiber
nd for a given pump mode. If the transverse geometry is
known, and assuming no longitudinal variations of this ge-
ometry along the fiber, sophisticated numerical methods may
be used for calculating the expected dispersion relation [15].
In this paper, which relies on an approximate dispersion re-
lation, we aim to explore the full range of two-photon states
which can be obtained utilizing inner-branch phasematching,
rather than to obtain a precise quantitative prediction of pho-
ton pair properties for a given experimental situation.

A plot of the perfect phasematching contour
[Ak(wp, ws, 2w, — ws) = 0] in the space formed by the
generated and pump frequencies, gives for each pump fre-
quency the expected signal and idler central frequenegfes
andw?. Such a perfect phasematching contour is illustrated
in Fig. 1(a) for a specific PCF with= 0.573 um andf=0.5,
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Ap (um) modes by background photons generated through sponta-
0.785 0.754 neous Raman scattering, which would seriously hamper the
usefulness of a photon-pair source based on these modes,

—
03 @ 28 § can be avoided. For this specific fiber geometry, a contin-
0.2 B uous pump wavelength range of approximatedg nm ex-

— 40 8 ists, in which parametric generation can be observed, roughly
§ 0.1 20 o contained by the two zero dispersion wavelengths (ZDWSs)

o 0.0 0 Eo (Azq1 = 0.7589 um_a_nd)\de = (0.8468 pm). _
= s From Eq. (10) it is clear that the pump envelope function
Z 01 -20 g exhibits contours of equal amplitude {o,, w;} space with
< = negative unit slope. In contrast, the contours of the phase-
-0.2 = matching functionp (w,, w;) are characterized by a slope in
-g {ws,w;} space given by,, = —arctan(T,/T;) [with T},
03 -80 © given according to Eq. (8)]. The colored background in Fig. 1
o 150 5 ind_icates thg slope of the phase—matching contour, or orien-
E" 100_( ) i tation angle In{w&.wi} space, ranging frorl,; = —90° in
s % blue tof,; = +90° in red.
,§ 2 504 The type of spectral correlations observed in a SFWM
g éﬁ 0l two-photon state is determined in part by the slépg of
8~ the perfect phasematching contour, related to the orientation
s -0 T T angled,; by 0, = 45° — 6,,. This relationship implies that
22 23 15 24 25 if the perfect phasematching contour is in the form of closed
op (10" rad/s) loops (which is true for fibers with two zero dispersion fre-

) . _ guencies), all orientation anglés; are possible, controlled
FIGURE 1. (a) Black, solid curve: phase-matchingk = 0) con-  py yhe pump frequency. In this paper we are particularly in-

tour for SFWM in the degenerate pump case. Colored background . . . .
] ) . T terested in the inner portion of the phasematching loops. In
phase-matching orientation angle. Black, dashed lines: symmet-

ric group velocity matching (GVM) contoufl{ = —T}). Black, Fig. 1 we have ipdicat.ed for a few points along the inner loop,

thin lines: asymmetric group velocity matching contofit & 0), the resulting orientation anglg,. The full trend of the re-

and asymmetric group velocity matching contofy & 0). Along ~ Sultingd; value along the inner loop may be appreciated in

the inner branch of the phase-matching contour we have indicatedtig. 1(b), which makes it clear that all possible value#$ of

particular orientation angles of interest. (b) Orientation arigle may be reached as one varies the pump frequency. This has

along the inner loop, plotted as a function of the pump frequency. the important implication that two-photon states with arbi-
trary degrees of spectral correlations may be obtained within

pumped by a peak pow&6 W, and withy, = 70km~'W~',  the inner loops.

where the generated frequencies are expressed as detuningsIn particular, for certain relative orientations and widths

from the pump frequency ad;; = w,; — wp; note that of these two phasematching and pump-envelope functions, it

energy conservation dictates thAt = —A; = A. For  becomes possible to generate factorable two-photon states. It

Fig. 1(a), we have relied on the step-index model, but havean be shown that a factorable state is possible if

considered dispersion to all order®(we have not resorted TT <0

) o . ST < 0. (14)

to the linear approximation of the phasemismatch). The

phase-matching contours take the form of two closed loops, Among the states which fulfil Eq. (14), those exhibiting

as indicated in Fig. 1(a); while one of these loops occurs foR phasematching angle 6f; = 45°, or Ty = —T;, are of

A > 0, the other loop occurs fah < 0. We refer to the particular interest. For these states, in the degenerate pumps

inner portion of each of the two loops, shown graphically incase, a factorable, symmetric state is guaranteed if

Fig. 1(a) by a continuous black line, as the inner loop. Like- r, B

wise, we refer to the outer portion of the two loops, shown 97 L] =1, (15)

graphically in Fig. 1(a) by a white line, as the outer loop.  whereI’ ~ 0.193 [7]. The condition in Eq. (14) constrains
Note that while the inner loop is in relative close spec-the group velocities: either!) (w,) < kM (w,) < kM) (w;),

tral proximity to the pump, the outer loop can be hundredsor £V (w;) < kM (w,) < kM (w,) must be satisfied. The

of nanometers from the pump wavelength. In this paper weondition in Eq. (15) constrains the fiber length and pump

exploit the observation that for certain fiber parameters, thdandwidth. Eq. (14) implies that the regionfin, w, } space

inner-loop signal/idler frequencies (resulting from the power-in which factorability is possible is bounded by the loci cor-

dependent nonlinear contribution to the phasemismateh  responding to the conditioris; = 0 and7; = 0 (shown in

can be separated from the pump, by more than its Ramalrig. 1 by solid, thin black lines).

bandwidth & 50 THz), even for modest pump powers. In Once the dispersion relation for a given fiber is known,

this manner, contamination of inner-loop signal and idlerthe next step in designing a factorable photon pair source con-

Rev. Mex. . S57(3) (2011) 15-22
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Ap (um) matching contours are oriented parallel to #heor w; axes.
0.857 0.819 0.785 0.754 In addition, Eqg. (15) leads to the condition tfgt > 1/0
10.0 ' ' (for Ty = 0) or T,y > 1/o (for T; = 0).
8.0 1 . - .
4. Conversion efficiency as a function of the
= 6.0 pump frequency

inner loop
! As we have discussed above, the type of spectral correla-

= 4.0 1 3 tions in SFWM photon pairs can be controlled by the pump
frequency. Different types of spectral correlations, in turn
201 4 | lead to different levels of conversion efficiency, a dependence

: outer loop which we analyze in the current section. For the analysis pre-
sented here, we assume the fiber parameters used in the pre-
vious section.

We have previously studied the SFWM conversion effi-
ciency as a function of key experimental parameters such as
fiber length, pump power, and pump bandwidth [12]. Like-
wise, in Ref. 12 we have analyzed the pump-wavelength de-
pendence of the conversion efficiency, but restricted our at-
tention to outer-loop photon pairs. In this paper, we are inter-
ested in a comparison of outer- and inner-loop SFWM con-
version efficiency. To this end, we have restricted the pump
frequency range so as to ensure that the outer-loop signal and
idler modes do not spectrally overlap the inner-loop signal
and idler modes.

‘ For specific numerical calculations, shown below, we
2.2 2.3 2.4 25 ' have chosen the following values for the pump parameters:
o (10° rad/s) bandwidtho = 25.1 GHz (which corresponds to a Fourier-
. - . transform-limited temporal duration 6f ps), average power
FIGURE 2. (a) Conversion efficiency as a function of pump fre- p = 500 mW, and repetition raté00 MHz. The fiber length

uency. The red and black lines correspond to the outer and in- . . . >
g 4 P considered i£ = 5 m and we assume a nonlinear coefficient

ner branches of the perfect phasematching contour in Fig. (1), re- vny—1 ) o . .
spectively. (b) Signal-mode, single-photon spectrum, for different? = 70km™"W™ . The conversion efficiency is calculated in
pump frequencies. (d)Ak as a function of\, for a specific value ~ the pump wavelength range 0.7725-0.8288, and results

of the pump frequencyy, = 2.3510'°rad/s. obtained by numerical evaluation of Eq. (12) are shown in

Fig. 2(a). The black line corresponds to the inner-loop con-
sists in identifying the pump wavelengths that satisfy theversion efficiency, while the red line corresponds to the outer-
required group-velocity matching condition, amongst thosdoop conversion efficiency. From this figure it is evident that
which also satisfy phase-matching. In particular, symmetthroughout the pump frequency range considered here, inner-
ric factorable two-photon states, for which the signal andoop SFWM tends to involve a greater conversion efficiency,
idler photons have identical spectral widths, are possible iby a factor approaching four in this specific case, when com-
0s; = 45°. In this case symmetric group-velocity match- pared to outer-loop SFWM.
ing 2/@;1) S kgl) (or equivalentlyTy, = —T;) is at- In order to understand this behavior, in Fig. 2(b) we plot,
tained, and the phase-matching contours are oriented so thiar each pump frequency the resulting single-photon spec-
its contours have unit slope. The frequency values that fultrum (a'(A)a(A)). From this plot, it is evident that the
fill this condition are represented by a labeled black dashedingle-photon spectrum tends to be wider for the inner por-
line (see Fig. 1). The pump frequency that permits symmetrigion of the phasematching loops, compared to the outer por-
factorable states can be determined from the intersection aions of the loops. This disparity in the bandwidth of the inner
the phase-matching contour with the group-velocity match-and outer loops may be understood from Fig. 2(c) where we
ing contour. plot the quantityL Ak as a function ofA for a specific value

Similarly, asymmetric factorable two-photon states, forof the pump frequencyy, = 2.3510'° rad/s. It may be ob-
which the signal and idler spectral widths differ greatly, areserved that the slope diAk vs A is much greater for the
possible ifds; = 0° or 6,; = 90°. These special phasematch- outer solutions talAk = 0 (outer loop) than for the inner
ing orientations are possible if an asymmetric group-velocitysolutions toLAk = 0 (inner loop). This implies that the
matching condition is fulfilledie. k5" = k" or kS = k") SFWM process is nearly phasematched over a greater spec-
(or equivalentlyTy, = 0 or T; = 0). In this case the phase- tral width for the inner loop than for the outer loop. The re-

A (10" rad/s)
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035(10 rad/s 16 rad/s) 0)5(165I’ad/5) 0)5(16 rad/s)

241 243 252 253 254 252
233
232
231
(c) 233
 — | — 232
231

0.777 0775  0.780 0.777 0.775 0746 0.744 0742 0746 0.744 0.742
As(um) As(um) As(um) As(um)

2276 0808

22717

mi(1d5rad/s)

20810
3

i(1 Osrad/s)
m

2.263
0.813

241
.2 : :

0)i(1015rad/s)

. 2.271

2.263

Ai (um)

20810
<

i(1 015rad/s)

0.813

FIGURE 3. Joint spectral intensity (JSI) obtained for the fiber ge- FIGURE 4. Joint spectral intensity (JSI) obtained for the fiber ge-
ometry assumed for Fig. I (= 0.573 um andf = 0.5) where ometry assumed for Fig. * & 0.573 um andf = 0.5) where the

the pump central wavelengti\{ = 0.803 pm) is obtained by  pump central wavelengtt\f, = 0.7759 pm) is obtained by impos-
imposing simultaneous phasematching and group-velocity matching simultaneous phasematching and asymmetric group-velocity
ing. We consider a pump bandwidth of 1.306 nm and a fiber matching. We consider a pump bandwidth of 1.5 nm and a fiber
length of 10 m. The function values are normalized such thatlength of 50 m. The function values are normalized such that
white = 1 and black =0. (a) Pump envelope functiofws, w;). white = 1 and black= 0. (a) Pump envelope functiom(ws, w; ).

(b) Phase-matching functiap(vs, v;). (€) Analytic JSI, obtained  (b) Phase-matching functian(vs, v;). (c) Analytic JSI, obtained
from Eq. (9). (d) JSI obtained by numerical integration of Eq. (2). from Eq. (9). (d) JSI obtained by numerical integration of Eq. (2).

sulting greater emission bandwidth for the inner loop is theinner-loop phasematching, the emission bandwidth tends to
reason for the observed greater conversion efficiency. Thigcrease towards the edges of the pump frequency range con-
points to a potentially important advantage for inner-loopsidered, tending to also enhance the conversion efficiency.
SFWM photon-pair sources: the possibility of obtaining a  Aswe mentioned above, in this paper we are interested in
greater emission flux. In addition, inner-loop SFWM leadsfactorable photon-pair sources. Both symmetric and asym-
to other advantages, such as a narrower overall span of optnetric GVM are possible using a number of different con-
cal frequencies including the pump, signal and idler modesgigurations. For a particular fiber, factorable states can be
which can favor simpler experimental setups. obtained in both the inner and outer branches of the perfect
Note that while inner-loop SFWM leads to greater con-phasematching contour. In the following sections we provide
version efficiency than outer-loop SFWM, as illustrated inexamples of factorable photon-pair sources based on inner-
Fig. 2(a), the conversion efficiency vs pump frequency trendoop phasematching.
is very similar for the two cases. It can be seen that in both
cases, the conversion efficiency remains approximately con-
stant in the central portion of the spectral range considereds. Symmetric factorable states
and climbs towards the edges of this range. In order to under-
stand this behavior, recall that the phasematching orientatiolhe synthesis of a symmetric, factorable SFWM photon-pair
angle is controlled by the pump frequency. From Figs. 1state based on inner-loop phasematching is illustrated in Fig.
and 2 it can be appreciated that anti-correlated two-photoB for the same fiber parameters assumed in Secs. 3 and 4.
states, characterized I8y, = —45°, lead to a larger conver- Figure 3(a) shows the pump envelope function, for a single
sion efficiency as compared to other orientation$un, w; } pump centered &03 nm with a relatively narrow bandwidth
space. In particular, an orientationf = 45° tendstomin-  of 1.3 nm. Figure 3(b) shows the phasematching function
imize the conversion efficiency, and there is a smooth variaassuming a fiber length afom, while Fig. 3(c) shows the
tion of the conversion efficiency betwedy, = —45° and  joint spectral intensity Fy;,, (ws,w;)|?, exhibiting an essen-
0s; = 45°. The physical reason for this behavior is thattially factorable character. The signal and idler photons are
for 6;; = —45°, the phasematching function overlaps thecentered at 777.5 nm and 830.7 nm, respectively, so that they
pump envelope function over a wider spectral range, leadingre separated from the pump by 77.4 THz. For comparison,
to a greater generation bandwidth [see Fig. 2(b)] which tend&ig. 3(d) shows the joint spectral intensity obtained by nu-
to enhance the value of the integral in Eq. (12). Thus, fomerical integration of Eq. (2) using the full fiber dispersion,
each of the two types of sourdeg. based on outer-loop and revealing that in this case the linear approximation of the
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phasematching condition is in fact an excellent approximaregion of the spectrum beyond the main spontaneous Raman
tion. This source leads to a numerically-obtained state puritypand. Similarly, for the same fiber, a “vertically”-oriented
[defined as Ti§?], wherep; is the reduced density operator asymmetric factorable state oriented (parallebi@xes), for

for the signal state] of 0.8754. In fact, the departure fromwhich 6;; = 90° or T; = 0, becomes possible for a pump
ideal purity is mainly due to sidelobes (related to the sinccentered at 827 nm (see Fig. 1), obtaining parametric sig-
function) displaced from the central portion of joint spectralnals centered at 793.06 nm and 864.27 nm, separated from
intensity shown in Figs. 3(c) and (d). The purity can be in-the pump by 97.9 THz.

creased by filtering out these sidelobes, which in general con-

tain a small fraction of the total flux. Specifically, for the ex-
ample shown in Fig. 3, two separate narrowband rectangula
profile spectral filters for the signal and idler modes with

£. Conclusions

equal frequency bandwidth 6 x 10'2 rad s™! increases the We have studied theoretically photon pair sources based on
the process of spontaneous four-wave mixing in photonic

purity t00.9756, while reducing the flux byvi .6%' In thls. ex- crystal fibers. When plotting the generated frequencies vs the
ample we have chosen the pump so that it is compatible with

N . . . ump frequency there are often two phasematched branches,
say, a Ti:sapphire laser. Both signal and idler photons can

detected efficiently with a silicon-based avalanche photodi-{ﬁ;ersrsscttéla;régﬁiijotgpthaen?)u?:;er'llr?(:ﬁi;np:;g?rsvaenﬁg\:
ode. focused on photon-pair sources based on inner-loop phase-
matching. We have shown that arbitrary spectral correla-
6. Asymmetric factorable states tions in the resulting photon pairs are possible within the
o o i ) inner phasematching loops, as controlled by the pump fre-
As indicated in Fig. 1, the fiber parameters assumed in thgency. In particular, we have shown that if certain group-
previous section for symmetric, factorable photon pair generge|qocity matching conditions are satisfied, in addition to stan-
ation can also yield asymmetric, factorable photon palrs.wnruard phasematching, both symmetric and asymmetric fac-
0si = 0° andd,; = 90° based on inner-loop phasematching. 14 apje states are possible. We have shown that fiber designs
In particular, a “horizontally"-oriented phasematching func- oist for which the spectral separation between the emission
tion (0; = 0°) is possible for a pump centered at 775.9 NM. 1y 4e5 and the pump is greater than the width of the sponta-
In this case, the group velocity of the signal photon matCheﬁeous Raman scattering window, even for modest pump pow-
the group velocity of the pump and its resulting spectral band—ers' so that the signal and idler modes may be free from Ra-
width is much larger than the resulting bandwidth of the idler,. o, contamination. We have compared the SFWM conver-
photons. The synthesis of such a state is illustrated in Fig. 4;;,, efficiency for the cases of outer- and inner-loop phase-
Figure 4(a) shows the pump envelope function, for a degery4ching, and we have found that inner-loop SFWM tends to
erate pump with a relatively narrow bandwidth of 1.5 nm. g prignter than outer-loop SFWM. Likewise we found that
Figure 4(b) shows the phasematching function assuming g, poth outer- and inner-loop SFWM, the conversion effi-
fiber Igngth of 50 m, while Fig. 4(C), shows th? joint Spectralciency has a continuous variation with the pump frequency,
intensity (JSI)| Fiin (ws,ws)|*. The signal and idler photons \yhere the optimum flux occurs for those pump frequencies
are centered now &ti4.2 nm and810.5 nm, respectively, o \yhich the signal and idler photons are anti-correlated. We
so that they are separated from the pumplb$.56 THz. 1,56 that this work will be useful in the design of optimized

For comparison, Fig. 4(d) shows the joint spectral intensityer hased photon-pair sources for quantum information pro-
obtained by numerical integration of Eq. (2). Note that acessing applications.

slight curvature is apparent in the contours of the JSI, result-

ing from higher dispersion orders. Nevertheless, the structure

of the state exhibits an essentially factorable character with Acknowledgements
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