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Impact of higher-order optical fiber modes for photon-triplet generation
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This paper presents a study of the phasematching properties of the third-order parametric down-conversion process in multimode optical
fibers with a step-index profile. Through this process, entangled photon triplets can be generated in the spontaneous regime. We show that
phasematching is achieved in a wide range of fiber geometries, provided that the pump field propagates in a higher-order mode. Furthermore,
we show the nonlinear coefficient and the absolute emitted flux for each source configuration, evaluated from expressions derived by us in
previous theoretical studies concerning the spontaneous and stimulated emission regimes.
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1. Introduction for subwavelength fibers (a few hundred nanometers). This
scheme allows the emission of frequency non-degenerate and

For implementing different protocols in quantum informa- degenerate photon triplets. Shortly after, a similar technique
tion processing, an essential need is the availability of mulwas proposed using more conventional fibers and consider-
tipartite states. Currently, one of the biggest challenges iing that the pump propagates in thé%s; mode [16]. More
guantum optics is to generate entangled multi-photon sysecently, we also have studied the process of third-order para-
tems. Since the first demonstration of spontaneous paranetric downconversion (TOPDC), in which, additionally to
metric down-conversion (SPDC) in a second-order nonlineathe pump, a seed field is launched to the fiber that overlaps
medium [1], photon-pair entanglement has been used for vaht least one generation spectral mode so that the emission be-
idation of quantum mechanics [2] and exploited to the develcomes stimulated [14]. This paper presents an analysis of
opment of quantum technologies [3]. Photon pairs can alsethe phasematching properties for TOSPDC (and TOPDC) in
be generated in optical fibers by the process of spontaneousultimode fibers with a step-index profile. In contrast to our
four-wave mixing (SFWM) [4]. In both cases, the processprevious studies, here we let the pump field propagate in a
can be engineered to generate two-photon states with partigpatial mode, which can be any of the higher-order modes
ular entanglement properties [5, 6]. supported by the optical fiber, belonging to the kind of lin-

A step forward in developing non-classical light sourcesearly polarized mode& FPy,,, with m = 1,2,3,---. Under
is the generation of three-photon states, for which have beeihese conditions, phase-matching occurs in fibers with larger
proposed and implemented various schemes based on ca®mre radii, allowing longer fiber lengths and higher pump
caded second-order processes [7]. More recently, there hgswers, leading to higher emission rates [17].
been a growing interest in the study and design of alternatives This paper also shows the nonlinear coefficient associ-
for generating three-photon states in media with third-ordetted with the four-field interaction and the emitted flux ob-
nonlinearity, mainly in guided devices [8-14]. However, attained for each source geometry concerning the spontaneous
present, experimental demonstrations remain a challenge {§OSPDC) and stimulated emission regimes (TOPDC). As
overcome [15]. described below, although in general the obtained nonlinear

It was previously proposed to generate photon triplets ircoefficient is low, the fact that the phasematching occurs for
optical fibers guided by air, based on the third-order spontafibers with core radii greater than those assumed in [8] al-
neous parametric down-conversion process (TOSPDC) [8Jows us to consider longer fiber lengths. A relevant issue
In this process, a pump photon with frequengy decays to be taken into account is that our technique’s successful
spontaneously in a photon triplet with frequencigs ws, implementations rely on the viability of launching into the
andw;. As a parametric interaction process, the conditions ofiber the greater available pump power in the corresponding
energy and momentum conservation must be fulfilled. In thahigher-order mode. In this regard, several methods have been
work, we show that if the pump field is allowed to travel in the proposed through which it is possible to excite selectively
first excited fiber mode while generated wave-packets propand controllably a particular higher-order mode in an optical
agate in the fundamental mode, phasematching is achievdiber [18—21]. On the other hand, as we have emphasized, the
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TOSPDC emitted flux is proportional to the nonlinear coef-the directionw, + w; + w,, and much larger widths along

ficient’s square. Hence, the use of fibers made from highlyith the two perpendicular directions, a feature that reveals
nonlinear materials [22, 23] constitutes a reasonable alterndhe existence of spectral correlation in the three-photon state.
tive to implement photon-triplet sources with higher emission

rates For practical implementations of photon-triplet sources,

results essential to know the dependence of the photon emis-
sion rate in terms of all experimental parameters. We have
2. Theory of third-order parametric down-  derived an expression to calculate the brightness of photon-

conversion triplet sources based on TOSPDC, defined as the number of
single photons detected in one of the three-generation modes
2.1. Spontaneous regime (e.g ther mode) per unit time, which under ideal detec-

tion efficiency conditions, also corresponds to the number of

We have previously carried out a comprehensive theorEtiCihoton triplets emitted per unit time. For the state given in
study of TOSPDC in optical fibers, comprising the pulsed an g. (1), and assuming a pulsed pump, the TOSPDC emitted
monochromatic pump regimes [8,17]. Assuming that all fourgy,y can be calculated a¥, — S (Uslat (k)alk, )| Ws) R,

fields are linearly polarized along theaxis and propagate \yith g the pump repetition rate. After some algebra can be

in the same direction along with the fiber-éxis), and fol-  gemonstrated thay, is explicitly given by [8, 17]
lowing a standard perturbative approach, we showed that the

state produced by third-order spontaneous parametric down-

conversion ig¥) = |0),.]0)s|0); +n|¥3), written in terms of N 3(2)%/2hc*nd L242p o o
the three-photon component of the stilig) s /2w o Y Y
klw, klws kiw;
) =/dwr/dws/dwi B B B 00, 0) P, (5)
X f(wrvwsvwi)‘wr>r|ws>s|wi>ia (1)

) ) o wheref: is the Planck’s constant,the speed of light in vac-
wherer is a constant related to the conversion efficiency.m n, the refractive index evaluated at the pump central
The function f(w,,ws,w;) is the joint spectral amplitude, frequency,p and o are the pump average power and band-

which describes the spectral correlation properties of th‘%vidth, respectively, and, is the nonlinear coefficient that
three-photon state, and is given in terms of the pump SP€Gjoverns the TOSPDC process, given by
tral amplitude (PSAy(w), and the phasematching function ’

(PM) d(wy, ws, wi)

B 3X(3)Wp0 6
f(wrvwsvwi) = a(wr + Wg + wi)¢(wrvwsvwi)7 (2) 7= 46002n%Aeff7 ( )
with
. where A. ;¢ is the effective interaction area among the four
¢(wr, ws, w;) = SINC[LAK(w;, ws, w;) /2] fields [9]. InEq.B), k¥’ = k' (w) represents the first frequency
x expliLAK(wr, we,ws) /2], 3) derivative ofk(w). An expression of the TOSPDC emitted

flux in the monochromatic pump regime can be obtained by
written in turn in terms of the fiber length and the phase taking the limito — 0in Eq. ).

mismatchAk (wr, wi, w; ) In the general case, is not trivial to solve analytically the
triple frequency integral in Eq5f. However, a numerical
analysis of the emitted flux, as given by EB),(for specific

— ko(ws) — ki(w;) + Py, (4)  source designs reveals that the emission rate of photon triplets

has a linear dependence on the fiber length and pump power,

where @, is a non-linear contribution derived from self- while is constant for the pump bandwidth (maintaining the
phase and cross-phase modulation processes, which is prodlse energy constant) within the phasematching bandwidth
portional to the pump power [17, 24]. Note that the energy{17]. This behavior is similar to that observed in SPDC. A
conservation constraint is apparent in the argument of theritical issue to consider is tha{, varies with the square of
first term of the phase mismatch [see E&)].(For the pulsed the parametet;, which in turn is proportional to the nonlin-
pump configuration, we assume that the pump has a Gausear refractive index of the fiber material and inversely pro-
sian spectral envelope(w,) = exp—(w, — wpo)?/0?] ,  portional to the effective area [see E6)]( Thus, it is desir-
with w,o ando the central frequency and bandwidth, respec-able to maximize the spatial overlap between the four fields
tively. Plots of the joint spectral intensity (JSI), defined asinvolved in increasing the emitted flux and consider optical
|f(wr,ws,w;)|?, have been shown in Refs. [8,17]. Essen-fiber manufactured with materials exhibiting high third-order
tially, the JSI is like a “membrane” of narrow width along electrical susceptibility values.

Ak(wr, ws, w;) = kp(wyp + ws + w;) — kr(wy)
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2.2. Stimulated emission 3. Exploration of fiber geometries

Stimulated emission tomography (SET) is a technique thal‘j3 1
uses a seed input field in addition to the pump, which over="""
laps at least one of the output modes, such that the emission
becomes stimulated. SET was initially proposed and experl’he TOPDC processes are conditioned to the fulfillment of
imentally implemented to study the generation of photonthe phase-matching constraist: = 0 [see Eq.4)]. It has

pairs [25—27] and has also been studied in the third-ordeP€en emphasized that due to the wide spectral separation be-
nonlinear regime [10-14]. The input seed field is taken as &veen the pump frequency and frequencies in which photon
coherent state of the fori({;}) |[vac with an initial aver- ~ triplets are expected to be emitted, it is not simple to get
age photon numbés, |2, that evolves by the coupled nature phasematching for cases in which the four interacting fields
of the fields intoD({}3,(¢)}) |[vac), while the pump field co- Propagate in the same transverse fiber mode. As an alterna-
herent staté)({a, }) |[vac) is assumed constant. For TOPDC tive, we previously proposed a multimode TOSPDC scheme
in the undepleted pump approximation, the output state cafft thin optical fibers guided by air. We assumed that the three

Phase-matching techniques for TOSPDC

be written as follows [14]: generated wavepackets propagate in the fundamental mode
) o of the fiber (HE;). While the pump field propagates in the
[ou) = D({ap}) D({B;(t)}) excited mode HE, as considered for third-harmonic gener-

ation in reference [28]. Focusing on the degenerate emission
case,i.e., when the three photons in a triplet are emitted at

whereD({c, }) andD({3,(t)}) represent the pump and seed the same frequenpy, we found. that for a particular emissipn
displacement operator at the output of the medium. The noféguency, there is a core radius for which phase matching
tationn;;; andn; ; were used to emphasize their dependency?ccurs [8], (henceforth we will refer to this as the phase-
with the generation of the normalized triplet stag) and ~ Matching radius-,,). We also showed that the proposed
photon-pair like statefgl,), where the former was defined in scheme allows the generation of frequency non-degenerate

x A (Ivaq +nrir W) + nrr [ ¥a)), (7

Eq. (1), and the latter can be written as follows photon triplets [17].
The phasematching proposal assumes that the pump field
|Ws) = \/§M /dwr/dws /dwi propagates in the HE mode demands subwavelength di-
i mension optical fibers. For example, to generate photon
X fwr, ws, w;) B (w;) |wr) |ws) - (8) triplets in the telecommunications band or higher frequen-

) ) cies, the phasematching radius must be less thap th48].
Itis possible to calculate the average number of photong)jya_thin fibers have the advantage of providing high val-

under the above conditions, simply as ues of the nonlinear coefficient [see See Eql6]] if most
of the light is highly confined into the core [29], which also
N = /dwr (@out| @ (wr)a(wr) [Your) could lead to higher emission rates. However, although these
fibers can be made through the current tapers technologies,
= No + Nr+ Nip, (9 the lengths for the core radius remains constant are restricted

to a few centimeters. For example, recent experimental work
(7) in (9). Those terms account for the following\, is the Sh?&’; that '} IS posISIbIethto fogtaln as(t)mlfosr? (;O.r? rad![(_) of
spontaneous number of photons3as;;;|?, while N; and IN th nm aliong ta eg_g do tcm E‘ ]f'b gr InderTa(gé%nDC
Ny are the stimulated throughput of photons, which come®€n9ths ’repres_en 2 disadvantage for ibér-base .
ources’ practical implementations since the emitted flux is

from the seed overlapping one or two output modes at thé . .
same time. It can be shown that the stimulated throughput i general proportional to the fiber length. On the other hand,

where the three terms i®) are obtained by substitution of

the pump power that can be coupled into subwavelength op-

of the form tical fibers is limited to the fiber damage threshold. As an
N, = 2N0|,60|2/dwr/dws al_ternat_ive, Ref. [16] pr_oposed a scheme to generate phgton
triplets in more conventional optical fibers (larger core radius
} 2 and lower dielectric contrasts), assuming a configuration in
X /dw,’f(wr,ws,wi)ﬂ*(wg) , (10a)  which the pump field propagates in thedsRiber mode, and
generated photons propagate in the fundamental mode.
Ny = %|ﬁ0‘4/dwr 'Currgnt technolqu allows greqt flexibility in des?gning
optical fibers with different dispersion profiles, enabling the
_ _ 2 fabrication of step-index fiber (SIF), gradient index fibers
X /dws/dwif(wr,ws,wi)ﬁ*(ws)ﬁ*(wi) , (10b)  (GIF), and photonic crystal fibers (PCF), which can be single-

mode or multimode at the wavelength of interest. Motivated
where §(w) is the spectral envelope of the seed field, andby the wide range of fiber geometries available, we have an-
was written asi(w) = o (w), such thatf dw|3(w)|* = 1. alyzed the TOPDC phasematching properties in multimode

Supl. Rev. Mex.iB. 2 (1) 72-80



IMPACT OF HIGHER-ORDER OPTICAL FIBER MODES FOR PHOTON-TRIPLET GENERATION 75

SIF, restricting our treatment to linearly polarized modes (LP)ific higher-order mode, following a monotonically increas-
since we are focusing on more conventional fibers for whiching relation. The core radius value increases as the transverse
the index contrast is low. In the analysis, the core radiassd  mode order increases. This result is shown in Fig. 2a). The
the dielectric contrashy,, = (n1 — na)/n1 (With nq andna, phasematching radius has been plotted as a function of the
the refractive index of the core and cladding material, respeanode order and the fiber dielectric contrast. In this figure, we
tively) have been set as free parameters because, in genecaln see that for the consideréd, range phasematching is
terms, these control the fiber dispersion properties. achieved in fibers with core radius betwezand 10um ap-

For a particular fiber, the number of transverse modes iproximately, which are fiber with conventional dimensions,
which coupled light can travel is determined by the opticaland for L P,,, modes withm > 3. Larger values of\,, lead
frequency. The fundamental mode J;As characterized by to phasematching for lower order modes and at small core
the highest effective refractive index, while higher modes ex+adii. In the case ofA,, = 0.02, for example, phasematching
perience refractive indices whose value decreases as the opecurs only from thel. Py, mode. Note that phasematching
tical mode order increases. Thus, the uppermost confinedith a pump propagating in thePy; mode becomes possible
mode supported by a fiber propagates with a refractive indein fibers with much higher dielectric contrast, such as PCFs
close to the cladding’s refractive index. This behavior can ber nanofibers, in which light is guided by air, see [8].
observed in Fig. 1a) where we show the effective refractive  In Ref. [17] was showed that non-degenerate TOSPDC is
index of the first ten modes, belonging to the class of modesalso possible under the scheme proposed in Ref. [8]. Here
LPy, (m = 1,2,3,---), supported by a SIF characterized we extend that analysis to include cases in which the pump
by r = 10 um andA,, = 0.02, for light at0.532 um. Each field is allowed to propagate in fiber modes of higher orders
of these modes has a particular spatial intensity profile, athan that considered in those works. In Fig. 3, panels a) and
can be seen in Figs. 1b)- e), whose radial distribution is dee), we plot the phase-matched frequencigsandw; as a
termined by then parameter. In this case, all modes exhibit function of the pump frequenay, for different values of the
azimuthal symmetry. dielectric contrast ranging betwe@r02 and0.06 when the

We have explored the TOPDC phasematching propertiesller-mode frequency; is fixed at2w¢/1.596 um. For the
to generate degenerate photon triplets at 1,596in fibers  case of Fig. 3a), we assume a core radius 2 pm and that
with A,, = 0.02 — 0.06. For this, we assume that emit- the pump propagates in theP?; mode, whereas for Fig. 3c)
ted photons propagate in the fundamental mode, while the = 5 yum and we assume that pump propagates iniReg;
pump field, centered at 0.532m, propagates in a higher- transverse mode. Note that in these plots, frequengiesd
order mode. From our analysis, we have found that for a fixed), have been expressed in terms of the frequency detunings
A, a setof core radii, the conditiohk = 0 is fulfilled. Each A, = w, — (wp, —w;)/2 andA; = w, — (wp — w;)/2, Which
core radius is linked to a pump field propagating in a spesatisfy the relatiom\, = —A, = A because of the energy
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FIGURE 1. a) Effective refractive index of the first ten bR modes that can propagate along with a SIF wits 10 um andA,, = 0.02.
b)-e) Transverse intensity patterns of some of the modes supported by the fiber@632 pm.
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FIGURE 2. Phasematching for degenerate TOPDC at 1/596n multimode optical fibers. a) Phasematching ragiug as function of the
transverse mode order and the dielectric contrast. b) Nonlinear coefficiemtresponding to cases in panel a), see By. ¢) TOSPDC
emitted flux corresponding to a), see Ef). (

conservation constraint. In each case, the pump spatial mode which the spatial overlap among the four fields interacting
corresponds to the lowest-order higher mode for which phasalong the fiber length can be optimized [see H&)]. (It has
matching occurs within the consideréd, range. been shown that for a specifit,,, there is an optimal core
From these figures, it can be appreciated that for eachadius for which the nonlinear coefficient reaches its high-
value of r there is a continuum of dielectric contrasts for est value [29]. In Fig. 2b), we plot [numerically calcu-
which phase matching occurs. However, note that for the cadated from Eq./6)] for each phasematching radius obtained in
of r = 2 um, there is no phase matching far, = 0.02. In Fig. 2a). We see that highervalues are attained for higher
fact, as the core radius decreases the phasematching is extitielectric contrasts, at which phasematching is fulfilled for
guished for small values @&, [see Fig. 2a)]. Likewise, itcan small radii by pumping with lower transverse modes. Lower
be seen from Figs. 3a) and Fig. 3c) that the value&,0bnd  modes as thé Py3 have better overlap with the fundamental
A shrinks for larger radii, for which TOSPDC becomes fea-mode. Even higher modes and small dielectric contrasts gen-
sible for pump fields propagating in fiber modes of a highererally lead to smaly’s; there are several configurations from
order. From this particular example, there is a wide range ofhich it is possible to get a reasonable TOSPDC emitted flux
configurations in which non-degenerate photon triplets cams can be seen in Fig. 2c). In this figure, we show the emit-
be generated in various spectral lines and with a pump thaed flux N, calculated from Eq5), that corresponds to each

can be tuned at frequencies lying at the visible band. core radius in panel (a), assuming a fiber length- 5m, a
pump average power = 500 mW, and a pulse duration of
3.2. TOSPDC emitted flux 10ps.

Besides the phasematching required in TOSPDC, another rel- Figure 2c) shows that because all other experimental pa-
evant factor to consider is the source brightness [seeSHq. ( rameters are fixed, the TOSPDC flux is determined by the
As already mentioned, in general terms, the emitted flusnonlinear coefficient, fiber geometries with a highvalue

is proportional to the producLpy?. The quadratic de- exhibit high values ofV,. Nevertheless, once the fiber pa-
pendence ofV, on ~ can be exploited in favor of a high rameters have been determined and-sethe emitted flux
emission flux by considering fiber geometries in whigh can be increased, employing a longer fiber or a higher pump
can be maximized. Highy values are possible in fibers power. As we emphasized previously, photon triplet sources’
made from highly nonlinear materials such as bismuth anguccessful implementations based on our proposed scheme
chalcogenides, which have a high nonlinear refractive intely on the feasibility of launching the pump field in a higher-
dex [22, 23], or in silica-based fibers with small core radii order mode into an optical fiber. It is known that the amount
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FIGURE 3. Phase-matched emission frequencies plotted as a function of pump frequency for different dielectric contrasts, assuming
Ai = 1.596 um and the following core radii and pump spatial modesr & 2 um andLPys3, ¢) r = 5 um andLPys. Panels b) and
d) show the nonlinear coefficientevaluated along thAk = 0 contours in a) and c), respectively.

of pump power that propagates in a given fiber transverseure of fibers with engineered dispersion properties, we con-
mode depends on the spatial overlap between the transversiger that the implementation of bright photon-triplet sources
intensity distribution of the laser beam and the correspondbased on TOSPDC in optical fiber is an achievable goal.

ing mode. Thus, in conventional fibers, most of the pump  Regarding the case of non-degenerate TOSPDC, we have
power tends to be coupled to the fundamental mode sincevaluated numerically, from EcB), the nonlinear coefficient

in general, laser systems emit beams with approximately along theAk = 0 contours illustrated in Figs. 3a) and
gaussian profiles. However, various experimental techniquesig. 3c). These results are shown in panels (b) and (d) of
have been proposed and implemented to excite selectivetihe same figure, where we can see that in general),as
and controllably a particular higher-order mode in an opticaldecreases, the-values decrease. Likewise, it is possible to
fiber. In this way, it becomes possible to launch a significanbbserve the usual trend that high values of the nonlinear coef-
amount of the pump power into the fiber, which can propadficient are related to small core radii, which in the case of the
gate in a higher-order mode. Some of the proposed schemésur-field interaction we are describing is associated with a
for excite higher-order modes are based on optical phaseetter spatial overlap between the pump transverse mode and
shifter [18], long-period gratings [19], hologram generatedthe fundamental mode in which emitted photons propagate. It
by spatial modulators [21], and PCF transitions [20]. Con-is noticeable that the-values obtained for the assumed fiber
sidering the advances in these and other techniques to exciggometries are low compared with those that are possible to
higher-order fiber modes and the progress in the manufageach in PCFs or in nano-fibers used to exploit nonlinear ef-
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FIGURE 4. Seeded throughput from single a) and double seed b) contribuNerend N;, respectively. For a pulsed seed centered at
1596 nm. Marker notation corresponds to that in Fig. 2.

fects. However, since what matters for obtaining a high Now, let us present results concerning the stimulated
photon-triplet flux is the value of the produéipy?, small  emission regime, for which we assume the same configura-
~’s can be compensated with a longer fiber length and highetion as for the spontaneous case. From equat/d€s f is
pump powers or both. possible to obtain the throughput of stimulated photons due
to single and double spectral overlap of the seed with out-
put triplet modes. In this case, we assume a fiber length
3.3.  Specific examples of 50 cm. The seed will be assumed a pulsed electromag-
netic field with the same duration as the pump, an average
This section lets us consider some specific designs of photopower of 10 mw, and a repetition rate of 10 MHz, centered at
triplet sources with degenerate emission frequencies at596 nm, for which occurs the maximal stimulation. In these
1.596um, based on step-index fibers. Firstly, we present reconditions, the contributions frody; and N;; are shown in
sults for the spontaneous emission regime, for which a casgig. 4a) and Fig. 4b), respectively. The figure shows that the
was assumed a refractive index contragt= 0.04. We con-  obtained stimulated photons for each combinatiam ( LP
sider a pump propagating in ther); mode, for which the - mode) are large enough to be easily detected without the
phasematching radius ig., = 2.01 zm. For this configu- need for single-photon detection. The maximal valueNor
ration we obtain a nonlinear coefficient= 0.99 (kmW)~!.  isof11.5 x 107 s~! and forN;; is of 1.6 x 10'® s~!, values
Thus, by considering a fiber length = 5 m, a pump av- that occur forAn = 0.03 and theL Py3 transverse mode. In
erage powep = 500 mW, and a pulse duration &00 ps  areal situation, the obtained throughput would be lower after
the emission flux calculated from Ed)(s the 11.11 triplets  filtering out the seed field.
per second. Now, if instead of theP,3 mode, we assume
that the pump propagates in thhé%; mode while maintain-
ing the same\,,, the phasematching radiussig., = 4.64 4. Conclusion
um, for whichy = 0.17 (km W)~!. Under these conditions
and assuming the same source parameters as above, the enfikis article presents an analysis of the third-order parametric
sion rate isV, = 0.31 s™!, which is lower than that obtained down-conversion process in multimode optical fiber in both
for the case of the lower-order pump mode. The emitted fluxhe spontaneous and stimulated emission regime. It has been
could be increased by considering a longer fiber length or ahown that phasematching is achieved for a wide range of
higher pump power in both cases. For example, if for theconfigurations in which the pump field is allowed to propa-
second proposed design, we assume 25m andp = 1 W, gate in a higher-order mode while generated photons travel
the emitted flux can increase up 3all triplets per second. in the fundamental mode of the fiber. The phase matching
Note that the need for long fiber length and high pump poweproperties were explored in step-index fibers with dielectric
can be overcome by advances in material science and fibeontrasts ranging betweden(02 and 0.06. We found that
manufacturing, such that they lead to an increase in the effeghase matching occurs for fibers with conventional core radii
tive nonlinear coefficient of fibers, a goal not far from being (greater than one micron) in this interval. This feature be-
achieved. comes an advantage of the described scheme due to the fea-
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sibility of using longer fiber length and higher pump power, reduced transversal dimensions achievable with current mi-
leading to higher emission rates. We also present values affo and nanofabrication techniques. Also note, in integrated
the nonlinear coefficient and the emitted flux obtained for allphotonics, waveguide higher-order transverse modes excita-
fiber geometries considered in the study and propose sont®mn becomes possible with high coupling efficiencies. We
specific designs that can be useful for future implementationsxpect our study contributes to the development of tripartite
of fiber-based photon triplet sources. Although we have limphoton states and multipartite and multidimensional entan-
ited our analysis to SIF in this work, note that this appliesglement.

equally to photonic crystal fibers, for which higher nonlin-

ear coefficients and thus higher emission rates are obtaineg\.
The proposal can also be applied to integrated waveguides
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