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We study the processes of spontaneous four-wave mixing and of third-order spontaneous parametric downconversion in optical fibers, as the
basis for the implementation of photon-pair and photon-triplet sources. We present a comparative analysis of the two processes including
expressions for the respective quantum states and plots of the joint spectral intensity, a discussion of phasematching characteristics, and
expressions for the conversion efficiency. We have also included a comparative study based on numerical results for the conversion efficiency
for the two sources, as a function of several key experimental parameters.
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Estudiamos los procesos de mezclado de cuatro ondas aspont de conversn parangtrica descendente de tercer orden espwed en
fibrasopticas, como base para la implemenbadie fuentes de parejas y tripletes de fotones. Presentamoéligisssomparativo de los dos
procesos, incluyendo expresiones para los estado#icos respectivos y gficos de la intensidad espectral conjunta, una diéoude las
caracteisticas de empatamiento de fases, y expresiones para la eficiencia de éonvEasibéen hemos inclido un estudio comparativo,
basado en resultados néritos, de la eficiencia de convensipara los dos procesos, en funtide diferentes pametros experimentales.

Descriptores: Estados fdinicos no casicos; entrelazamiento &utico; mezclado de cuatro ondas.

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

1. Introduction ing applications. In particular, our results have helped pave
the way towards the experimental realization of factorable
Nonclassical light sources, and in particular photon-paiphoton-pair sources [10-12], which represent an essential re-
sources, have become essential for testing the validitgource for the implementation of linear optics quantum com-
of guantum mechanics [1] and for the implementationputation (LOQC) [13]. Likewise, we have analyzed the im-
of quantum-enhanced technologies such as quantum cryportant aspect of the attainable conversion efficiency, for the
tography, quantum computation and quantum communicapulsed-pumps and monochromatic-pumps regimes, as well as
tions [2]. Photon pairs can be generated through spontdor degenerate-pumps and non-degenerate-pumps configura-
neous parametric processes, in which classical electromagjons [5].
netic fields illuminate optically non-linear media. Specifi-  Even though a number of approaches for the genera-
cally, photon-pair sources are commonly based on the praion of photon triplets have been either proposed or demon-
cess of spontaneous parametric down conversion (SPDC) strated [14-17], the reported conversion efficiencies have
second order nonlinear crystals [3]. However, in the lasbeen extremely low. Recently, we have proposed a scheme
decade there has been a marked interest in the develofer the generation of photon triplets in thin optical fibers by
ment of photon-pair sources based on optical fibers [4]. I'means of TOSPDC [6]. Our proposed technique permits
fibers, the process responsible for generating photon paitsie direct generation of photon triplets, without postselec-
is spontaneous four-wave mixing (SFWM), which offers tion, and results derived from our numerical simulations have
several significant advantages over SPDC, for example ighown that the emitted flux for our proposed source is com-
terms of the conversion efficiency [5]. The third-order non-petitive when compared to other proposals [17]. Advances in
linearity in optical fibers which makes SFWM possible canhighly non-linear fiber technology are likely to enhance the
also lead to the generation of photon triplets through the proemission rates attainable through our proposed technique.
cess of third-order spontaneous parametric down conversion |n this paper, we present a comparison of the SFWM and
(TOSPDC) [6]. TOSPDC processes. To this end, we assume a specific fiber
Recently, we have studied spontaneous parametric pravith a specific pump frequency which permits the realization
cesses in optical fibers, including both SFWM photon-pairof both processes. We restrict our attention to SFWM in-
sources and TOSPDC photon-triplet sources. In the contextolving degenerate pumps, and to TOSPDC with degenerate
of SFWM sources, we have carried out a thorough theoreticamitted frequencies. Our comparison includes the following
study of the spectral correlation properties between the signaspects: i) the quantum state, leading to the joint spectrum,
and idler photons [7-9], which permits tailoring these prop-ii) the phasematching properties, and iii) the conversion effi-
erties to the needs of specific quantum information processziency.
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SFWM TOSPDC wherelL is the fiber lengthe, (w) is the pump spectral enve-

_ lope for moder = 1,2, andAk(w, ws, w;) is the phasemis-
FIGURE 1. Energy level diagrams for the (a) SFWM and (b) match defined as

TOSPDC processes.
Ak (w,ws,w;) = k1 (w) + ko (ws + w; —w) — k (ws)

2. Theory of spontaneous parametric pro- Flwn) =, )
cesses in optical fibers which includes a nonlinear contributichy ;, derived from
self/cross-phase modulation [7]. It can be shown that
Non-linear processes in optical fibers originate from the third
order susceptibility (®) [18]. Photon pairs and triplets can be Pyr = (11 + 2721 — 2701 — 2va) P2
generated in optical fibers by means of SFWM and TOSPDC, _ oo
respectively. Both of these processes, which result from four + (72 + 2712 — 2952 — 2732) P2, ®)
wave mixing, require the fulfilment of energy and momen-where P, represents the pump peak power, and coefficients
tum conservation between the participating fields. The cur, and v, result from self-phase modulation of the two
rent analysis focuses on configurations in which all fields argyumps, and are given with= 1, 2 by
linearly polarized, parallel to the-axis, and propagate in the
same direction along the fiber, which defines thaxis. Our
. . . 3x®we
work could be generalized to cross-polarized source designs. V= (6)
In the case of SFWM, two photons (one from each of two Aeoc®ng Al
pump fields) with frequencies, andw, are jointly annihi- In Eq. 6, the refractive index,, = n(w?) and the effec-
lated giving rise to the emission of a photon pair, where thetive area v
two photons are typically referred to as signal(s) and idler(i),
with frequenciesv, andw;. The energy conservation rela- Yo dedul A 4 -1 7
tionship, thus reads; + wy = ws + w;. In contrast, in the eff = // wdy| Ay (2, y)] @

case of TOSPDC, a single pump photon at frequengys _ _ _ )
annihilated, giving rise to a photon triplet, where the three(Where the integral is carried out over the transverse dimen-

photons are here referred to as signal-1(r), signal-2(s) ansfons of the fiber) are defined in terms gfthe carrierfrequency
idler(i), with emission frequencies, , w, andw;. The energy <+ for pump-modev [18]. Here, functionsd,,(z, y) (with
conservation constraint in this case reagls= w, +w; +w;. w = 1,2, s, 1) represent the transverse field distributions and
Representations of the SFWM and TOSPDC processes, fi'€ assumed to be normalized such that
terms of the frequencies involved, are shown in Fig. 1. '

a 9 [ [z =1 (®)

2.1. Two-photon and three-photon quantum state In contrast, coefficients,., (v = 1,2 andy = 1,2, s,4) cor-

Following a standard perturbative approach [19] we have prer_espond to the cross-phase modulation contributions that re-

viously demonstrated that the SFWM two-photon state [7]sult from the dependence of the refractive index experienced

and the TOSPDC three-photon state [6,20] can be written a9y each of the four participating fields on the pump intensi-
ties. These coefficients are given by

|¥) = [0)5[0)i + £ [dws [ dwi F (ws, wi) [ws) , [wi);, (1) 3X(3)wz
Y = T3 9)
g 4e,C nun,,Aeff
an
wheren,, , = n(w;, ) is defined in terms of the central fre-
| W) =10),.]0)5]0); + ¢ /dwr/dws quencyw;, ,, for each of the four participating fields, and

1
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is the two-mode effective overlap area (note that2.2. Conversion efficiency in SFWM and TOSPDC pro-

AL =A%), Although in general terms, # 1, it may cesses

be shown that for a SFWM interaction, the following rep-

resent valid approximationsy; =~ 21 ~ 751 &~ ~;; and A crucial aspect to consider in designing a photon-pair or

Yo R Y12 N Ys2 & ;2. Taking these approximations into photon-triplet source is the conversion efficiency, to which

account, we arrive at the following simplified expressionwe devote this section. We present conversion efficiency ex-

for ®np pressions previously derived by us, for the SFWM process [5]
and for the TOSPDC process [6,20], in terms of all relevant

Onr =71P1 + 2P (11)  experimental parameters.

L . Here, we define the conversion efficiency as the ratio of
The JSA function n Eq. (3) characterizes _the spectral[he number of pairs or triplets emitted per unit time to the
entanglement present in the SFWM photon pairs. We have

. . umber of pump photons per unit time. In the case of pulsed
previously shown that depending on the type and degree a L , . .
: : : umps, we limit our treatment to pump fields with a Gaussian
group velocity mismatch between the pump and the emitte

photons (which can be controlled by tailoring the fiber dis_spectral envelope, which can be written in the form

persion), it becomes possible to generate two-photon states 91/4 (w — w)?
in a wide range of spectral correlation regimes [7]. ay(w) = e P [_;} , (15)
We now turn our attention to the three-photon TOSPDC T/, Ty

state given by Eq. (2), wher€(w,,ws,w;) represents the
TOSPDC three-photon joint spectral amplitude function.
This function characterizes the entanglement present in th
photon triplets and can be shown to be given by [6,20]

wherew? represents the central frequency anddefines the
l%andwidth (withv = 1, 2).

We showed in Ref. 5 that the SFWM photon-pair conver-
sion efficiency can be written as

G(wr, ws,w;) = a(wyr + ws + w;)d(wr,ws,w;),  (12)
28fic?nyng L2’chwmp1p2

wherea(w, +w; +w;) is the pump spectral amplitude (PSA) nm= (27)3R  o102(wdps 4+ wip1)
and¢(w,, ws,w; ) is the phasematching function (PM) which
is given by X /dws/dwi ho(ws, wi) | f(ws,wi)l®,  (16)

O(wp, ws, w;) = SINC[LAk(w,, ws, w;) /2] ] ] o .
in terms of a version of the joint spectral amplitude [see
x expliLAk(wy, ws, w;) /2], (13)  Eq. (3)] defined asf(ws,w;) = (mo102/2) 2 F(ws,w;),
) ) ) ) which does not contain factors in front of the exponential
written in terms of the fiber length and the phasemismatch 5 ginc functions so that all pre-factors appear explicitly in

Ak(wr, ws, wi) Eq. (16), and where the functidn (w,, w;) is given by
Ak(wy, ws,w;) = kp(wyp + ws + w;) — kr(wy) L ),
— ks(ws) — ki(w;) ha(ws,w;) = n2 an ) (17)

K3

+ ['7 - 2(’7r + Ysp T Vi )]P (14)
: remew in terms of k" = k(1) (w,,), which represents the first fre-

In Eq. (14), the term in square brackets is the non-lineaguency derivative ok(w), and wherey, = n(w,).
contribution to the phase mismatch, whefreis the pump In Eq. (16),% is Planck’s constant; is the speed of light
peak power, and, and-,,, are the nonlinear coefficients de- in vacuum,p, is the average pump power (for= 1,2), R
rived from self-phase and cross-phase modulation, which arg the pump repetition rate (we assume that two pump fields
given by expressions of the same form as Egs. (6) and (9have the same repetition rate), and the parametgy, is the
respectively. nonlinear coefficient that results from the interaction of the
The joint spectral amplitude function for TOSPDC four participating fields and is different from the parameters

photon-triplets [see Eq. (12)] is a clear generalization ofy; and~, of Eq. (6). This parameter can be expressed as
the JSA which describes photon-pairs generated by SPDC

in second order nonlinear crystals [21]. Note that while 3X(3)\/@
the TOSPDC JSA function is given as a simple product of Vfuwm = m» (18)

functions, the SFWM JSA function [see Eq. (3)] is given
by a convolution-type integral, which has an exact soluwhere A,/ is the effective interaction area among the four
tion for monochromatic pump fields [8] and which likewise fie|ds given by

can be integrated analytically for Gaussian-envelope pump

fields, under a linear approximation of the phase mismatch of 1

Eq. (4) [7]. I Jdzfdy Ay (w, ) As(z, y) Az (2, ) AL (2, )

(19)
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In the monochromatic-pumps limite. o o — 0, itcan  which is a version of the joint spectral amplitude

be shown that Eq. (16) is reduced to [5] G(wy,ws,w;) [see Eq. (12)], which does not contain factors

0512 1242 in front of the exponential and sinc functions, so that all pre-

Mo = —1C T2 TfwmP1P2 factors terms appear explicitly in Eq. (22).
m D1w2 + pawi In EqQ. (22)7,4. is the nonlinear coefficient that governs
. the TOSPDC process, given by
4dwh2(w7w1 + wy — w)SiNG[LAK., (w)/2]. (20)
3X(3)WZ

wherehs (w,w; +ws —w) is given according to Eq. (17), and Vpde = mv (24)

where the phase mismatch

, with A, ; the effective interaction area among the four fields,
Ak (W) = Ak (w, w1 Hwa—w) which is expressed as

is written in terms of the function -1
da:/dA x,y)Ar(x, y) AL (x,y)A] (z, ,
M) — o o o) 12 [t [ avayto e aste A e)
+k[(ws +wi —w1 +w2) /2 where the integral is carried out over the transverse dimen-
i i 21 sions of the fiber. Note that this nonlinear coefficient is dif-
—kws) = k(wi) = (apr +72p2)- (1) ferent from parameters, and,,, defined in Egs. (6) and (9),

Itis clear from Eqs. (16) and (20) that the SFWM conver-"€SPectively. _ _ N
sion efficiency has a linear dependence on pump power, or FOr & monochromatic pump, the conversion efficiency
alternatively the emitted flux has a quadratic dependence offn be obtained by taking the limit — 0 [see Eq. (22)],
this parameter. Note that although the phasemismatch hasf®m which we obtain

pump-power dependence, no deviation from the linear behav- 9232123342, [
ior is observed for power levels considered as typical. Note New = 5 P pde
that these conversion efficiency expressions are valid only e
in the spontaneous limit, where the pump powers are low
, X . . ) i X [ dw, | dwshs(wy, ws,wp — wy — ws)

enough to avoid generation events involving multiple pairs.

As is also clear form Egs. (16) and (20), the conversion I
efficiency has a quadratic dependence on the nonlinearity co- x sinc (QAkcw> , (25)

efficient ¢, which implies that it has an inverse fourth
power dependence on the transverse mode radius [18]. It Cqfherens (wy, ws, wy—wy, —w, ) is given according to Eq. (23)
TYWSHY»D I S . ’

be shown that in general the double integral in Eq. (16), O where the phasemismatdli,., (k. k,) [see Eq. (14)] is
the single integral in Eq. (20), scales As!, so that taking given by

into account thel? appearing as a prefactor, the conversion

efficiency scales linearly witti.. Likewise, it can be shown Ak ey (wr,ws) = kp(wp) — k(wy)

that in general the double integral in Egs. (16) scales®as

so thaty in Eq. (16) has a linear dependence on the pump — k(ws) = k(wp — wr — ws)
bandwidth.

o + 1y — 20%ep + Yep + Vi) lps (26
In what follows, we focus on the conversion efficiency be = 200y + 750 + ip)lp (26)

for the TOSPDC process. As we have shown for the pulsedynerey, is the average pump power. As in the case of SFWM,
pump regime [see Eq. (15)], this efficiency can be writtent,, TOSPDC the conversion efficiency [see Egs. (13) and

as [6] (19)] has a quadratic dependence on the nonlinear coefficient
95/232 3123 [,2~2 Ypde, Which implies an inverse fourth power dependence on
¢ np ’ypdc p .
n= the transverse mode radius. Thus, for both processes small
(7)5/2w8 o " .
p core radii favor a large emitted flux.

An important difference between the two processes re-
X/dwr/dws/dwzh?)(wmwsywz)lg(wT7wS7wl)| » (22) " |ates to the dependence of the conversion efficiency on the
pump power and bandwidth. While the TOSPDC conversion

whichis given in terms of the function efficiency is independent of the pump power (except for the

EDw kD w. kM, pump-power dependence of the phasemismatch, which can

ha(wr, ws, wi) = 2 : > . g 5 (23)  Dbe neglected for typical pump-power levels), see Egs. (22)

" s v and (25), the SFWM conversion efficiency scales linearly

and the new function with the pump power. Note that in this respect the behav-
2 jon1/4 ior for TOSPDC is identical to that observed for SPDC in

9(wr, ws,wi) = (10 /2) " Glwr, ws, wi), second-order nonlinear crystals. Underlying this behavior is
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the fact that for SFWM two pump photons are annihilated pelassume that while the TOSPDC photons all propagate in the
generation event, while for TOSPDC, and for SPDC, a singldundamental mode of the fiber (HB, the pump mode prop-
pump photon is annihilated per generation event. agates in the first excited mode (I}E[26]. We have shown
Likewise, it can be shown that for source designs rethat for the generation of photon-triplets at a particular de-
garded as typical, the triple integral in Eq. (22) scales lin-generate frequency there is a single core radius for which the
early with the pump bandwidth so that the TOSPDC con- phase matching condition is fulfilled [6]. This scheme can be
version efficiency is constant with respectao(within the  easily generalized to non-frequency-degenerate TOSPDC.
phasematching bandwidth) [22]. Again, note that this be- In order to compare the two processes, we choose a sin-
havior is identical to that observed for SPDC. This is to begle fiber which can be used to implement both, a photon-
contrasted with the linear dependence of the SFWM conpair SFWM source and a photon-triplet TOSPDC source.
version efficiency witho. This implies that unlike SFWM  We restrict this comparison to degenerate-pumps SFWM and
sources, for TOSPDC sources a pulsed-pump configuratioto TOSPDC involving frequency-degenerate triplets. As a
does not represent an advantage vs a monochromatic-punspecific design, we consider a fiber guided by air with a
configuration in terms of the attainable emitted flux. In fact,core radius ofr = 0.395 um. This core radius leads to
the conversion efficiency fapontaneougour wave mixing  TOSPDC phasematching involving a pump centerel},at
scales with pump power and bandwidth in the same mannédr.532 yum and frequency-degenerate photon triplets centered
as for astimulatedprocess, such as second harmonic generaat A = 1.596 ym. Figure 2 shows graphically the phase-
tion, based on a second order nonlinearity. This implies thamatching properties for the two processes in terms of genera-
(for sufficiently high pump powers) SFWM sources can betion frequencies vs pump frequency [SFWM in panel (a), and
considerably brighter than both TOSPDC and SPDC source§ OSPDC in panel (b)]. The black curves were obtained by
As a concrete illustration, in a remarkable recent SPDC exsolving numerically, for each of the two processes, the per-
periment [23], despite extensive source optimization the obfect phasematching condition. We have displayed the gen-
served photon-pair flux, per pump power and per unit emiseration frequencies obtained assuming perfect phasematch-
sion bandwidth, is~ 500 times lower compared to a repre- ing in terms of detuningsA;; = ws; — w, for SFWM,
sentative SFWM experiment [24]. andA,; = w,s — (wp — w;)/2 for TOSPDC {,,, with
Finally, it can be shown that for source designs regarded = r, s, i, p, represents the frequencies for each of the par-
as typical, the frequency integrals in Egs. (22) and (25) scal§cipating modes). In the case of degenerate-pumps SFWM,
asL~!, so that the TOSPDC conversion efficiency exhibits aenergy conservation dictates theaf = —A; so that there are
linear dependence ahas in the case of SFWM [25]. only two independent frequency variables, (@and A;) and
thus Fig. 2(a) fully characterizes the relevant phasematch-
ing properties. In the case of TOSPDC, in order to obtain a
3. Phase matching properties for SFWM and similar representation of phasematching properties we fix the
TOSPDC idler-photon frequency [t@; = 27¢/1.596 pm in Fig. 2(b)],
so that energy conservation dictates that= —A,. In this
In this section, we describe the techniques studied byase, a series of plots similar to that in Fig. 2(b) each with a
us, designed to achieve phasematching for the SFWAMiifferent value otv;, is required for a full characterization of
and TOSPDC processes in fused-silica fibers. In bottihe phasemathching properties.
cases, phasematching properties are linked to the frequency-
dependence of the propagation constgnt) for each of the

four participating fields. ey B =255 = 1.596 um
On the one hand for SFWM we assume that all four fields S|
propagate in the same transverse fiber mode, in particular inx |~ = °
the HE, fiber mode. Our treatment could be generalized _ D1 . S —
to the case where the fields propagate in arbitrary transverse¢t m'I“ 0 g
modes [18]. On the other hand, for TOSPDC we adopt a 2| 2|,
multi-modal phasematching strategy where the pump propa- <}~ <7 e

gates in a different mode compared to the generated photor 100 079, O&Sm) 055 048 0.55 050 xofﬁm) 041 038
triplets. Note that the frequency-degenerate low-pump-power ’ ’

phasematching condition for TOSPDC can be written as foI—FIGURE 2. (@) Black, solid curve: perfect phasematchin
lows: k,(3w) = 3k(w). Because of the large spectral sep- ' » SOlC curve. g
arationpb(etvgeen thé lgump and the generatged prr)loiﬁréﬁ@) " (A=) contour for degenerate-pumps SFM. (b) Black, Sold

. . . curve: perfect phasematching k=0) contour for TOSPDC with
is considerably larger thask (w), for most common optical X:=1.596 um. Black background: non-physical zone where en-

materlal§, characterized t?y normal dispersion. We proposgrqy conservation would imply that one of the generated photons
to eXp|0It the use Of two d|fferent transverse mOdeS in a th|rhas a negative frequency_ Gray background: frequency zone out-
fiber guided by air, i.e. with a fused silica core and where theside of the range of validity of the dispersion relation used for
cladding is the air surrounding this core. In particular, we will fused-silica.
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FIGURE 4. Representation of the TOSPDC joint spectral intensity
obtained for the same fiber and pump parameters as in Fig. 3. (a)
JSI evaluated at; = 0. (b) JSI evaluated aty = v = 0.

black-dashed line. It can be seen that keepipgonstant at

wp/3, the pump can be tuned over a wide frequency range,

resulting in a wide tuning range far,, andw,, away from

-5 0 5 w,/3. It is worth mentioning that in general, the nonlinear
v+ (1 0" rad/s) phasemismatch contribution [see Eq. (14)] can be neglected

for pump-power levels regarded as typical.

lotted as a function of frequency variables and In Figs. 3 and 4 we show plots of the joint spectral in-
P q y v tensity (JSI) function, for the SFWM and TOSPDC sources
) o . . implemented with the specific fiber described above. These
In general, for a fiber exhibiting two zero-dispersion fre- : . 9 9
- o X Sl functions are given by (ws, w;)|* and|G(wy, ws, w;)|?,
guencies within the spectral range of interest, the SFWMJ ; :
respectively. If properly normalized, the JSI represents the

perfect phasematching contour in the space of generated \[/)Srobability distribution associated with the different emission

pump frequencies is formed by two loops essentially Coni‘requencies.

tained between these two zero dispersion frequencies [7]; this
A plot of the JSI shows the type and degree of spectral

is illustrated in Fig. 2(a). For a specific pump wavelenggh . - .
there may be two separate solutions fok = 0, leading correlations which underlie the spectral entanglement present

to the inner and outer branches of the two loops. Howeverl the photon pairs or triplets. Typical spectral correlations
the inner solutions tend to be spectrally neawfowith A,  Imply that, for both SFWM and TOSPC, the JSI is tilted in
and A, strongly determined by the nonlinear contribution of e generated frequencies space, with narrow spectral fea-
the phasemismatch [see Eq. (4)], and thus pump-power déures along specific directions. Thus, for the fiber parameters
pendent. This small spectral separation can lead to contarftNich we have assumed, the SFWM JSI exhibits a narrow

ination due to spontaneous Raman scattering (which occu%‘é‘idth along the_»us +wi dire_ction, and a much larger width
within a window of ~ 40 THz width towards shorter fre- in the perpendicular direction. In the case of TOSPDC, the

quencies fromy,). In order to avoid Raman contamination, JS! exhibits a narrow width along thg. + w; +w; direction

we exploit the outer branches of the phasematching contoud much larger widths along the perpendicular directions.
which is comparatively less dependent on the pump powef'.—h's means that, for bqth processes, it is convenient to plot
Note that for this specific fiber, perfect phasematching octhe JSI in frequency variables chosen in accordance with the
curs for pump wavelengths within a range of approximatelycorrelations present.

470nm. For the photon-triplet source proposed in this study Figure 3 shows the JSI for the SFWM source, plotted vs
we have chosen a pump wavelength\gf= 0.532 pm, that v} = %(Vs‘f'yi) andv_ = %(us —v;), defined in terms of
corresponds to the third harmonic of 1.58@, which is the frequency detunings; = ws — w? andy; = w; — w? where
selected degenerate TOSPDC frequency. For this same fibef andwy represent signal and idler frequencies for which
and for the same pump wavelength, the SFWM process leadgerfect phasematching is obtained. For this plot, we have as-
to signal and idler modes centered at 0.a29and 1.398:m,  sumed a fiber length af = 1 cm and a pump bandwidth of
respectively. In Fig. 2(a) the selected pump wavelength and = 0.118 THz (which corresponds to a Fourier-transform-
the corresponding signal and idler frequencies are indicatelimited pulse duration o0 ps). The figure reveals that for

FIGURE 3. SFWM joint spectral intensity for the two-photon state,

by a black dashed line and red circle, respectively. this specific parameter combination, the signal and idler pho-
Unlike for the SFWM process [see Fig. 2(a)], the per-tons are spectrally anti-correlated.
fect TOSPDC phasematching contour (with kept con- Figure 4 shows a representation of the three-photon

stant) is an open curve where the vertex (red circle), correTOSPDC JSI, where we have assumed the same values for
sponds to frequency-degenerate photon-triplet emission arttie fiber length and pump bandwidth that we used for SFWM,
where the selected pump frequency is indicated by a verticgllotted as a function of the following frequency variables
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1 lse durati
= (b i 3°) e duraton 3
\/§ _g J100ps! SFWM -pulsed
1 1 1 1 1 . " 7=629 (ka)>1 71SFWM -pulsed
va=s (1_) e (—1_) et -0y ey
2\ V3 2 V3 V3 |
1 1 1 1 1 = :
vp=5 1+—= | wr+= —1+> we——=w;. (27 M
2< \/??)2( Vi) B0 g
wherew? is defined as,° = w, /3. Note that the variable —18T---- - Jr=19kmW) T ToseDCl [ y=TOMmWyL TOSPDC
defined for TOSDPC is different to that defined for SFWM,  -204——————— (@) T (‘;)80
in both cases given in terms of the sum of the generated fre- pump bandwidth (GHz) pump power (mW)

quencies. In Fig. 4(a), we have plotted the JSI in these new

> - : _8 SFWM -pulsed
variables, evaluated at. = 0, and in Fig. 4(b) we have plot- m

ted the JSl in these new variables, evaluategiat v = 0. B UL

Note that the width along, is much narrower compared to 12 !

the width alongy4 andv g, an indication of the existence of S

spectral correlations. The ratio of the width alang or vg = 6

to the width alongv, is an indication of the strength of the y=19kmwy o JOBDC

correlations.

T T T (C)v
0.0 2.5 5.0 75 100
fiber length (cm)

4. SFWM and TOSPDC conversion efficiency

for specific source designs FIGURE 5. SFWM and TOSPDC conversion efficiency (in log-

arithmic scale) for the pulsed and monochromatic pump regimes,

In thi . ical simulati fth as a function of: (a) the pump bandwidth (the yellow circle and
n this section, we present numerical simulations of the Xthe green square correspond to the monochromatic-pump limit for

pected conversion efficiency as a function of various ex-spwMm and TOSPDC, respectively), (b) the average pump power,
perimental parameters (fiber length, pump power and pumpnd (c) the fiber length.

bandwidth) for the specific SFWM and TOSPDC sources de-

scribed in the previous section (see Figs. 2, 3 and 4). Wewhile maintaining the energy per pulse, or alternatively, the
include in our analysis both, the pulsed- and monochromaticaverage power and the repetition rate constant). For this anal-
pump regimes. In order to make this comparison as useful agsis, we assume a fiber length bf= 1 cm, a repetition rate
possible, both sources are based on the same fiber (guided Iy — 100 MHz and an average pump power= 180 mw

air with a core radius of = 0.395 um) and the same pump  for both sources. Note that asvaries, the temporal duration
frequency §, = 0.532 pm). While in the SFWM source varies, and consequently the peak power varies too.

the signal and idler modes are centered at non-degenerate fre- We evaluate the conversion efficiency from Egs. (16)
quencies{, = 0.329 um and); = 1.398 um), the TOSPDC 54 (22) for a pump bandwidth range23.5 — 117.7 GHz

source is frequency degeneraté\at 1.596 pm. (or a Fourier-transform-limited temporal duration range 20-
For the SFWM source, the nonlinear coefficient,.. 100 ps). Numerical results for the SFWM source [obtained
was numerically calculated from Eq. (18) ylgldmg a valuefrom Eq. (16)] and for the TOSPDC source [from Eq. (22)]
of Yrwm = 629 (kmW)~*. The corresponding value for are shown in Fig. 5(a) (indicated by the black solid line and
the TOSPDC source, numerically-calculated from Eq. (24)the magenta dashed-dotted line, respectively). The conver-
yields a value ofy,q. = 19 (kmW)~' . Although the two  gjon efficiency has been plotted in a logarithmic scale, con-
processes take place in the same fiber with the same puniyering the striking difference in order of magnitude be-
frequency, the striking difference in the nonlinear coefficientyyeen the efficiencies for the two processes. It can be seen
results from the far superior overlap between the four parihat for the largest considered, the SFWM conversion effi-
ticipating fields in case of the SFWM source, for which theciency is ten orders of magnitude greater than the TOSPDC
four fields propagate in the same fiber mode (HE Tak-  conversion efficiency. As expected.,as given by Eq. (16),
ing into account the quadratic dependence of the conversiogynipits a linear dependence on the pump bandwidth (this
efficiency (observed for both processes) on the nonlinearityg not graphically evident in the figure due to the logarith-
this clearly favors a greater brightness for the SFWM sourceyic scale). The black solid line in Fig. 5(a) shows this be-

compared to the TOSPDC source. havior. Thus, for SFWM, the use of a pulsed pump signifi-
cantly enhances the emitted flux over the level attainable for
4.1. Pump bandwidth dependence the monochromatic-pump regime. In contrast, the TOSPDC

conversion efficiency remains constant over the full range of
We will first consider the conversion efficiency for the two pump bandwidths considered. For this reason, in the case of
sources described above as a function of the pump bandwidifOSPDC, no difference is expected in the emitted flux, be-
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tween the monochromatic- and pulsed-pump regimes (while At the highest average pump power considered, Eq. (16)
maintaining the average pump power constant). predicts a SFWM conversion efficiency®f1x 10~?, which

In the monochromatic-pump regime, evaluation of thecan be contrasted with the value obtained in the monochro-
SFWM conversion efficiency through Eq. (20) predicts amatic pump limit through Eq. (20){, = 3.05 x 10~11).
value of 7.,=3.05x10~!! [indicated by a yellow circle Inturn, the TOSPDC conversion efficiency remains constant
in Fig. 5(a)]. Likewise, we calculate the TOSPDC con- within the full pump-power range considered with a value of
version efficiency through Eq. (25), from which we obtain 7.11 x 10~1?, which is nine orders of magnitude lower than
New=7.10x10712. This value is represented in Fig. 5(a) the conversion efficiency of SFWM with a pulsed pump.
by the green square. It is graphically clear that the conver-
sion efficiency values fos # 0 [calculated_ from Eq. (16) 4.3. Fiber length dependence
and Eq. (22)] approach the corresponding values in the

monochromatic-pump limit [calculated from Eq. (20) and e now tumn our attention to the fiber-length dependence of
Eq. (29)]. the conversion efficiency for the two processes, while main-
taining other source parameters fixed. For this comparison
4.2.  Pump power dependence we assume an average pump powepot 180 mW and,
for the pulsed case, a pump bandwidthoof= 23.5 GHz,

We now turn our attention to the pump-power dependence odnd a repetition rate oR = 100 MHz. For this study
the conversion efficiency for the two processes, while mainwe vary the fiber length from 0.1 to 10 cm, and as before
taining the pump bandwidth and other source parameterge assume a fiber radius of = 0.395 um; recent exper-
fixed. We compute the conversion efficiency as a functionmental work shows that it is possible to obtain a uniform-
of the average pump power, which is varied betwéeamd  radius fiber taper o~ 445 nm radius over a length of
180 mW. We assume a fiber length &f = 1 cm, a pump 9 cm [27]. The results obtained by numerical evaluation
bandwidth ofo = 23.5 GHz (for the pulsed-pump case, cor- of Egs. (16) and (22) in the pulsed-pump regime are shown
responding to a Fourier-transform-limited temporal durationgraphically by the black solid line for SFWM and by the
of 100 ps) and a repetition rate ¢t = 100 MHz. magenta dash-dot line for TOSPDC. The corresponding re-

Plots obtained numerically from our expressionssults obtained for the monochromatic-pump regime by nu-
[Egs. (16) and (22)] are presented in Fig. 5(b), whene  merical evaluation of Egs. (20) and (25) are presented in
expressed in a logarithmic scale. The black solid line and thgig. 5(c) by the blue dashed line for SFWM, while the curve
magenta dashed-dotted line correspond to SFWM and TOSor TOSDPC overlaps the curve calculated for the pulsed
DPC, respectively. The SFWM conversion efficiency in thecase (magenta dash-dot line). As expected, the conversion
monochromatic pump limit is obtained through Eq. (20) andefficiency exhibits a linear dependence on the fiber length
is indicated in Fig. 5(b) by the blue dashed line. As expectedior both processes (which is not evident graphically due
the SFWM conversion efficiency is considerably higher into the logarithmic scale). For the longest fiber considered
the pulsed-pump regime than in the monochromatic-pumpr=10 cm), the SFWM conversion efficiency2s04 x 10~8
regime. Note that TOSPDC efficiency values, obtained fronfor the pulsed-pump regime angl,, = 3.09 x 10719 for
Eq. (25) for the monochromatic-pump regime, are coinci-the monochromatic-pump regime, while the TOSPDC con-
dent with those obtained through Eq. (22) for the pulse-pumpersion efficiency i.13 x 10~'® (for both the pulsed- and
regime (see the discussion in the previous subsection).  monochromatic-pump regimes). Thus, for this specific fiber,

Figure 5(b) shows that the SFWM conversion efficiencypulsed-pumped SFWM leads to two orders of magnitude
is linear with pump power (which is not graphically evi- greater conversion efficiency than monochromatic-pumped
dent due to the logarithmic scale). Note that this linear deSFwM, while it leads to nine orders of magnitude greater
pendence becomes quadratic for the flux vs average pumgbnversion efficiency than TOSDPC.

power. For the TOSPDC process, the situation is different:

the conversion efficiency is constant with respect to the aver-

age pump power, while the emitted flux varies linearly with5. Conclusions

the pump power. As has already been remarked, this behavior

is related to the fact that two pump photons are annihilatedn this paper we have presented a comparative analy-
per generation event for SFWM, while a single pump pho-sis of two different types of source based on sponta-
ton is annihilated per generation event for TOSDPC. In factneous non-linear processes in optical fibers: photon-pair
this represents one of the essential advantages of SFWM ovsources based on spontaneous four wave mixing (SFWM),
SPDC photon-pair sources in terms of the possibility of ob-and photon-triplet sources based on spontaneous third-order
taining a large emitted flux, for sufficiently high pump pow- parametric downconversion. We have restricted our study
ers. Note that the process of TOSPDC has important similato degenerate-pumps SFWM and to TOSPDC involving
ities with the process of SPDC; in both cases, the conversiofrequency-degenerate photon triplets. Likewise, we have as-
efficiency is constant with respect to the pump power and teumed that all participating fields for each of the two types of
the pump bandwidth (within the phasematching bandwidth).source are co-polarized.
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We have presented expressions for the quantum state afl fields propagate in the same fiber mode (IE unlike
SFWM photon-pairs and TOSPDC photon-triplets, and weTOSPDC for which our phasematching strategy requires the
have discussed differences in terms of phasematching propse of two different fiber modes. On the other hand, for suf-
erties for the two processes. We have presented expressiofisiently high pump powers, this is due to the fact that for
for the expected source brightness for both processes, and f8FWM the conversion efficiency scales linearly with pump
both: the pulsed-pump and monochromatic-pump regimegower and bandwidth while for TOSPDC the conversion ef-
Likewise, we have presented plots of the joint spectral intenficiency remains constant with respect to these two parame-
sity for both processes, which elucidate the type and degreters. Thus, unlike the case of TOSPDC, the use of short pump
of spectral correlations which underlie the existence of specpulses can significantly enhance the SFWM conversion effi-
tral entanglement in each of the two cases. We have alsdency. We expect that these results will be of use for the de-
presented the results of a comparative numerical analysis aign of the next-generation of photon-pair and photon-triplet
the attainable source brightness for each of the two sourcespurces for quantum-information processing applications.
as a function of key experimental parameters including pump
bandwidth, pump power, and fiber length.

From our study it is clear that SFWM sources can beAcknowledgments
much brighter than TOSPDC sources. This is due on the one
hand to the far better degree of overlap between the four parthis work was supported in part by CONACYT, Mexico, by
ticipating modes which can be attained for SFWM, for which DGAPA, UNAM and by FONCICYT project 94142.
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