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Third-order parametric down-conversion describes a class of nonlinear processes in which a pump photon
can be down-converted into triplets of photons. It has been identified as a source of nonclassical light, with
capabilities beyond those offered by better-established processes such as spontaneous four-wave mixing. Here we
discuss the implementation of third-order parameter down-conversion (TOPDC) in integrated photonic systems.
We derive equations for the rates of TOPDC in a nonresonant (waveguide) and resonant (microring) platform,
such that the scaling with experimental parameters can be plainly seen. We find that generally nonresonant
platforms should be pursued for spontaneous TOPDC (SpTOPDC), whereas resonant platforms are more suitable
for stimulated TOPDC (StTOPDC). We present a sample calculation for TOPDC rates in sample systems with
conservative and accessible parameters. We find that StTOPDC should be observable with the current fabrication
technology, and that with some progress in the design of TOPDC platforms, integrated SpTOPDC too could be

demonstrated in the near term.
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I. INTRODUCTION

Integrated optical structures, with their scalability, stability,
and relative ease of fabrication, are a key tool in the de-
velopment of quantum technology. Due to the interest these
systems have drawn over the past decades, the efficiency of
integrated platforms has improved rapidly. We are now at a
stage where the generation and manipulation of nonclassical
light is commonplace and well understood [1-4].

Parametric nonlinear processes are arguably the most
common sources of nonclassical light. Spontaneous four-
wave mixing (SFWM) and spontaneous parametric down-
conversion (SPDC), in which pairs of photons are generated
by the annihilation of pump photons, are often employed
as sources of photon pairs or squeezed light. One can also
consider other nonlinear processes as sources of nonclassical
light; in this paper we focus on third-order parametric down-
conversion (TOPDC). It consists of the down conversion of
a single pump photon into a triplet of photons. This can be
considered analogous to SPDC, but it relies on a third-order
nonlinearity, like SFWM. Due to the use of a single pump,
and the large frequency spread—which leads to difficulties
with phase matching and a relatively low mode overlap in
integrated structures—TOPDC is relatively inefficient and dif-
ficult to implement.

Unlike SPDC and SFWM, spontaneous TOPDC could be
employed as a source of non-Gaussian states or heralded
photon pairs. These prospects have led to interest in TOPDC
despite the difficulties in implementing it; bulk systems [5],
superconducting systems [6], and optical fibers [7] have been
considered. Stimulated TOPDC is also of interest; this would
be easier to implement in the short term, and it could serve
both as a source of photon pairs [8], and as a means to study
spontaneous TOPDC via stimulated emission tomography [9].
Surprisingly, there has been little discussion of TOPDC in
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integrated structures, despite the ongoing improvements in
the performance of these devices. In this paper, we discuss
the implementation of TOPDC in nonresonant and resonant
optical components.

In Sec. I we derive expressions for the rates of sponta-
neous and stimulated TOPDC in a waveguide, which we take
as a representative nonresonant system. In Sec. III, we derive
the analogous expressions for TOPDC in a ring resonator, our
sample resonant system. In Sec. IV we present a sample calcu-
lation, applying our expressions to a silicon nitride waveguide
and ring resonator. We comment on the suitability of non-
resonant vs resonant systems for spontaneous and stimulated
TOPDC, and we identify some parameters that if improved,
could lead to a viable platform for integrated TOPDC. In
Sec. V we draw our conclusions.

II. WAVEGUIDE

We begin by introducing the fields and the Hamiltonian in
a waveguide. In our discussion of TOPDC, we will refer to a
number of different frequency ranges: For example, we will
distinguish the range of frequencies of the pump field, and
the range of frequencies in which photons are generated. As
well, we will deal with modes of different transverse spatial
profiles. It is thus useful to divide the field into different
“bands” J, where J labels both a spatial profile and a range
of frequencies centered at w; with wave number k;. With this
division, the displacement field bound to a waveguide running
in the z direction can be written as

D(r) = Z / dk,/ h:;;k a;(k)d e (x, y)e*dk +He. (1)
J

The a; (k) are the mode operators that satisfy the usual bosonic
commutation relations, wyy is the frequency of a field compo-

©2022 American Physical Society


https://orcid.org/0000-0003-0007-4571
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.106.013710&domain=pdf&date_stamp=2022-07-14
https://doi.org/10.1103/PhysRevA.106.013710

BANIC, LISCIDINI, AND SIPE

PHYSICAL REVIEW A 106, 013710 (2022)

nent in band J at k, and expanding about k; we can write

laza)Jk 2
w1k=w1+vj(k—k1)+§W(k—kJ) +--0 (@)

where v; = dwyi/dk denotes the group velocity, and the
derivatives are evaluated at k =k;. The mode profiles
d i (x,y) are normalized according to

// dy (x,y) -dy(x, y) v(x, y; o)

€oe1(x, y;wm)  vg(x, y; wgr)

dxdy=1, (3)

where &1(x, y; wyr) is the relative dielectric constant, and
Vp(x, ¥; wyr) and vg(x, y; wyi) are the local phase and group
velocities, respectively. This normalization condition ac-
counts for material dispersion in the waveguide [1]; the
normalization in the absence of dispersion is recovered by
ignoring any dependence of the quantities on wy; and setting
the local phase and group velocities equal.

The linear Hamiltonian for the fields in the isolated waveg-
uide is simply

i =Y [ dkhonajtoa o @
J

and we assume that the waveguide is short enough that
scattering losses can be excluded from our model. We fur-
ther specialize to the case where the bands are narrow
enough in frequency that to good approximation we can write
dji(x,y) ~d;(x,y), where the latter is dj;(x, y) evaluated at
ky, and that in the prefactor of (1) we can approximate wy; as
the center frequency w;. Under these conditions we have

h )
D0 =3 ||y e ()
J

where

dk .
W) = / e ©)

Using (4) and (6), the linear Hamiltonian can be rewritten
in terms of the field operators 1;(z). Using the dispersion
relation (2) we find

1
HLZ E hw]/w;(Z)WJ(Z)dZ— Eihv,
J

_,_
x / (wﬂz)a‘”’(Z) - awj(Z)tlfJ(z))dz+~-~, ™

0z 0z

where the ellipses denote higher-order dispersion terms .

Having established the waveguide’s linear Hamiltonian, we
now address the nonlinear behavior. For a x3 nonlinearity, the
nonlinear Hamiltonian is

1 . . .
Hn = e / T vy {w, DD}, (1D, (DY (r)DY y (r)dr,
(8)

where the subscripts label the different modes involved in the
interaction, and the lowercase superscripts denote Cartesian
components of the field. We use {w),} to denote the frequencies
of the four modes involved in the nonlinear interaction; that
is, D% (r; {w;}) should be read as TV* (r; w; 1, wya, wy3, wya).

We take

-
X3 (r;{wy})
,
e2ei(r;w)el(r;wp)er (r; wy3)e (X w4)

9

where we have neglected any contribution to F;’kl(r; {ws})
due to any x® in the system; this contribution could be
included as done in other work [1]. We introduce a general
nonlinear parameter

T (r; {wy)) =

V4o id
3(wpwpwpo) 'ty etnzns

Vi1,J2,03,04 = ,  (10)

deo(ipiiipaiigziga)'2e Apinas.aa
where x3; and 7 are nominal values of Xéjkl(r; {w;}) and
the index of refraction, which have spatial and frequency
dependence in general. The parameter A,y 2,434 is an ef-
fective area for the process. Its magnitude is determined by
the overlap between the interacting modes and the material’s
nonlinearity; the precise definition of A,y ;2 3.4 is given in
Appendix D. The factor e/®/172/374 is introduced to ensure that
the effective area is a real number, since the mode overlap is
in general complex.

A. Self- and cross-phase modulation

With currently available integrated photonic structures, a
practical TOPDC system will require the use of a strong pump
field due the weak nonlinearity. The self- and cross-phase
modulation (SPM and XPM) due to the pump field cannot be
neglected; here we discuss these effects in the waveguide. We
assume that any stimulating fields are weak compared with the
pump, such that phase modulation effects due to their presence
are negligible.

We start by considering SPM on the pump field. Into
Eq. (8) we substitute (1), where the displacement field has
a term associated with each of the four modes, namely, the
pump which we label with P, and the three generated modes
G1, Gy, and G3. Expanding the displacement fields in (8) and
collecting the terms responsible for SPM on the pump, we find

2 2
h wpVp
2

where yspy is defined in the usual way [1], such that yspm =
ypppp With the latter defined according to (10). To obtain the
nonlinear phase shift associated with SPM, we consider the
evolution of the pump field operator ¥p(z,t) due to Hy +
Hspy. In the Heisenberg picture we have

Hspv = —yspm

/dZW;(Z)I/f;(Z)wP(Z)WP(Z), (1)

ihal/fP(Z, t)
ot
= lwpyp(z,1) — ihva
0z
— ysemwpva (2, Ve (z, Yp(z, 1), (12)

neglecting group velocity dispersion and higher-order disper-
sion terms in Hy . Then taking the classical limit for this strong
field [Y¥p(z,t) = ¢p(z,1)] and seeking a solution with the
form ¢(z, t) = ¢(z) exp(—iwpt), we find

¢p(2)
9z

= iyspmPp(2)9r(2), (13)
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where

Pp(z) = hwpvp|gp(2))? (14)

is the power in the pump field [1]. For a cw pump, this is
constant over z and the solution in the nonlinear region is

¢(Z, ) = ¢PeiVSPMPP(Z+L/2)e*iwp[’ (15)

where we have taken the nonlinear region to span from z =
—L/2toz = L/2. Putting (15) into (5), we find the pump field
under H;, + Hspy to be

Dp(r.1) = /%dp(x, Vgpefrieiort fec (16)

where kp = kp + yspmPp, and ¢p = ¢pe’®r—*»)L/2 One can
see that the effect of SPM on the pump is to take kp — kp;
we have recovered the expected nonlinear phase shift, which
is set by the pump power Pp and the nonlinear parameter yspy;.

We apply a similar approach to account for the generated
modes’ phase shifts due to XPM by the pump. We again
expand (8) using the full displacement field, now collecting
terms associated with XPM of mode G by the pump. Taking
the pump to be a classical, cw field, we have

Hxpm = —2yxpmPphivg / VE@We()dz, (17

where yxpy is defined in the usual way [1]; we have

)
YXPM = ,/—GVPGPG, (18)
wp

with ypgpe defined according to (10).

When treating XPM in modes where we consider the gen-
eration of photons, we must account for dispersion, since
photons can be generated over a range of wave numbers. To do
this, we keep higher-order terms in (7); the equation of motion
for field G under H; + Hxpy is then

ihalﬁc(z,t)

3 = — 2yxpmPrhveYg(z, t) + hwge(z, t)

0 ,t
V(2. 1) 4.
0z
where the ellipses denote terms arising from terms of the
second order and higher in the dispersion relation (2). In

the absence of a nonlinearity, the solution to the Heisenberg
equation has the form

— ihvg . 19)

dk ) .
wG(Z, t) — / aG(k)el(kka)Zeflekt. (20)

N2
Inside the nonlinear region, which spans from z = —L/2 to
z = L/2, we seek a solution of the form
dk . .
V6(z, 1) = / ag(k)e't oot 1)
G N G

where @g(k) and k are to be determined. The displacement
field in the nonlinear medium is then

7 o
Dor,1) = %d(;(x, v [ dkag(k)e®e ot 4 He,
(22)

Taking ¥s(z,t) for z > L/2 as defined by (20) and im-
posing continuity for the field at z = L/2, we immediately
see that ag(k) = ag(k)e’*=0L/2 Putting (21) into the full
Heisenberg equation (19), we have
dwei

ok
where again the ellipses denote higher-order derivatives, sim-
ilar to those in (2). Taking this with (2), and neglecting what

we find to be the small difference between dwgy/ 9k and
dwgi/ 0k, we have

k=k+2yxemPpr +--- . (24)

(k—ke)+---, (23)

wgk = —2yxpmvcPp + wg +

Introducing the shifted reference wave vector kg = k(wg), we
also have

ke = kg + 2yxemPp + -+ - . (25)

With this we have specified the form of the generated fields
under HL + HSPM + HXPM~

When discussing StTOPDC configurations, we will neglect
the generation of photons in the seeded mode G = S, instead
simply treating these modes as classical. Furthermore, we will
work with cw fields such that dispersion terms in the general
expression (22) can be ignored. Equation (22) then reduces to

h _ - .
Ds(r. 1) = ./ %ds(x, VgseFsie st fee(26)

with ks = ks + 2yxpmPp and ¢s = ¢ge'®s7*)L/2 Here again
we recover the expected phase shift due to XPM on the seed.

Having treated the effects of SPM and XPM in the steady-
state limit, and we can now study TOPDC for a cw pump with
these effects taken into account. A more careful treatment
would be required to model account for SPM and XPM in
pulsed-pump TOPDC, but we defer this problem to future
work, specializing here to the cw case.

B. Nonresonant triplet generation

We now begin our discussion of TOPDC efficiency in
a waveguide. TOPDC consists of the downconversion of a
pump photon into a triplet of photons in modes G;, G,
and G3; we label the interaction Hamiltonian describing this
Hg,:,6,- We adopt an interaction picture such that the full
Hamiltonian is split up as H = Hy + Hg,G,6,,» Where Hy =
Hy + Hspym + Hxpm- Then the ket |\W(z)) evolves according to

d
iham—’(f)) =H((?11)62G3(t)|\p(f)>, 7

and  H( g (t) = ™'/ Hg g,g,e”™ /" Similarly  to
Sec. ITA, we write Hg,g,6; by expanding (8) with the
full waveguide displacement fields, and here collecting
terms involving one lowering operator for the pump,
and three raising operators for the generated modes. To
impose the interaction picture, we simply expand (8) in the
time-dependent displacement fields that evolve under Hy; for
a cw pump, these are Eqgs. (16), (26), and (22).
The iterative solution of (27) is

i [
|W(t)) = |vac) — 7 f . Hgl)GzG3(t)|vaC>dt 4+, (28)
-7
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G1 :GQ :Gg =F
il l
wp wp
3

FIG. 1. Mode configuration for degenerate spontaneous TOPDC.
Arrows pointing up represent generated modes; the arrow pointing
down represents an input mode. The range over which photons can
be generated around wp/3 depends on the system; for example, the
range will be tighter in a ring resonator than in a waveguide due to
the narrow resonant linewidth.

so to first order, the probability of a TOPDC interaction oc-
curring within a time 7 is

== / i / dr’ (vac|H{ g, 6.t HY 6,6, ()| vac),
2 -2
(29)

and the interaction rate is Ry, = P/T. We will also refer to
the efficiency Ry, /Rp, where Rp is the rate of incoming pump
photons.

1. Spontaneous triplet generation

We begin by discussing spontaneous TOPDC (SpTOPDC)
(see Fig. 1). We consider the degenerate configuration in
which the three photons are generated in the same mode
(G1 = G, = G3), from a cw pump at the third harmonic fre-
quency. We expand the general nonlinear Hamiltonian (8)
with the fields (16) and (22). Collecting TOPDC terms where
G| = G, = G5 = F, we find the interaction Hamiltonian

HD (1) =— f dkydkadksMppp (ki ka, k3)a, (ki)

x @) (ky)al (ks e~ Srrrbikaksdt L ge o (30)

where
Qrrpp(ky, ko, k3) = wp — wrp, — wFk, — WF, (31)
and
2, _WF 7 3
Mrprp(ky, ko, k3) = R°L 5 Op+\/ VTV VEFF
321w
AkpgrL
x sinc( Ll ) (32)
2
Here
Akppr = kp — ki — ko — k3 (33)
is the wave number mismatch, and
1/4
(wjwp)
YFFF = LVFFFP, (34)

where yrppp is defined according to (10).
Using Eq. (30) with (29), we find

Rrepr/Rp = (|yrrr|L)* P, (35)

where we have introduced a characteristic vacuum power; that
is, the power associated with the quantum fluctuations in the
generated mode [10]. This can be generally defined as

hé
Pvac = P (36)
T

where @ is a characteristic frequency set by the product of
the generated modes’ frequencies. For example, in SpTOPDC
we have @ = (wg, a)szG3)1/3, which reduces to @ = wp in
this degenerate configuration. By 7~! we denote the frequency
bandwidth over which the photons can be generated. This gen-
eration bandwidth depends both on the nonlinear process and
structure under consideration, therefore each case discussed
in this work will have a distinct ~!'. For SpTOPDC in the
waveguide, we find the generation bandwidth to be

U3
i = oty [ dhadbadind @errth. ke ko)

AkpppL
xsin(:2< ;FF ) (37)

From Eq. (37) we see that the generation bandwidth is
determined by integrating over the values that the generated
photons’ wave numbers can take, while satisfying energy
conservation and phase matching. The former condition is
imposed in (37) by the Dirac § function, the latter by the sinc
function. The bandwidth over which these conditions are si-
multaneously satisfied depends on the waveguide’s dispersion
properties. In this case there are three free wave numbers,
corresponding to the three photons generated, and the band-
width over which these wave numbers can vary determines
772 due to the generation rate’s quadratic scaling with vacuum
power. Since the vacuum power scales with the generation
bandwidth, a higher bandwidth can lead to a higher generation
rate in the waveguide. The relationship between the generation
bandwidth and the generation rate is nuanced; for example,
if the length of the waveguide is increased, we will see that
the generation bandwidth decreases, while the overall genera-
tion rate increases because of the quadratic scaling with L in
Eq. (35).

One can consider a simple limit in which (37) can be
evaluated analytically, as described in Appendix A. Assuming
that higher-order dispersion terms are weak, such that we can
work to second order in (2), and assuming phase matching
(kp — 3kp = 0), we find

Tt = —ﬁ

9Bl
In this limit, the generation bandwidth is set by L and the
group velocity dispersion 8, = 3°k/ awgk. In general, higher-
order dispersion terms may be important and the generation
bandwidth must be computed numerically.

(38)

2. Stimulated triplet generation

We now discuss stimulated TOPDC (StTOPDC), where
we seed the process with a classical cw field at wg. In our
treatment, we neglect the description of stimulated photons
at wg. One case that arises then is the “singly stimulated”
case, where one photon is generated at wg with the other
two centered at wg, such that wp = ws + 2wg, as indicated

013710-4



RESONANT AND NONRESONANT INTEGRATED ...

PHYSICAL REVIEW A 106, 013710 (2022)

G;;ES GlZGQEG
(a)
- [
wp wp
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(b)
] | ‘
wp wp
3
2A | 4A

FIG. 2. Sketch of the mode configurations considered in our
discussion of (a) StTOPDC and (b) DStTOPDC. Arrows pointing
up represent generated modes; arrows pointing down represent in-
put modes. The solid and dashed arrows represent pump and seed
fields, respectively. In StTOPDC the range over which pairs can be
generated around depends on the system; in a resonator the pho-
tons’ frequencies are tightly restricted due to the narrow resonances,
whereas in a waveguide the frequencies at which photons are gener-
ated can vary more.

in Fig. 2(a). We also consider the “doubly stimulated” case
in which two photons are generated at wg with one photon at
wg, giving wp = 2ws + wg, sketched in Fig. 2(b). The latter
process is in general more efficient, due to the Hamiltonian’s
higher scaling with the seed field’s amplitude. However, one
could suppress this process by tuning wg; for example, setting
ws = wp/2 would make the latter energy conservation condi-
tion impossible to satisfy, allowing only the singly stimulated
process.

We first address the singly stimulated case sketched in
Fig. 2(a), again constructing the interaction Hamiltonian by
collecting the relevant subset of terms in (8); namely, we
keep TOPDC terms with G; = G, = G, G3 = S. We treat the
seeded mode classically by taking ag(k) — a(k). For a cw
seed we have the interaction Hamiltonian

Hs) (1) =— / dkydkaMags) (ky, ky)ag (ky)ag (k)

x ¢~iea ko 4 o (39)
Here we have defined
Qoas)k, ko) = wp — ws — wer, — WGk, » (40)

and

W7
Mgas)(ki, ko) = Li* \Jogws (wpwswg) / Z¢P¢S

/ . { DAkgos)L
X vpvsvéygg(s)smc(% , (41)

with AEGG(S) = ]EP — ES — ]21 — ];2, and

wp\ 1/4
YGG(S) = (—) YGGSP> (42)
ws

again defining ysgsp according to (10).

We now have an effective pair generation Hamiltonian, due
to our classical treatment of the seeded mode. It should be
emphasized that, although our model neglects the generation
of photons in the seeded mode, (39) still describes a TOPDC
process. The energy conservation condition is unchanged, and
the interaction rate computed for this Hamiltonian is in prin-
ciple a triplet generation rate; in our treatment we effectively
trace over the mode S, excluding the photons generated there.
In mode G where two of three photons are emitted, we find
the normalized interaction rate

Ra6es)/Rp = (Yo6(5)L)* PsPyac, (43)
where Py, for this process is

hw
Pre = TG (44)

with the generation bandwidth

2
TE(];(S) = ;G/dkldeS(QGG(S)(klakZ))

Akgas)L
X sinc2(—G§(s) ) (45)

This is interpreted in the same way as Eq. (37); it is the
bandwidth over which the two photons can be generated, as
constrained by energy and momentum conservation. In this
case, there are two free wave numbers, corresponding to the
two photons generated. This can be computed analytically if
we assume phase matching (kp — ks — 2k¢) and keep terms
up to third order in Eq. (2); a detailed discussion of this case
is given in Appendix A. In this limit, Eq. (45) evaluates to

4 2 )
T, = — _—,
GCO = 3\ 1B

which has the same scaling with 8, and L as (38). The dis-
crepancy between the constant factors in (46) and (38) is not
surprising. While both expressions define the bandwidth over
which the generated photons’ wave numbers and frequencies
can vary, they are fundamentally different in that rG_(l;(S) is
defined by considering the possible values that k can take on
in a pair of photons, whereas rﬁlF is defined with respect to a
triplet of photons. It is therefore reasonable to expect the same
scaling with the waveguide parameters in both cases, but there
is no reason to expect r;FIF = tg(l;(s).

Comparing Eqgs. (35) and (43), one can see that the vacuum
power and classical seed power play analogous roles in the
spontaneous and stimulated processes, respectively. Indeed,
the vacuum power is defined as it is so the improvement
to the efficiency with a stimulating field can be estimated
by comparing the vacuum powers and seed power [10]. The
generation rate improves by a factor proportional to Ps/P,,. in
the presence of a seed.

To illustrate this further, we turn to the doubly stimulated
TOPDC (DStTOPDC) configuration, sketched in Fig. 2(b), in
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which photons are generated in mode G. This process can be
considered as classical, in the sense that it is not driven by
vacuum fluctuations and can be described in the framework of
a classical electromagnetic theory. However, DStTOPDC can
also be studied within a quantum theory, as we do here for
a better comparison with SpTOPDC and StTOPDC. Treating
the seeded mode classically, for a cw seed we have the Hamil-
tonian

Hg()ss)(t) _ / dkMG(SS)(k)ag(k)e—iﬂcms)(k)t +He., 47)

where
Qgss)(k) = wp — 205 — Wy (48)

and
1 Bp($3)\/ vpvgv?
—0¢p P
Vo E oS
(D)L
X ]/G(SS)SIHC T .

Mgss) (k) = LiPws

(49)

The phase mismatch is given by AEG(SS) = kp — 2ks — k, and
we define the nonlinear parameter

1/4
WpWé
Yass) = <—2G> YGssp (50)
Wg
where ygggp 1S defined according to (10). With Eq. (29), we

find

1
Rgss)/Rp = E(|VG(SS)|LPS)2
Y )
X sinc (kp—ZkS—kG)E . oy

As expected for a classical nonlinear process [10,11], the
efficiency of DStTOPDC scales only with the power of the
seed field. Comparing (51) to (43), we see the same correspon-
dence between the seeded and unseeded processes discussed
above when comparing (35) and (43): The role played by
the seed power in the stimulated process can be ascribed to
the “vacuum power” in the corresponding unseeded process,
which is driven by vacuum fluctuations and requires a quan-
tum description. The TOPDC generation rate in all three cases
simply scales with a system dependent nonlinear parameter,
(yL)?, and the power of each classical or quantum field driv-
ing the process. The TOPDC efficiency then improves by a
factor proportional to Pg/P,, with each “order” of seeding.
This is related to earlier work, in which spontaneous pair gen-
eration processes and their seeded counterparts were linked in
the same way [10]. In this case we can consider two distinct
“levels” of seeding, due to the fact the spontaneous process
results in the generation of photon triplets rather than pairs.

III. RING

Having derived the efficiencies for SpTOPDC, StTOPDC,
and DStTOPDC in a waveguide, we will now carry out the
analogous calculation for a resonant system. We choose as
our sample resonant structure a microring resonator coupled
to a bus waveguide, as sketched in Fig. 3. Ring resonators are
ubiquitous in integrated nonlinear optics; they are relatively

¢
e

FIG. 3. Sketch of the mode profile and coordinate system for a
microring resonator coupled to a bus waveguide (solid blue) and a
phantom waveguide (dashed gray).

easy to implement, and their resonant enhancement enables
the realization of nonlinear processes with relatively high ef-
ficiency [12]. The linear dynamics of the ring-channel system
are modeled by the Hamiltonian

HL = Hring + Hchannel + thamom channel
+ Hcoupling + thantom coupling » (52)

where Hiing and Hepannel capture the free evolution of fields in
the ring and channel; we have

Hiing = Z hwsb'by, (53)
J

and Hcpanne 18 given in Eq. (7). We adopt a point coupling
model so that

Hcoupling = Z hyjbjwl (0)+Hec,, (54)
J

where y; is a complex coupling constant [1,13]. The “phan-
tom channel” terms in Eq. (52) account for scattering losses
from the ring [13]; unlike in the waveguide, scattering losses
here cannot be taken to be negligible because photons dwell in
the ring, rather than passing straight through the system. The
phantom channel terms have the same form as Egs. (7) and
(54) with a distinct field operator

_ [ 4k k) )z

¢s(2) / mcf(k)e ; (55

where the c; (k) are bosonic annihilation operators. We label
the phantom channel group velocities u#; and the ring-phantom
channel coupling constants p;. With the coupling to the phys-
ical and phantom channels, we have a total decay constant for
the ring given by

2 2
r = 74 [ ’
21}] 2blj

(56)

which sets the loaded quality factor Q; = w;/2T;.

The fields in the bus waveguide are again given by Eq. (1).
Inside the ring, we take the fields to consist of discrete modes,
with the form

howy dj(ry, ) ;
D(r,t) = — =" D;(t)e™* + H.c. 67
2Tz
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Each mode J is associated with a ring resonance, with the
resonant frequency w; and resonant wave number kj. As
sketched in Fig. 3, we adopt a cylindrical coordinate system in
the ring where ¢ is the coordinate in the direction of propaga-
tion around the ring, ranging from 0 to £, so that £ is the ring’s
circumference. By r, we denote the pair of coordinates in the
plane perpendicular to the direction indicated by ¢. Unlike
in the waveguide, here the mode amplitudes d,(r,, ¢) can
depend on ¢ because if the field’s polarization has any com-
ponent in the plane of the chip, then the Cartesian components
of d;(ry, ¢) will vary with ¢ [1].

To model nonlinear interactions in the ring, we expand
Eq. (8) with the fields inside the ring; we neglect nonlinear
effects in the bus waveguide because the fields’ intensity in
this region will be much lower than in the ring. We will again
introduce nonlinear parameters ynp as defined in (10); the
effective areas in the ring are defined in Appendix D.

In principle, one can solve the Heisenberg equations of
motion to derive the evolution of the ring and waveguide
fields. However, we instead opt to construct asymptotic field
expansions for the fields throughout the system. This enables
us to “hide” the full linear dynamics in the field expansions,
and proceed with the rest of the TOPDC calculation exactly
as we do in Sec. II.

A. Asymptotic fields

In this approach, we exploit the fact that a generic dis-
placement field can be expressed using an asymptotic-in or
-out expansion [14]. These fields are characterized by their
asymptotic behavior. In the ring-channel system with a phan-
tom channel to model loss, an asymptotic-in wave packet
consists of an incoming wave packet at the bus waveguide’s
input at t — —oo, and outgoing wave packets in both the
bus waveguide and the phantom channel at t+ — oo; thus at
negative enough z in the appropriate channel an asymptotic-in
wave packet at t — —oo will have the form of the field that
would propagate were the ring not present, as in Eq. (1) [15].
Similarly, an asymptotic-out wave packet consists of a single
outgoing wave packet at t+ — oo, and fields incoming from
the physical and phantom waveguides at t — —oo; thus at
positive enough z in the appropriate channel an asymptotic-
out wave packet at t — oo will have the form of the field that
would propagate in an isolated channel.

Due to this asymptotic behavior, the asymptotic-in expan-
sion is a natural choice for the incoming pump and seed fields,
which are injected in a single waveguide’s input; likewise, the
asymptotic-out expansion is suitable for the generated modes
that we seek at the system’s output.

The general form of the fields using an asymptotic-in (-out)
expansion is

D(r.1)=) / dkDYY OO (e gl O (k1) + Hee.,  (58)
J

where D3 " (¢, k) is a piecewise function of the position

so that the field is defined throughout the entire structure.
The operators a}' ©u (k. 1) are associated with a mode of the
field defined for the entire structure, and they have the usual
bosonic commutation relations.

The full D3 “(r, k) for a ring-channel system like
the one considered have been derived earlier [16]. Since we
restrict our description of nonlinear effects to the ring’s coor-
dinates, here we only give the field amplitudes in the ring. The
asymptotic-in field amplitude in the ring is

. h .
D31, k) = — =g (r ) Fy k),
4r
{r., ¢} ering, (59)
and the asymptotic-out field amplitude is
h .
DY k) = = [ S (e B (6)
4
{ri, ¢} € ring. (60)
We have introduced
1 vy
Fro(h)= — ————— ), 61
(k) ¢2<v,(K,—k)iir,> b

the Lorentzian field enhancement factor that arises due to the
resonant enhancement in the ring. We use K; to denote the
channel wave number at the resonant frequency wy; k is a
component wave number in the waveguide band centered at
K;. In deriving (61), we assume the linewidth I to be narrow
enough that to good approximation w; = w; + vy(k — Kj).
Thus we neglect group velocity dispersion across each ring
resonance, but take it into account between different reso-
nances by leaving unspecified the dependence of K; on wy
across different resonances.

B. Self- and cross-phase modulation

The asymptotic-in and -out fields given above include the
full linear dynamics of the ring-channel system; here we will
show that for a cw pump, it is straightforward to include SPM
and XPM in these field expansions. Having taken nonlinear
effects in the bus waveguide to be negligible, it suffices to
consider the evolution of the ring operators b; under H,g +
Hspym + Hxpwm.

For each mode J, the term in the equation of motion due
Hring is

—%[b,(t), Hing (0] = —iwyb; (1), (62)

For Hspy and Hxpy, we expand the general nonlinear
Hamiltonian (8) using (57). We focus first on SPM on the
pump field; collecting the associated terms from the full non-
linear Hamiltonian, we obtain

Hpnt = — - Poop— AbLbLbpb 63
SPM = B wpﬁ)/svap pOpOpOP. (63)

The nonlinear parameter is defined as in (10), using the
effective area given in (D5). The ring operator associated with
the pump resonance then evolves under Hspy according to

] 1
—~lbp(0). Hp] = ifion 7 ysemvpbh(1)bp(1)bp(t) (64

1
= ith2VSPMv129|ﬂJ|2bP(I) (65)

= iyspmUpPpbp(1). (66)
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In (65) we take (b;(l‘)bp([)) = |Bp(t))* and we consider
the steady-state limit where |Bp(¢)|> = |Bp|?; in (66) we in-
troduce P, = ha)p%vp| Br|?, the power of the pump field in
the ring.

Comparing (62) and (66), one sees that the effect of SPM
on a cw pump in the steady-state limit is to shift the resonance
frequency wp to the “hot” resonance frequency @p = wp —
vspmUpPp. When including Hspyv in the asymptotic fields
derivation, this substitution ultimately appears in the pump’s
field enhancement factor:

1
Fpi(k) = ﬁ(

where we introduce Kp = Kp — yspmPp as the channel wave
number associated with the hot resonance frequency. One
could equally write Eq. (67) in terms of the cold resonance
wave number Kp and a shifted wave vector k = k + yspmPp;
then the effect of SPM would be written as a shift on the
channel wave vector k, similar to Eq. (24) for the waveguide.
However, here we opt to treat the effect of SPM as a shift in the
resonance frequency, since nonlinear effects are confined to
the ring, and the bare wave number k in the channel is known.

As the pump power in the ring P;, builds up, the resonant
wave number shifts proportionally. However, the steady-state
value of P is a function of the cw field’s detuning from the
resonance frequency, with the latter shifting as the field in the
ring builds up. Since we will strictly work in the cw limit in
these calculations, it is sufficient to determine the steady-state
value of P, with SPM taken into account in the classical
equation of motion for Bp(t) [17]. Equation (67) can then
be used in (59) and (60) to define the asymptotic-in and -out
expansions for the cw pump field under Hy, + Hspm + Hxpums,
in the steady-state limit.

We apply the same approach to include XPM on the gen-
erated modes by the cw pump. The nonlinear Hamiltonian
describing this is

S — ) 67)
UP(KP — k) + le

1 P
Hxpm = _thwGZVXPMUPUGbLbbbeGs (68)

where G denotes a resonance where photons are generated.
The nonlinear constant yxpy is defined as in (18), now with
the effective area defined in (D5). We consider the evolution
of the ring operator bg under Hying + Hxpw, recalling that the
SPM term in the Hamiltonian will be negligible for the weak
generated fields. The free evolution is given by (62), and the
XPM term in the steady state gives

—%[ba(f), Hypm()] = 2iyxpmvgPhbo(t).  (69)

We then see that the effect of XPM is to shift the resonance
frequencies associated with generation modes from wg to the
hot resonance frequencies ®g = wg — 2yxpmvcPp. The field-
enhancement factor for the generated modes becomes

Fci(k>=i< G > (70)
VL\ve(K — k) il'g)’

where we identify K = Kg — 2yxpmPp as the resonant wave
number for the hot cavity.

C. Resonant triplet generation

With the modified field enhancements factors (67) and
(70), Egs. (59) and (60) are the asymptotic field amplitudes
arising from Hy = H;, + Hspm + Hxpm. We can now approach
the TOPDC calculations as we did in Sec. I B. We split the
dynamics up according to H = Hy + Hg, 6,65, SO that the in-
teraction picture Hamiltonian Hg] )Gsz (t) is obtained by using
the asymptotic fields to expand the nonlinear Hamiltonian (8),
from which we collect the terms associated with TOPDC. We
use the asymptotic-in expansion for the pump and seed fields,
and we take these to be classical cw fields so that we have

D . Fl(,()] iy ¢ ~ ~
y(r, 1) =— de(ll»{)e F;_(K; + 8K))

X (e @r=0ent L Y ¢, (71)

Here J = {P, S} labels the two possible input modes, and ¢,
is the cw field amplitude in the channel as defined in (15). We
quote the field’s frequency and wave number in terms of the
hot resonance values K; and @,; we use &, and §K; to denote
the cw field’s detuning from @, and K;. Due to the narrowness
of the resonances, these can be related by 8&; = v;6K;.

We use the asymptotic-out expansion for generated modes,
so that

h A
Do(r, 1) =~ / dky/ %dcm, £)e™e o (k)ag" (k)

x e~ @l 4 Hc. (72)

Only asymptotic-out operators will appear in Hg] )Gz G, (1), due
to our classical treatment of input fields. We will drop the
“out” label from the operators, and it should be understood
that the operators a,;(k) in the ring-channel system denote
asymptotic-out operators. With Hc(;ll )(;2 G, (1) defined using these
fields, we can derive TOPDC generation rates in the microring
system to first order, as outlined in Sec. [I B

1. Spontaneous triplet generation

We again begin by considering degenerate SpTOPDC with
a cw pump field, which can in general be detuned from res-
onance. In general, there are a number of energy-conserving
configurations in which photons can be generated, but we be-
gin by focusing on the degenerate case, deferring the inclusion
of these additional processes. We put (71) and (72) into (8)
and collect TOPDC terms with G| = G, = G3 = F. Then we
have

HD (1) =— / dkydkadksMppr (ki ka, k3)aj, (ki)

x a) (ky)al (ks )e~Srrrhikaksdt L ge o (73)
with
Qrpr(ky, ko, k3) = (0p + 8dop) — wpk, — wrr, — wrK;, (74)
and

Mppp(ky, ko, k3)

1
®p\/ vV VEFFL
v

= ﬁza)p
2

x Fp_(Kp 4 8Kp)Fy (kD) Ff (ko) F (ks),  (75)
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where yppr is defined as in (34), with (10) and (D5). Putting
this Hamiltonian into (29) we have

Rrrr/Rp = (VFFF£)2PV2ac|FF(I€F)|6|FP(]€P + 51?P)|2~ (76)

Unlike in the nonresonant waveguide, the efficiency here
scales with the field enhancement factors associated with each
field in the interaction. We also emphasize that the phase
matching condition in this case is contained in the definition
of yprr, as can be seen in Appendix D. For degenerate Sp-
TOPDC in this microring system, the vacuum power is given
by

hwp

Pvac = s (77)
T

where the generation bandwidth is given by

L1 Tk
2= — _ ————— ). (78
2\ [(@p + 8&p) — 3dr]” + 9T}

Clearly this is maximized at @p + §@p — 3dr = 0, which
corresponds to the three photons being generated on res-
onance with the hot cavity; the three photons’ average
frequency in this case would be @p, and @p + §@p = 3dF
would be ensured by energy conservation.

In this case, the expression for the generation bandwidth
reduces to 7' = 'z /+/18. This scaling with ['s is expected;
[ is the parameter limiting the range of frequencies over
which the generated photons can be emitted, since they can
only be emitted within the resonance at the fundamental fre-
quency.

We have a simple expression for t~' in the resonant sys-
tem since we neglect group velocity dispersion across each
resonance; we effectively assume that the resonant linewidth
is a tighter constraint than the material’s dispersion properties.
Were this not the case, 7> would be defined by an expression
like (37) with Lorentzian envelopes multiplying the integrand.

Unlike in the waveguide, here there is an additional res-
onant effect, thus one has a trade-off between the vacuum
power and the overall field enhancement. The vacuum power
increases if the linewidth ['r is increased, but the field en-
hancement factors |Fr (K )|? decrease [recall Eq. (70)]; since
the generation rate has a higher scaling with the field enhance-
ment factors than the vacuum power, a narrow linewidth at wg
is required to maximize the generation bandwidth, despite this
limiting the vacuum power.

In the ring-channel system, one can also consider nonde-
generate SpTOPDC configurations, where the photon triplet
is distributed among two or three ring resonances. Here we
consider a scheme where G; = G, = G, Gy = S, sketched in
Fig. 2(a). For this particular nondegenerate SpTOPDC config-
uration, we have

1

HP () =— / dkydkadksMees (ki , ko, ks )al (ki)
x ag(ky)aj(ks)e et L He o (79)
with

Qggski, ka, k3) = (wp + 6dp) — wgk, — WGk, — Wsk,
(80)

and

Mggs(ki, ka2, k3)
2

h /
= m (wéa)s) 1/3¢P UpUéUS

X yoos LFp—(Kp + 8Kp)Fg, (k)Fg, (ko)FS, (k3), (81)

where

2 1/4
YGGs = <%)YGG5E (32)
(2712

with ysgsp defined according to (10) and (D5). From this we
find the efficiency to be

Rocs/Rp = (1yoos| L P2 | Fo(Ro)| [ Fs(Rs))
x |Fp(Rp + 8Kp)|". (83)

Here again, 8Kp is the cw pump’s detuning from the hot
cavity’s resonance wave number. For this process, the char-
acteristic vacuum power is given by

A 2 1/3
Pvac = %’

a1 ( F2Fs(2Fg + Fs) )
2\ [(@p + 8ip) — 206 — @s* + (2Fg + I's)’
(84)

Aside from the dependence on two distinct linewidths, the
generation bandwidth implied by (84) has the same general
form as (78). If we consider the limit where resonances G
and S are similar in the sense that wg & wg and T'¢ ~ T, the
generation bandwidth in (84) reduces to

L1 3T
T = — — s
2\ [(@p + 8@p) — 3dG]* + T2

consistent with (78) up to a factor of three. If the pump’s
detuning is set such that (or + 8&7) — 2&¢ — @s = 0 so that
(84) is maximized, we have
F2r
63 ) (86)

) 1
T =\ o0——==
22+ T
Here again the generation bandwidth is clearly limited by the
resonant linewidths for the generated modes.

(85)

2. Stimulated triplet generation

We now consider seeding the nondegenerate configuration
in Fig. 2(a) with a classical cw field in mode §. We treat the
seeded mode classically by taking ay(k) — o (k) in Eq. (79).
We assume the pump and seed to be cw fields, again using
8@y and 8K; to denote the input fields’ detuning from their
respective resonant frequencies and wave numbers. We then
have the interaction Hamiltonian

His) () = — / dlydkaMaas) (ki ka)ag (kyag (k)

x e~ Soos kik)r H.c., &7)

013710-9



BANIC, LISCIDINI, AND SIPE

PHYSICAL REVIEW A 106, 013710 (2022)

with
Qaas)ki, kr) = (wp + ddp) — (s + 8ds) — wer, — Wek,
(83)
and
Mgy ki, k)

2

h
= 5 V@aws $PpVGas)Ly/ vPUsSUG

x Fy(Rs + 8Ks)Fo_(Rp + 8Kp)Fgs, (k1)FG, (ka),
(89)

using the definition for ysg(s) given in Eq. (42). The genera-
tion efficiency in this case is

L 4
Races)/Rp = (1V66(s)|L)* PsPyac | F6(Ko)|
x |Fs(Ks + 8Ks)*|Fp(Kp + 8Kp)>. (90)

Here again the generation rate equation is analogous to
Eq. (43), with field enhancement factors now appearing in the
resonant case. The vacuum power in this case is

ha)(;

Pvac—_
T

= (v ey
~ \[(@p + 8ap) — (@5 + 8ds) — 206)* +4T2 )
1)

As in SpTOPDC, the generation bandwidth is constrained
by the ring resonance’s linewidth at the frequency wg. The
resonant SpTOPDC and StTOPDC bandwidths have the same
scaling with system parameters, but different constant factors,
just as we found in the nonresonant case. Comparing (83) and
(90) where §Ks = 0, we have

P Pslim
YOO S R, ©2)
YGGS (P P )

vac

Reas) =

where we explicitly label the vacuum powers associated with
the spontaneous and stimulated processes, since they are dis-
tinct. It is convenient to identify an effective vacuum power

spony 2
= _ YGGs (P vac )
Pvac = stim

veGes) Puac

(93)

so that the improvement in the efficiency due to the seed field
is given by Ps/P,,.. Here we have

[(@p + S@p) — (@5 + Sdvs) — 2@6)" + 4Fg>

[(@p + 8dop) — @5 — 261> + (20 + Ts)’

5 (Fs(zf(_; + rs)).
4G

Pvac = th(

(94)

If pump detuning is chosen to satisfy (wp + d@p) — s —
2w = 0, and the seed field is on resonance, then the effective
vacuum power reduces to
[l
g0 ) (95)

(2T + Ts)

an easily quantified parameter.

Pvac = th(

(3 1.0 (b)
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FIG. 4. Plots of the electric field intensity |E(x, y)|? in the sample
structure for (a) the generated modes and (b) the pump mode. The
rectangle indicates the silicon nitride waveguide; the cladding is
silica.

Finally, we address the doubly stimulated configuration in
Fig. 2(b). The interaction Hamiltonian in the microring system
has the form of Eq. (47), now with

QG(SS) = (CDP + 8(:(‘)})) — 2((;)5 + 86)5) —_ C()Gk, (96)
72
Mg g5, (k) = ——ws(%) pVeiss) L) vaUpv2
G(SS) N s\Pg) DrPYG(ss) GUprUg
x [F5=(Ks + 8Ks) Fp (Kp + 8Kp)Fg, (k).
7

with the nonlinear parameter is defined as in Eq. (50) with
Eq. (D6). The generation rate is

- L 4
Ress)/Rp = (1Ve(ss) | £)* P Fs(Ks + 8Ks))|
_ L 9 _ S 2
x |Fp(Kp + 8Kp)|"|F5(Kg + 8Kg)|",  (98)

where K + 8K, is the wave number of the photons generated
in mode G. The detuning K is determined by energy con-
servation; we have §Kg = é&bg, and &g + ddg = (wp +
8@p) — 2(ws + 8ds).

Again we see that the improvement to the efficiency with
respect to StTOPDC is given by Pg/P,,; in this case, the
comparison is simplified by the fact that this is a classical
process, which is not driven by vacuum fluctuations, thus there
is no need to identify an “effective” vacuum power like the one
in Eq. (94).

IV. SAMPLE CALCULATION

We now calculate the different TOPDC generation rates in
two particular sample systems. The sample nonresonant sys-
tem consists of a silica-clad silicon nitride waveguide 1700 nm
wide and 800 nm thick; for the resonant system we assume a
ring resonator with the same cross-sectional dimensions and
the same materials.

Phase matching poses a significant challenge in conceiv-
ing platforms for TOPDC. In this sample calculation, we
use a higher-order spatial mode for the pump, keeping the
fundamental mode for the generated photons; the pump and
generated modes are plotted in Fig. 4 [18].

These plots are generated for Ap = 0.57 um and Ap =
1.72 pm, which are the phase matched wavelengths for de-
generate SpTOPDC in the waveguide; the phase-matching
details for all the processes discussed here are in Appendix C.
For the other processes, the phase matched wavelengths are
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slightly different, but they vary so little that the mode profiles
do not change significantly.

With the mode profiles the nonlinear parameter |yg,,c,,6;|
can be calculated numerically. For each nonresonant TOPDC
process considered, we have |y, ¢,.¢,| = 0.19 (W m)~!; the
nonlinear parameters are all the same because for this waveg-
uide, the mode profiles are essentially unchanged over the
small differences in the modes used in each process.

The value of |yg, 6,.q,| for aring resonator can be different
from |yg, G,,6,| for the corresponding waveguide, depending
on the polarization of the light in the ring, and on the radius
of curvature of the ring [19]. For this sample calculation,
however, we take the nonlinear parameter in the waveguide
as a good approximation for that in the resonator; we take
1Y6,.6,.6;] = 0.19 (W m)~! for all the resonant processes.

A. Degenerate spontaneous third-order parametric
down-conversion

We first consider the waveguide, where from (35) the
TOPDC rate can be written in terms of the incoming pump
power Pp as

P
Reer = (yeerlL)Ph (). (99)
wp
with
h
Pue = —£ (100)
T

3

v
Trip = 6_;2/dkldedkfiS(QFFF(kl,k27k3))

. 2 < A];FFFL)
x sinc 5 ,

where Akppp is the phase mismatch given in Eq. (33),
and Qprp(ky, k2, k3) is the frequency mismatch defined in
Eq. (31).

For the cross-sectional dimensions described above, we
find that degenerate TOPDC is phase matched at Ap =
0.57 pm and Ap = 1.72 pum. We take the waveguide’s length
to be 1 cm, and we calculate the bandwidth by evaluating
Eq. (101) numerically: We obtain Ak in the integrand by
interpolating simulated dispersion data, and we take the in-
tegrals over finite ranges to account for frequency cutoffs
in the generated modes (see Appendix B). We find t7! =
2.9 x 10* GHz, which corresponds to AL & 290 nm.

The numerical calculation used to obtain this bandwidth
can be compared with the analytic expression (38)

L3
Ty = ———,
I 91B|L

which is valid if higher-order terms in the dispersion relation
can be neglected, and if there is no frequency cutoff for
the generated modes. From the dispersion data for the sam-
ple waveguide we find |8, = 3.2 x 1072° §?/m, and 77! =
2.4 x 10* GHz; despite the approximations made in deriving
Eq. (102), the result agrees well with the numerical calcu-
lation. Equation (102) can be used to easily and accurately
estimate the generation bandwidth without the full numerical

calculation described in Appendix B.

(101)

(102)

In this calculation we have neglected the fact that system
losses and detection efficiency may vary over the large gen-
eration bandwidth. One way to account for this would be
to further restrict the limits of integration in Eq. (101)—for
example, to integrate only over frequencies in a particular
detection bandwidth. If this were done, Eqgs. (101) and (102)
would no longer agree since the approximations made in de-
riving Eq. (102) would not apply.

For this sample calculation we simply proceed with t=! =
2.9 x 10* GHz, which gives Py = 3.3 X 10°° W. Using this
and assuming the pump power to be 100 mW, from Eq. (99)
we have Rppr ~ 12 s~! for the sample waveguide.

For the resonant system, we assume a ring resonator with
a 120 pum radius (£ &~ 750 pm). For the ring’s quality factors
we take Qr = 107 and Qp = 10°; the quality factor at the third
harmonic frequency is taken to be lower due to the use of
a higher-order spatial mode. The phase matching condition
kp — 3kp = 0 is satisfied by the same Ap and Ap used in the
waveguide calculation.

From (76), the degenerate SpTOPDC rate in the resonator
is given by

- . - P
Reer = (e L) PR e Rl VFp(Rp + 8Rp) (- )

Fla)p
(103)
where

2 2 2 F?r
P? = K*ws— — ), 104
F2<[(@P+8@p)—3m]2+9rg) (o9

- ~ 2 1 lypl?

Fr(Kp + 6K, = ——. 105
|Fr(Kp + 6Kp)| £(8&)§,+F}, (105)

In addition to satisfying phase matching, we seek to maximize
the vacuum power and the field enhancement factor for the
pump mode. One approach (see Appendix C) is to set d@wp
such that @p + d@p — 3wr ~ 0. As discussed in Sec. I11, this
ensures that the photons are generated on resonance with the
hot resonator, maximizing the vacuum power; this would re-
quire 8@p/2m ~ 30 MHz for the parameters considered here
with Pp = 100 mW. The pump field is then detuned from
resonance, but in this case the linewidth for the pump mode
is large enough that the detuning is relatively insignificant,
and to good approximation we can put |Fp(Kp + 8Kp)|* ~
|Fp(Kp)|?. Under these conditions, and using T'; = w;/20Q;,
Eq. (103) can be rewritten as

. ~ P
Rrprr — (VFFF£)2P3a0|FF(KF)|6|FP(KP)|2(#) (106)
P
where
S 2 Lly > dumQ
Fio (K —-—— = 107
[Fr+ (K™ — L2 Lo (107)
and
P w?
= (108)
| 2
2o (22 (109)
13\ 20,
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For the parameters outlined above, the generation band-
width for the resonator is 7~! = 1.3 x 1072 GHz (AA ~ 0.1
pm), and P, = 1.5 x 10712 W. The generation bandwidth
here is much smaller than the bandwidth in the waveg-
uide. This is expected, since the frequency range over which
photons can be generated in the resonator is limited by the res-
onance linewidth; this is a tighter constraint than the material’s
dispersion properties, which limits the generation bandwidth
in the waveguide. Since SpTOPDC scales quadratically with
the vacuum power, SpTOPDC in the ring resonator is ineffi-
cient despite the enhanced pump power in the ring. Assuming
again a 100 mW pump in the channel, which corresponds to
1.05 W in the ring, the rate of triplet generation is Rppr =
5.9 x 1073 s7!, orders of magnitude smaller than the rate
of triplets predicted for the waveguide. Clearly a resonant
structure would not be ideal for SpTOPDC, even with im-
provements in parameters; instead, its implementation in a
waveguide should be prioritized.

B. Stimulated third-order parametric down-conversion

As in Secs. II and III, in our discussion of StTOPDC
we consider the case where the photon triplet is distributed
such that two are emitted in a mode labeled “G,” and one
is emitted in a seeded mode “S” [see Fig. 2(a)]. For our
sample calculation we choose Ap = 0.57 um, Ag = 2.3 um,
and Ag = 1.52 um; these wavelengths are phase matched (see
Appendix C), and they result in photon pairs generated in a
convenient frequency range for detection. From Eq. (43), the
rate of StTOPDC in a waveguide can be written as

2 Pp
Reas) = (Vees)L) PSPvac(h_)’ (110)
wp
where
h
Pvacz_wGa (111)
T
z Akgas)L
v = 28 [ dkdkos(Qgis) (ki k2)>sinc2<%“>>.
(112)
Computing the bandwidth numerically, we find t=! = 4.0 x

10* GHz (AA ~ 310 nm) and Py = 5.3 x 107% W; here
again we can compare with the analytic expression

4 2
T = — E——
GO T3\ 7 |BIL

which is obtained by assuming the modes have no frequency
cutoff, and by working up to third order in the dispersion
relation (see Sec. II B 2). The group velocity dispersion here is
slightly different than in SpTOPDC since pairs are generated
at a different frequency; we have || = 5.5 x 1072° s /m, so
Eq. (113) predicts 7=' = 4.5 x 10* GHz, in good agreement
with the numerical result. Keeping P = 100 mW and setting
Pg = 10 mW, we have Rggs) = 5.7 x 10* s7L.

For the resonator we consider the analogous scenario to
the one described above and in Appendix C: We maximize
the vacuum power by setting &g = 0, and setting the pump
detuning such that @p + d@p — 206 — @s ~ 0; since dg +
2ws ~ 3@, the required pump detuning with P, = 100 mW

(113)

is again 8@p =~ 30 MHz, which is a negligible detuning from
the pump resonance frequency due to the large linewidth.
From Eq. (90), the rate of StTOPDC in the ring in this limit is
given by

"
Ra6(s) — (1V66(5)|L)* PsPoac| F6(Ko)|

L 2 ~ 2 Pp
< BEOPIFRE (). 114)
wp
with
/10)
Pvac = _G,
T
I
=8 _ % (115)

2 406

We assume that wg and w¢ are sufficiently close to wg
that we can take Qs = Qg = Qf. The generation bandwidth
then evaluates to t~! = 3.1 x 1072 GHz (AA &~ 0.2 pm) and
Puc = 4.0 x 10712 W. The generation bandwidth in the res-
onator remains much smaller than in the waveguide. However,
the scaling of Rgg(s) with the vacuum power is linear, rather
than quadratic, so the low vacuum power does not affect
the efficiency of the resonator as much. Indeed, the field
enhancement in the resonator makes it more efficient than the
waveguide for StTOPDC: Setting Pp = 100 mW and Ps =
20 uW, we have Rggs) = 2.3 % 10° s~'. We have chosen
Ps =20 uW so that the seed power in the ring is ten times
smaller than the pump power in the ring; recall that for this
system Qg = 100Q0p.

C. Doubly stimulated third-order parametric down-conversion

When TOPDC is seeded, alongside StTOPDC there can be
a doubly stimulated process where a light is generated in a
single mode labeled G. With the pump and seed modes iden-
tified above, this mode’s wavelength must be Az = 1.12 um
to satisfy energy conservation and phase matching. With these
conditions satisfied, from Eq. (51) the rate of DStTOPDC in

the waveguide is given by
Roiss) = 5 (VesslLPO(l). (116)

G(SS) = 5 YGss)ILLs fioop )

With Pp =100 mW and Py =10 mW, we have Rgss) =

1.8 x 107 s~! for the waveguide.
For the resonator we have

N 4
Ress) = (Voess)|L)*Ps |Fs(Ks + 8Ks)|
- = .2 ~ ~ 2 Pp
< |Fp(Rp + )" 1Fo(Rg: + 3K (- ).
Fla)p
(117)
with

_ 1
8K = F[(@P+55)P)_2(5)S+85)S)_®G]' (118)
G

Keeping the parameters used in the resonant StTOPDC sam-
ple calculation (namely d@s = 0 and §@p/2m ~ 30 MHz),
we have v;8Kg < T'; the detuning is sufficiently small that
that |F5(Kg + 8Kg)|*> ~ |F5(Kg)|* and the DStTOPDC gen-
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TABLE I. Summary of TOPDC rates. We highlight in blue and
gray the quantum (SpTOPDC and StTOPDC) and classical processes
(DStTOPDC) respectively.

Waveguide Resonator
Rrrr 1257t 59 x 1073 s7!
Raas) 5.7 x 10* 7! 2.3 x10° 71
Ré(ss) 1.8 x 10" s7! 1.3 x 1012 571

eration rate is to good approximation
Ress) = (veess) L) P2IFs(Rs)|*
ass) = Vess) L) Py Fs(Ks)|

> 2 o 2 PP

< IFp(Re) 1R (). (119)
ha)p
Again taking Pp = 100 mW and Ps =20 puW, Eq. (119)
predicts Rg(ss) = 1.3 x 102 s7!; R g5y is independent of the
generation bandwidth, so DStTOPDC would be much more
efficient in a ring than in a waveguide due to the field enhance-
ment.

D. Summary and comments on scaling

The TOPDC rates for the sample systems are summarized
in Table I. While these results depend on the specific sets
of parameters under consideration, our results clearly indi-
cate that nonresonant platforms are preferable for SpTOPDC,
whereas resonators perform better in StTOPDC, with an even
larger advantage in DStTOPDC. This is because the efficiency
of each TOPDC process scales differently with the vacuum
power, which depends on the generation bandwidth. In a
resonator, there is a trade-off between the field enhancement
and the vacuum power: A higher ring quality factor entails a
higher field enhancement but a lower vacuum power, since the
generation bandwidth is restricted by the linewidth (see the
discussions in Sec. III C). On the contrary, in a waveguide the
generation bandwidth is determined solely by the waveguide’s
dispersion properties and the phase matching condition (see
Sec. IIB).

Since the SpTOPDC rate scales quadratically with vacuum
power, the low vacuum power in the ring affects its per-
formance significantly, despite the field enhancement terms
in Eq. (103). The StTOPDC rate scales only linearly with
vacuum power, so the low vacuum power has less of an effect
on the overall performance of the resonator; the resonator
performs substantially better than the waveguide for the pa-
rameters considered here. Finally, because DStTOPDC is a
classical process, its rate does not depend on the vacuum
power at all, and the ring performs significantly better than the
waveguide because the field enhancement comes at no price.

We emphasize that the parameters used to obtain the rates
in Table I were chosen to be realistic, but arguably conserva-
tive. For example, we have calculated TOPDC rates for pump
and seed powers that are commonly used [20,21]. Obviously,
more optimistic rate estimates are obtained with higher input
powers; in particular, we have left significant room to increase
the seed power in resonant StTOPDC. With higher input pow-
ers one would need to include the effect of SPM and XPM due

TABLE II. Summary of phase-matched TOPDC rates’ scaling
with system parameters. We highlight in blue and gray the quantum
(SpTOPDC and StTOPDC) and classical processes (DStTOPDC),
respectively.

Waveguide parameters  Rppp Reas) Ress)
L x L o L3/? o L?
Ring parameters Rrrr Rea(s) Reg(ss)
Q x QrPQr x QrQcQs x QrQaQ%
L o £L72 oc £L72 o« L2

to the seed, which can be done by following the approaches in
Secs. II A and III B for including phase modulation due to the
pump. One would especially need to take care in the resonant
case, since here Qs > Qp so the circulating seed power P§ can
easily exceed the pump power P, for the modes used in this
sample calculation. Once the new shifts to the wave numbers
and resonance frequencies are accounted for, the TOPDC rates
simply scale linearly with each input power.

We have also been conservative in our choice of the waveg-
uide length, so one could realistically envisage using a longer
waveguide. To illustrate the scaling, consider the waveguide
length being increased to L = 10 cm and Pp = 500 mW, re-
spectively. We would then have Rppp = 5.9 X 102 s~!; note
that the rate only scales linearly with L, since the vacuum
power scales with L=!/2, We have again used Eq. (99), in
which loss is neglected. For existing low-loss waveguides this
is a good approximation [22], but to realistically model even
longer waveguides, loss would need to be considered. This
scenario may seem unreasonably optimistic, but it illustrates
how, with improvements in certain experimental parameters,
TOPDC generation rates in integrated devices could improve
to the point of becoming experimentally viable.

The scaling of the generation rates with the input powers
is trivial; however, because the vacuum power and field-
enhancement factors both depend on parameters such as
length and quality factors, the scaling with these parameters
is not immediately obvious from the rate expressions as they
are written in Secs. I and III. In Table II we summarize
the scaling of the generation rates with some of the system
parameters. Once the scaling of the resonator rates with the
quality factors is identified, one can easily understand the
results in Table I; the rates of stimulated TOPDC scale more
highly with quality factors, so there is more advantage in using
a resonant system.

While the parameters in Table II impact the TOPDC rates,
the most important parameter is arguably the nonlinear param-
eter y. The nonlinear y in this sample system is particularly
small; for comparison, y ~ 1 (Wm)~! is typical for spon-
taneous four-wave mixing in comparable systems [23]. The
nonlinear parameter here is small due to the use of a higher-
order spatial mode for the pump, which results in a relatively
small effective area.

The development of platforms in which phase matching
can be achieved, while maintaining a higher mode overlap,
will be instrumental in making integrated TOPDC viable;
there has already been some progress towards this, for exam-
ple exploring the use of birefringence [24]. There has also
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been progress in the search for high nonlinearity systems
[25,26], another route towards improving the nonlinear pa-
rameter. Since the TOPDC rates scale quadratically with y,
even a moderate increase in the nonlinearity or the mode
overlap could make integrated TOPDC viable.

V. CONCLUSIONS

We have discussed the implementation of TOPDC in inte-
grated photonic structures. We derive equations for the rates
of spontaneous TOPDC (SpTOPDC) and stimulated TOPDC
(StTOPDC) in a waveguide and a microring resonator, explic-
itly showing the scaling of the rates with system parameters
which continue to improve with progress in the fabrication
and design of integrated photonic platforms.

We have verified that a resonant platform is suitable for
StTOPDC; on the other hand, SpTOPDC benefits from a
platform where the vacuum fluctuations are not limited by
a resonant linewidth, so its implementation in nonresonant
systems should be prioritized. To illustrate this we present
a sample calculation of the TOPDC rates in a silicon ni-
tride waveguide and microring system, assuming conservative
parameters compatible with existing technology. We predict
observable StTOPDC rates even in this sample resonant sys-
tem, which is not optimized for TOPDC. We therefore expect
that the demonstration of integrated StTOPDC should be pos-
sible in the near term.

Our outlook for integrated SpTOPDC is similarly opti-
mistic, despite the relatively low predicted rates in our sample
calculation. There has already been significant progress in the
development of platforms with low losses and high nonlin-
earity [22,25,26], and the issue of phase matching over large
frequency ranges is being addressed [24]. Were a TOPDC
platform designed taking advantage of these advances, it
would be reasonable to expect a TOPDC rate orders of mag-
nitude higher than those predicted in our sample system.
Indeed, with the community’s focus on designing platforms
for TOPDC, integrated SpTOPDC may soon be observable;
in the long term, such progress could lead to SpTOPDC
becoming a viable source of nonclassical light with character-
istics that cannot be achieved with presently available sources
[27-30].
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APPENDIX A: EVALUATING WAVEGUIDE GENERATION
BANDWIDTHS

Here we outline the approach towards evaluating the
SpTOPDC and StTOPDC generation bandwidths in the
waveguide, in the limit where the integrals can be carried out

analytically. We first focus on the SpTOPDC bandwidth given

in Eq. (45).
We begin by moving to frequency variables, using (2) and
dk, 1
dk, = dwrpy, - —dopy, = —dw,. (A1)

- dowpk, Vp VF
‘We then have

1
Trr = 62 / dwidwydwsb(wp — 0 — wy — w3)

. 2< [AQw)) + ABwr) + A(8w3)]L>
x sinc”| Yrrr — ,

2
(A2)

where Yppp = (kp — 3kp)%, dw, = ®, — wp, and the inte-
grals over w;, w;, w3 range from 0 to co; the dispersion terms
are contained in

dw, 10%w

AQw,) = _—n((swn) + = —2,1

ok 2 ok
The Dirac § function now restricts the integration to a plane in
“w space,” where we introduce three mutually orthogonal unit
vectors 1, 2, and 3 and write

(Bw)* + -+ .

(A3)

® = a)li + a)gi + 0)33, (A4)

where we take 1 x 2 = 3, etc. The unit vector orthogonal to
the plane that the Dirac § function in (A2) specifies is
1~ & A
Z=—10+2+3). (AS5)
V3

We construct two other unit vectors ¥ and y mutually orthog-
onal to each other and to Z, taking our set to be

1 4 1 4
r=—-——2+—3,
V22
2 . 1 A 1 4
y=—1-— —2—- —3, (A6)
Y= U6 Ve
SRR LI SR
i=— — —3,
V3 V33
such that ¥ x y = 2, etc. Then we can write
0= Q%+ 0 + 2. (A7)
Sincea)lzi-w, etc., we have
2 Q) + ! Q
W = —— —123,
1 76 2 NG 3
! Q ! Q)+ ! Q (AB)
W) = ———= — —=13 —_ s
2 NG 1 NG NG 3
1 1 1
w3

=—Q - =+ —Qs,
NV AV

and since the Jacobian of the transformation is unity we have

da)lda)zda)g = dQ]szdQ3. (A9)
Using
(wp — w) — wr — w3)
1 wp
= 8(wp — V38 ):—5<——Q_>, (A10)
P 3 \/g \/3 3
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and noting that when Q; is restricted to wp/+/3 we have and so
1) —Q Al2
?) wp w); — /6 25 ( )
o —> —=0+ —,
Ve : 1) ! Q ! Q
% —_—— —_— —_—
1 1 op ) NG 1 NG 2,
w > ——=Q — —=Q + —, (Al1)
V2 Ve : Sw; — ! Q ! Q
1 op w3 NG 1 76 2.
w3 > —Q — —= + —,
V2 V6 3 We can then write
|
2 1 1 1 1
3 A—Qz +A——Q]——Qz +A—Ql——§22 L
ok = T\c dQldQZSincz(Tppp— [A(52) + A5 “25 )+ A5 ~ )] NN )
b1

Here 2; and €2, range over values such that 2, €2,, 23 lies on the triangle specified by w; + w; + w3 = wp with all the w; > 0.
However, for parameters introduced in the text the sinc function restricts the contributing region of integration to near the center
of the triangle specified above, so we can let €2 and €2, range from —oo to co.

Now we introduce new variables 2 and 9,

Q) = Qsind, Q) = Qcosb, (A14)
so that we have
3 00 2
2 = 3 QdQ | dbsinc?
FFF 187T2 0 0

2 Lo i Lo 1
5 <TFFF ~ [A(%Qcose) + A(—7§§2 sin@ — 765;0089) + A(EQ sinf — %Qcose)]L). Als)

Working up to fourth order in Eq. (A3), and noting éw; + dw, + dws = 0, we find
A(Swr) + ABw2) + A(Sws)

1 1 1
=5k (Sof + w3 + dw3) + b (o] + 8w + 8w3) + ﬂ,84(&0‘1‘ + w3 + 803)

1 1 1
= —B %+ ——B:9% cos 30 + — B, Q*, Al6
2,32 + 6\/6'33 cos +48ﬁ4 (A16)
and so
1 2 1 3 1 4
3 oo 2 522 + —= 327 cos 30 + = 427 )L
T2 :T‘/;z | ae /O d6sinc? (TFFF— G 6v6 5 wh) : (A17)

We can introduce a new variable & = 36 which will range from 0 to 67 (i.e. three periods) as 6 ranges from 0 to 277 ; however,
d6 = du/3, so for the integrand written in terms of & we can integrate  from 0O to 2. Furthermore, we introduce a new variable
y = Q?; then QdQ2 = dy/2, and we have

(A18)

TrFF — 3672

1 1 32 1p .2
3 (> 2 5682y + —=B3y” 7 cos i + 75B4y”)L
5 3 / dy/ 4y sin? (TFFF B (3 V8 I ) '
0 0

In the special case in which we assume phase matching, and
negligible higher-order dispersion terms, this can be evaluated
analytically; we take Yrpr = 0, B3 = 0, B4 = 0. The depen-
dence in the integrand of (A18) on u vanishes, and we have

LA (s
T = — [ — -,
T (,324yL)2
3 1
_V3 1 (A19)
9 |BIL

2

We process ! for StTOPDC in a similar way. Writing
Eq. (45) in terms of frequency, we find

_ 1
s = = / dwdw8(wp — wg — wy — W)

sine? (TGG(S) _ [AGw) + A(Swz)]L>,

2
(A20)
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where Ygees) = (kp — kg — 2EG)%. We again introduce two

new variables, w,, and €2, such that
W) = 0w + 32, (A21)

The Jacobian is unity, and the Dirac delta in (A20) here
reduces to

1
@) = Wgy — 582

S(wr — w5 — 204) = 8w — 20a) = 38(wa — w6),
(A22)
and when w,, = wg we have
Sw; — %Q Swy — —%Q, (A23)

and we have

o0
% / d 2 sinc?
—0oQ
1Q)+A(-

A 1OYIL
« (oo - LUDHACIDY

Using the same strategy as above, this can be reduced to

) L / d2sinc?
GGS) = oy

—00

-1 _
T6G(s) =

384

In the limit where Y5y = 0 and B4 = 0 we have

1 4 2
T, = -
OO 3\ mlpIL

APPENDIX B: EVALUATING BANDWIDTHS FOR A
FINITE FREQUENCY RANGE

(TGG(S) - ——,32L§22 — —ﬂ4LQ4). (A25)

(A26)

In Appendix A we considered an analytic limit, where one
works to the first few orders in the dispersion expansion, and
the integrals over €2; and €2, are taken to go from —oo to
oo. In reality, the integration range for the bandwidth will be
restricted, either because of frequency cutoffs for the modes
associated with the frequency variables, or to account for a
finite detection bandwidth. Here we find the ranges of integra-
tion for 2| and €2, in Eq. (A13).

We use wpin and oy to denote the integration limits in the
original coordinate system, so

Wmin < Wy < Wmax - (Bl)
|

. w, 1 _
Q< mm{ﬁ(mmax — ?P + %92

Q> max{—ﬁ(wmﬂ _er

Then with (A8) we have

wmm AN \/— \/— wmax ’

1 1 1
Wmin < _Egl - %92 + ﬁﬂs < Wmaxs (B2)
«/_ \/_ «/_

Wmin < < Omax,

and setting Q3 = wp/+/3 (which is imposed by the § func-
tion), we have

2 wp
Omin < %192 + ?lg Wmax s
Wmin < - = QZ + wmax’ (B3)
VRN G
1 1g 1 +
C!)mm 2 - wm X
NN '

We can immediately see that €2, is constrained according
to

6 6
2 V6 2 V6

From the latter two expressions in Eq. (B3), one can see
that the limits on €2; depend on the particular value of ;.
Introducing €2 to explicitly denote a specific value of Q,, we
have two sets of inequalities defining €2;:

(B4)

wp 1 —
-2 min — 5 —Q
f(‘” v

> <wmax - JBQZ)’
V2 (wmm — 7(2 )

w 1 -
<Q < ﬁ(wmax -2L4 —Qz>- (B5)

3 V6

The range of €2; will be constrained by the tighter bounds; we
can write

>, —f2<wmm -2y is‘zz) } (B6)

?-F%Qz),«/z(a)mm— %+i§zz>}. (B7)

In summary, the generation bandwidth for a finite frequency range can be written as

TS

2,min

2 1 1 1
72 ﬁ Q1 max (22) i, /Qz,max dgzzsinCZ (TFFF B [A(ngz) + A(—\/—?Ql - TEQZ) + A(«/_EQI
Q.

Ql,min(QZ)

— 1oL
: el ) (BS)
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where
NG )
Q2 min = Twmin - 7%, (B9)
«/6 wp
Q max — ~~ Wmax — T —» B10
2, 7@ Je (B10)
wp l wp 1
Q1 min(22) = V2 Wpax — — + —= |, V2| opin — — + —=Q , Bl11
1,min (£22) max{ \/—<wa 3+\/62>\/_(0) 3+\/6 2)} (B11)
. [0) 10) 1
Qlﬁmax(QZ) = mln{\/z<wmax - ?P + %QZ>’ _\/5<wmin - ?P + %92) }’ (Blz)

which can be implemented numerically, as we do in the sam-
ple calculation in Sec. IV.

We approach the StTOPDC calculation similarly. The
bandwidth is given in terms of frequency by Eq. (A20), and
we adopt the transformed variables defined in Eq. (A21).
From Eq. (B1), the values of the new variables Q and w,,
are constrained by

Omin < Oav + 32 < Oma, (B13)
Omin < gy — 32 < Oma.,
from which we obtain
max{®min — 32, Omin + 32}
< @gp < Min{wmax — 32, Omax + 32} (B14)

It is sufficient to consider the largest possible range for w,,,
which is

(B15)

Omin < Ogp < Opax,

which occurs when 2 = 0.
The range of €2 can be written in terms of a particular value
of w,, as
max{z(wmin - wav)v _Z(Q)max - wav)}
< Q < min{2(®max — Wav)s —2(Wmin — Oa)}.  (B16)

As discussed in Appendix A, the § function in (A20) sets
way = wg, and with the finite integration limits we have a
slight modification to (A24); we have

Qimax
b = L dQsinc?
GO T ox o

NEN L LS TCL VA

where
Quax = Min{2(Omax — ©6), —2(@min — 06)}, (B13)
Qumin = max{2(omin — 06), —2(@max — 0g)},  (B19)

which can be computed numerically for a particular set of
frequencies and dispersion data.
APPENDIX C: SAMPLE CALCULATION DETAILS

Material data and waveguide dispersion is obtained by sim-
ulation in Lumerical using the default material properties; for

(

silicon nitride we use the dataset from Phillip [18]. In Fig. 5
we show the simulated dispersion plots for the fundamental
and third harmonic modes in the sample structure; phase
matching is achieved at Ap &~ 1.72 um, with Ap = Ap/3 =
0.57 pm.

When seeking phase matched wavelengths for nondegener-
ate TOPDC processes, we simply choose a desired separation
of the generation modes and compute the phase mismatch
for different pump frequencies; we denote this separation
with A in Fig. 2. We find that with A chosen such that
Ag &~ 1.52 pum and Ag ~ 2.3 um, the change in the pump
frequency is negligible and we can keep Ap = 0.57 um while
satisfying phase matching. For the DStTOPDC calculation,
we keep these values Ap and Mg, and seek the value of Ag
which minimizes the phase mismatch; DStTOPDC is phase
matched with Az &~ 1.12 um.

1. Self- and cross-phase modulation

Here we verify that self- and cross-phase modulation do
not have a significant effect on phase matching. Using the
effective index data shown in Fig. 5 we find the “bare” wave
vectors kp = 3kp = 1.97 x 10’ m~!. With cross-phase mod-
ulation, for phase matching we require kp = 3k where

kp = kp + yspmPp, (C1)
kr = kr + 2yxpmPr. (C2)
1.90
— F
P
1.85
=
c
1.80
1.75 T T T .
1.4 1.5 1.6 1.7 1.8 1.9
Af (um)

FIG. 5. Effective indices for the fundamental (solid blue line)
and third harmonic (dashed orange line) modes used in the degen-
erate SpTOPDC sample calculation. We have used Ap = Ap/3 to
plot both the fundamental and third harmonic indices against a single
axis.
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Using the simulated mode profiles [18], we calculate
Yspm & 4.3 (Wm)~! and yxpy A~ 0.8 (W m)~!. For the maxi-
mum pump power considered in this paper, P = 100 mW, the
shift to the wave vectors is at least seven orders of magnitude
smaller than the wave vectors themselves. Even if the pump
power were increased to 10 W, the shift to the wave vectors
would be small enough that the shift in Ap and Ar required to
maintain phase matching is be negligible; the phase matched
wavelengths identified above are valid with SPM and XPM
accounted for.

A similar argument applies to the nondegenerate config-
urations; the magnitude of the shifts due to SPM and XPM
remains much smaller than the bare wave vectors, so the effect
of SPM and XPM on the phase matching is negligible.

2. Resonant third-order parametric down-conversion

In the resonant system, the generation rate is affected not
only by the phase mismatch but also by the detuning from
resonance. Here we discuss the maximization of the resonant
TOPDC rates.

a. Spontaneous third-order parametric down-conversion

The TOPDC rate is given by [see Eq. (76)]

Rerr/Rp = (verr L) P2 Fr(Re)* | Fp(Rp + 8Kp)*,  (C3)

vac

where
1 s
Pvzaczhzw%_< ~ - L — 2 —2)’ (C4)
2\ [(@p + didp) — 3ivp]® + 9T2
- -~ .2 1 lypl? >
Fr(K, 8K, =—| ——=. C5

We focus first on maximizing the vacuum power. This requires
setting

Sdp = 3dF — dp (Co6)
= 3wr — wp — (6yxpmVr — ysemvp)Pp  (C7)
= —(6yxpmVF — YspmUP)Pp, (C8)

where we have verified that wp = 3wy for the phase matched
modes. We have yspy =4.3 (Wm)~' and yxpy = 0.8
(Wm)~!, and the group indices are ngry & 2.1, nyp) ~ 2.3
from which we obtain the group velocities [18]. With Pp =
100 mW the field enhancement yields P, = 1.05 W, and we
require 8@p /2w ~ 30 MHz.

J

e [ dxdy(xy™ (x,y)/%a) e (x, y)ess (e, y)eks (. y)el, (x, y)

Because of the large linewidth of the pump resonance, the
effect of the detuning on the field enhancement factor is negli-
gible; we take Qp = 10° which implies ['p/27 = 2.6 GHz.
Since the linewidth is orders of magnitude higher than the
detuning, even with the detuning we have |Fp(Kp 4+ 8Kp)|? ~
|Fp(Kp)|?, and to good approximation the TOPDC rate can be
written as

~ 6 ~ 2
Rrerr/Rp = (YrrrL)* Poy | Fr (Kp)|” 1 Fp(Kp)| (C9)
f2
P =Foj e (C10)

b. Stimulated third-order parametric down-conversion
For resonant StTOPDC we have [see Eq. (90)]

Rgaes)/Rp = (|VGG(S)|»C)2PSPvac|FG(I€G)|4

. _ 2 - 5 .2
X |Fs(Ks + 6Ks)|"|Fp(Kp + 3Kp)|”,  (C11)

213
Pvac::hwG( - ~ ~ ~ ~ 12 '2).
[(@p + dwp) — (w5 + Sds) — 2dG]° + 41
(C12)
Here we set dds = 0. For the StTOPDC modes we have
ws + 2@ ~ 3r, so here too we can maximize the vacuum
power by setting §dp/2m =~ 30 MHz. As discussed above,
this detuning has a negligible effect on the pump field en-
hancement due to the large linewidth of the pump resonance.
The same approach applies for nondegenerate SpTOPDC [see
(83)].
For DStTOPDC there is no vacuum power to maximize;
we have [see Eq. (98)]

- 4
Ress)/Re = (1Vo(ss)| L) P5 | Fs (Ks + 8Ks)|

x |Fp(Rp + 8Kp)|Fo(Rg + 8K)I”,  (C13)
N 1
5Rg = —[(@p + diop) — 2as + dids) — gl (C14)
G

If the goal is to maximize Rgss), here again we can we set
8és = 0 and put $@p/2m ~ 30 MHz to obtain 6K = 0.

APPENDIX D: EFFECTIVE AREAS

1. Waveguide

For nonlinear processes involving two raising operators
and two lowering operators, we have

(D1)

Aj12.73.4 NnNpNpiNis '
where
e(x,y) = ————d;(x,y) (D2)
! €oe1(x, y;p) 7
is a component of the electric field mode profile, and the N are normalization constants defined as
n(x, y;wy)/iy
Ny = / dxdye; (x, y) - € (x, y) L (D3)
Ve (x, y; w5)/ vy
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We use a similar definition for the effective area in processes with three raising operators; in this case we have

d®nnns [dxdy(xi" [ 75)ef (x e ek, y)eh, (x, y)

(D4)
Aji,y2,03,04 NHNpRNBENg
2. Ring resonator
In the ring, the effective area for a process involving two raising operators is
o1 [dr dg (M () %) e (0L, D)ERE L, D)eky(ry, el (e, £)ei™ s 03)

NiNpNiNjs

where Ax = k1 + kjo — kj3 — k4. Unlike in Eq. (D1) for the waveguide, here the phase matching condition is contained
in the effective area, since the mode profiles generally depend on the coordinate ¢ along which the field propagates. The
waveguide mode profiles e;(x, y) do not depend on the direction of propagation, so the integral over z and the ¢/**? term can be
separated from the definition of the effective area. The phase matching condition then appears in the sinc terms in the nonlinear

Annngs L

Hamiltonians for the waveguide, rather than in the effective area as we see in the ring system.

For processes involving three raising operators, we have

s 1 [deidg (M 00/ %) e (e, L, e, el (r, et

A L

with Ax = k1 + k0 + Kj3 — k4.

NnNpRNiNs ’

(D6)
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