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Coherent Diffusive Photon Gun for Generating Nonclassical States
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We suggest and discuss a concept of a deterministic integrated source of nonclassical light based on the
coherent diffusive photonics, a coherent light flow in a system of dissipatively coupled waveguides. We
show how this practical quantum device can be realized with a system of single-mode waveguides laser
inscribed in nonlinear glass. We describe a hierarchy of models, from the complete multimode model of
the waveguide network to the single mode coupled to a bath, analyze the conditions for validity of the
simplest single-mode model and demonstrate feasibility of the generation of bright sub-Poissonian light
states merely from a coherent input. Notably, the generation of nonclassical states occurs at the initial
stages of the dynamics, and can be accounted for in the linear model that allows us to circumvent the
prohibiting computational complexity of the exact full quantum representation.

DOI: 10.1103/PhysRevApplied.12.064051

I. INTRODUCTION

Engineered loss has already turned into a powerful and
intensively researched tool for quantum-state manipula-
tion. With the help of engineered reservoirs, it is possible
to drive a target system into a desired state, to generate and
protect entanglement, to implement computation, and to
transfer quantum states [1–4]. Engineered reservoirs have
become a popular and fruitful research direction for QED
[5], cold atoms and trapped ions [6,7], Rydberg atoms
[8,9], and for superconducting circuits [10–12] due to the
large spectra of possibilities to design systems with nec-
essary coupling between components and strong effective
nonlinearities. For example, by devising strong self-Kerr
and cross-Kerr interactions, and combining them with two-
photon conversion and classical driving, it is possible
to produce two-photon loss, and in this way create the
Schrödinger-cat states and safeguard them against linear
loss [10].

It is considerably harder to engineer losses in pho-
tonic circuits. Optical nonlinearities are usually quite small
and accompanied by rather strong conventional linear
loss. However, even in this case there are possibilities
to exploit effects of nonlocal loss and devise photonic
circuits with quite unusual and potentially very useful fea-
tures, even in passive optical structures. These possibilities
are opened up by a new level of precision and control-
lability reached in systems of coupled waveguides. For
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example, localization of the light in the small part of a
perfect Lieb lattice and diffractionless propagation was
experimentally demonstrated in a system of single-mode
waveguides written in a bulk glass [13,14].

These new experimental advances gave rise to a
recently introduced concept of “coherent diffusive pho-
tonics” (CDP): light processing in a specifically designed
system of single-mode waveguides coupled by common
loss reservoirs, as realized in practice in Ref. [15]. Even
with linear glass, dissipative coupling enables, for exam-
ple, light equalization in a waveguide chain: any input
state tends to a completely symmetrized state over all
the modes. In contrast to the common unitary coupling
schemes, CDP schemes are quite robust with respect to
variations in the coupling length and strength. Further,
CDP allows one to realize an optical router directing light
in different arms of the structure by selective excitation of
the central control nodes, and CDP can even allow light
to be localized in a perfect lattice of dissipatively coupled
modes [15].

In this paper we extend the developed CDP schemes to
the nonlinear regime, and suggest an alternative integrated
CDP-based device exhibiting features of a “photon gun”: a
deterministic generator of nonclassical states, in particular,
sub-Poissonian states (Fig. 1).

It is worth noticing that a true photon gun is still a
challenge (for reviews see [16–18]). Due to high technical
overhead, the available single-photon sources are not read-
ily implementable, mostly do not have well-defined output
mode, and many of them cannot simultaneously satisfy the
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(a) (c)

(b)

FIG. 1. Deterministic photon gun (PhoG) based on the CDP
network of single-mode waveguides written in a bulk of nonlin-
ear glass. (a) Basic scheme behind the PhoG device: two signal
modes asymetrically coupled to a common bath. Both modes
undergo nonlinear coherent loss (NCL). (b) Implementation of
the basic scheme using a network of nonlinear waveguides. The
common bath, the reservoir, is implemented as a linear array
of further waveguides (“tail”). Signal modes [gray in three-
dimensional (3D) picture (c)] are dissipatively coupled via this
common reservoir. The “tail” waveguides [pink in 3D picture (c)]
interact via conventional evanescent coupling.

crucial figures of merit: purity, indistinguishability (often
traded for brightness), and efficiency. Only very recently
top-end quantum-dot-based sources could demonstrate
simultaneously single-photon purity of ≥99%, photon
indistinguishability of 95%–99% and extraction efficiency
of up to 65% [19]. Other alternative, heralded photon
sources based on entangled photon-pair production are
probabilistic and deliver high indistinguishability at the
cost of low brightness. Therefore, in many quantum-
technology applications, experimentalists revert to atten-
uated coherent states instead of single photons. This is
true for most if not all quantum-cryptography implementa-
tions and many others, including quantum simulations and
implementations of quantum gates. Dim coherent states
are “cheap,” easy to handle, and deterministic, however,
their Poissonian photon-number statistics represents a seri-
ous limitation, resulting in unwanted contribution from
multiphoton components. Much better performance can
be achieved using light with sub-Poissonian photon statis-
tics as a quasi-single-photon source. For example, the
key rates for decoy-state quantum-key distribution (QKD)
have been explicitly calculated for different sources, and it
was demonstrated that such a quasi-single-photon source
can drastically raise the key rate in the decoy-state QKD
[20,21].

We demonstrate that the photon-gun device suggested
in this paper is potentially able to act either as a
deterministic or, upon a slight variation of the scheme,
probabilistic quasi-single-photon source. We analyze the
possibility of realization of these devices with current
technology. Whereas approaching deterministic genera-
tion of quasi-single-photon or few-photon strongly sub-
Poissoinian states still seems challenging, we show that
bright sub-Poissonian photon gun is completely feasible

and can be quite robust with respect to experimental
imperfections and noise.

Bright sub-Poissonian PhoG suggested in this paper
carries the important advantage of producing nonclassi-
cal states from merely coherent input, on demand, and in
well-defined temporal and spatial modes. Further, PhoG is
a versatile quantum source and can be modified to pro-
duce correlated photons and other entangled states at the
output. Knowingly, nonclassical photon-number correla-
tions and sub-Poissonian photon statistics can be exploited
for quantum sensing, imaging, and other metrology tasks
[22,23].

The basic idea underlying our scheme is to create a pho-
tonic circuit exhibiting NCL, which is a specific kind of
engineered single-photon loss [24,25]. The principal cir-
cuit, Fig. 1(a), comprises two signal modes asymmetrically
coupled to a common loss reservoir and undergoing NCL.
The required light-propagation regime can be engineered
in different ways. We suggest a nonlinear waveguide net-
work with a chain waveguide structure working as a
common reservoir, Fig. 1(b), which allows the NCL to be
realized in the superposition of two waveguide modes. We
analyze its feasibility under realistic Kerr nonlinearity of
nonlinear glass and for realistic waveguide parameters. We
show that it is feasible to deterministically create bright
sub-Poissonian states of light using a compact (cm-sized)
integrated CDP device and, furthermore, reach other useful
nonclassical output states. The generation of nonclassical
light occurs in the regime when a conventional single-
photon loss is still not affecting significantly the process
of the state generation.

The outline of the paper is as follows. Firstly, in Sec. II,
we present the CDP scheme and describe the hierarchy
of models, which can be used to account for the state
dynamics. We reveal how the description of the whole
network can be reduced to the description of just a sin-
gle superposition mode (“single-mode model”). In Sec. III,
we show that the regime of interest for us is the initial
stage of the dynamics, when strong nonclassicality can
be obtained. We develop an analytic model for evolution
of the Mandel parameter and also show that at this stage
the dynamics can be well captured by the linearization
approach for the quantum correction to the field ampli-
tude. The single-mode model allows us to present a simple
and illustrative analysis of the PhoG-device feasibility pro-
viding necessary parameters of the setup, and ways to
optimize it.

In Secs. IV and V we analyze dynamics of the system
beyond the simplest single collective mode model. We pay
special attention to the two-mode model (Sec. IV), which
exhibits a number of nonclassical features not captured by
the single-mode model, such as entanglement generation.
After that in Sec. VI we proceed to the complete network
showing that for the initial stage of dynamics the predic-
tions made within the single-mode model are indeed true.
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Strong photon-number squeezing is shown to emerge for
moderate lengths of the CDP circuit with realistic losses
and nonlinearity. Also, to assess the impact of specific
effects of short-pulse propagation in our system of coupled
waveguides, we dynamically evolved the spectral and tem-
poral properties of the pulse via the nonlinear Schrödinger
equation, and analyzed their influence on the effectiveness
of the NCL mechanism taking into account the combined
effect of chromatic dispersion, self-phase modulation, and
self-steepening of the pulse.

II. HIERARCHY OF MODELS

In the case of a large number of interacting quantum
modes, a large number of photons and in the presence
of nonlinearity, an exact description of the quantum-state
dynamics of our system is a formidable task. To tackle the
problem, we develop the hierarchical approach to model
the photon gun and optimize its structure. The complete
CDP scheme is reduced to much simpler systems of a few
modes as shown in Fig. 2. These systems are much more
tractable and can be analyzed, optimization can be carried
out, approximations can be verified, and then the obtained
results can be validated by the approximate numerical
analysis of the complete CDP circuit.

The original scheme underlying all the subsequent dis-
cussion is depicted in Figs. 1(b) and 1(c): two waveguides
a and b are coupled to the third waveguide c0 (but not
to each other), and this waveguide c0 is coupled to the
“tail” of next-neighbour coupled single-mode waveguides
cj , j = 1 . . . N . In our consideration, we assume identical
single-mode waveguides described by the corresponding
bosonic creation and annihilation operators. We assume
that some initial state is created in the network, and then

(a) (b) (c) (d)

FIG. 2. Hierarchy of the PhoG models (a)–(d). The model (a)
corresponds to the setup shown in Figs. 1(b) and 1(c) of cou-
pled single-mode waveguides. Modes a and b interact with mode
c0 coupled also to the “tail” of modes c1...N . The three-mode
model (b) corresponds to the adiabatically eliminated “tail” of
waveguides retaining only the first waveguide of the tail, which
is highly lossy due to direct coupling to the reservoir R. This
effectively corresponds to the system presented in Ref. [24]. The
model (c) shows the “two-mode model,” the model with two
superposition, collective modes s± Eq. (5) obtained by eliminat-
ing the third mode c0 of (b). Finally, the single-mode model (d) is
obtained by adiabatic elimination of one of the collective modes
in (c).

this state evolves. Thus, the dynamics of this system is
described by the following master equation for the density
matrix ρ:

d
dt

ρ = −i[H , ρ] + γ1

⎡
⎣L(a) + L(b) +

N∑
j =0

L(cj )

⎤
⎦ ρ,

(1)

where the Lindbladians L describing common single-
photon loss with the rate γ1 are given by L(x)y = xyx† −
1
2 x†xy − 1

2 yx†x for operators x and y; the density matrix for
all modes is ρ and the Hamiltonian H = H int + H Kerr con-
sists of two parts. The first part describes linear interactions
between the modes

H int = gaa†c0 + gbb†c0 +
N∑

j =1

gj c†
j −1cj + h.c., (2)

where ga,b are couplings of the modes a, b, respectively,
to the third mode c0, and gj is the coupling between
mode cj −1 and cj . The part H Kerr describes the self-Kerr
interaction of each mode,

H Kerr = U
2

∑
∀x

(x†)2x2, x = a, b, cj , j = 0, 1 . . . N ;

(3)

U is the Kerr nonlinear interaction constant.
For a large number of waveguides N and large initial

number of photons, the complete model, Eqs. (1) and (2), is
practically intractable without approximations. However,
we are interested in the regime when the “tail” formed by
the waveguides cj , j = 1 . . . N , can be considered a dissi-
pative reservoir rapidly guiding away field from the mode
c0 [14,15]. Assuming that the tail functions as a Marko-
vian reservoir with the decay rate γc, we arrive at the
three-mode model depicted in Fig. 2(b) and described by
the following master equation for the three-mode density
matrix:

d
dt

ρ3 = −i[H3, ρ3] + [γ1L(a) + γ1L(b) + γL(c0)] ρ3,

(4)

where γ = γ1 + γc, the Hamiltonian is H3 = H int
3 + H Kerr

3
with H Kerr

3 as given in Eq. (3) and the interaction part is
H int

3 = gaa†c0 + gbb†c0 + h.c.
The three-mode model of Fig. 2(b) is still too compli-

cated for exact analysis in the case of a large number of
photons. Further simplification can be reached assuming
that the decay rate into the “tail” γc is large enough to
allow for the adiabatic elimination of the mode c0. Let us
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introduce symmetric and antisymmetric collective modes:

s+ = 1
G

(gaa + gbb), s− = 1
G

(gab − gba), (5)

with G =
√

g2
a + g2

b and coupling constants ga,b assumed
real. Then adiabatic elimination of mode c0 leads to the
following two-mode master equation [24,25]:

d
dt

ρ2 = −i[H2, ρ2] + [γ1L(s−) + (� + γ1)L(s+)] ρ2,

(6)

with � = 4G2/γ . The Hamiltonian H2 = H int
2 + H self

2 is
given by

H self
2 = ς1(n2

+ + n2
−) + ς2n+n− + ς3(n+ + n−),

H int
2 = ς4(s

†
+s−)2 + ς5s†

+s−(n− − n+ − 1) + h.c.,
(7)

where n± = s†
±s± are the photon-number operators, and

the coefficients read

ς1 = U
2G4 (g4

a + g4
b), ς2 = 4U

G4 (gagb)
2,

ς3 = ς2/4 − U/2, ς4 = ς2/4, ς5 = U
G4 gagb(g2

a − g2
b).

The two-mode model is depicted in Fig. 2(c).
Finally, if the state of the superposition mode s+ decays

to the vacuum much quicker than the typical timescale of
the dynamics of the superposition mode s−, one arrives
to the single-mode model of Fig. 2(d) described by the
following master equation [24,25]:

d
dt

ρ1 = [
γ1L(s−) + γ2L(s2

−) + γ3L(n−s−)
]
ρ1

+ −i[ς1n2
− + ς3n−, ρ1], (8)

where the decay rates are given by

γ2 = 4U2(gagb)
4

G8(� + γ1)
, γ3 = 4U2(gagb)

2

G8(� + γ1)
(g2

a − g2
b)

2. (9)

The master equation (8) takes account of the three decay
channels for the antisymmetric collective mode: conven-
tional single-photon loss (γ1), two-photon loss (γ2), and
NCL (γ3). We refer to the decay described by the Lindblad
operator n−s− as “nonlinear coherent loss” as the eigen-
states of the operator n−s− are named “nonlinear coherent
states” [27]. The Lindblad operator n−s− responsible for
NCL can be considered as the annihilation operator of
so-called f-deformed harmonic oscillator [26].

Note that the unitary part of the master equation, the last
term in Eq. (8) connected to the self-Kerr interaction, does

not manifest itself in the dynamics of the diagonal elements
of the density matrix ρ1.

The model Eq. (8) is much easier to tackle for a large
number of photons than the two-mode model Eq. (6).
Moreover, it allows us to obtain some general conclusions
about nonclassicality, which are valid even for numbers of
photons so large that an exact solution becomes unfeasible
even for the single-mode model.

III. SINGLE-MODE MODEL

In this section we analyze the simplest single-mode
scheme of Fig. 2(d) to describe the generation of the bright
sub-Poissonian state from the semiclassical coherent input,
and outline the way to optimize the scheme by choosing
the amplitude of the initial coherent state and parameters of
the PhoG for realistic CDP circuits with significant linear
loss and moderate Kerr nonlinearity. We establish an exis-
tence of universal parameters X , Y, which are determined
by effective nonlinearity and thus allow us to character-
ize the scheme performance even for realistic small optical
nonlinearities and, consequently, very large numbers of
photons, when solving the master equation becomes hardly
possible. Finally, we demonstrate the practical feasibility
of the scheme.

A. Nonlinear loss dynamics

There are two kinds of nonlinear loss present in the
single-mode master equation (8). The first one is the two-
photon loss described by the term L(s2

−) and the second
kind is the NCL described by the term L(n−s−). Both these
kinds of losses are able to produce photon-number squeez-
ing. However, their timescales and asymptotic states are
different. The two-photon loss asymptotically leads to a
mixture of single-photon and vacuum states [28,29]. NCL
asymptotically leads to the single-photon state [24]. We
show here that for the initial coherent state with large
amplitude, |α| � 1 and the assumed equal decay rates,
γ2 = γ3, NCL leads to much faster decay of the average
photon number in the antisymmetric collective mode s−
than the two-photon loss and thus to more rapid narrowing
of the photon-number distribution in s−.

The degree of photon-number distribution squeezing
can be conveniently described by the Mandel parameter
[30], which for the superposition mode s− reads

Q = 〈(s†
−)2s2

−〉
〈n−〉 − 〈n−〉. (10)

Mandel parameter Q = −1 corresponds to the perfect
squeezing (Fock states), zero is for coherent states. This
parameter can be inferred from dynamics of only the diag-
onal elements of the density matrix Eq. (8) given by the
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following equation:

d
dt

ρn = −[γ1n + γ2n(n − 1) + γ3n(n − 1)2]ρn

+ [γ1(n + 1) + γ3(n + 1)n2]ρn+1

+ γ2(n + 1)(n + 2)ρn+2, (11)

where 〈n|ρ1(t)|n〉 = ρn are the density-matrix elements in
the Fock-state basis.

Note that for the symmetric case, ga = gb, the NCL
decay rate γ3 is zero. For asymmetric coupling, ga �= gb,
we fix the parameter ga and start varying the parameter
x = gb/ga for x ∈ [0, 1]. The maximal value of the rate γ3
is then given by the condition dγ3(x)/dx = 0 and leads to
the following result for the ratio of the interaction constants
to maximize NCL:

(gb/ga)opt =
√

2 − 1. (12)

For this optimal coupling ratio, we have

γ3 = U2

4(γ1 + �)
. (13)

In further considerations, we adopt this ratio for estima-
tions.

In Fig. 3 examples of the Mandel parameters and aver-
age photon-number dynamics are given for different num-
bers of photons (several hundred) of the initial coherent
state. Fig. 3 reveals a number of important features in the
dynamics of the antisymmetric collective mode:

1. The Mandel parameter rapidly decreases at the ini-
tial stage of the dynamics. Only a small percentage of
photons is lost when quite considerable negative values of
the Mandel parameter are reached [less than 15% to have
significant photon-number squeezing with Q < −0.25, see
Figs. 3(c) and 3(d)].

2. The practically reachable values of the Mandel
parameter are approximately limited to Q = −0.8 (see also
Ref. [31]). This minimal value is shifted to smaller inter-
action length by increasing the average number of photons
in the initial state.

3. Dynamics due to NCL occurs much faster than
dynamics due to the two-photon loss. As seen in Fig. 3(a),
even a hundredfold increase in the two-photon decay rate,
γ2, does not influence much the initial stage of the Q-
parameter dynamics. In general, the ratio between these
two timescales is determined by the ratio between the cou-
pling constants, gb/ga: γ3 = γ2

[
1 − (gb/ga)

2] / (gb/ga)
2

[see Eq. (9) and text around Eq. (12)].
4. NCL can outrun linear loss. Figure 3(b) shows that

even large linear loss weakly affects the initial stage of the
dynamics.
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FIG. 3. Mandel parameter Q (a) and the average number of
photons (c) for different values of the initial number of photons of
the input coherent state and no linear loss, γ1 = 0. The solid, dot-
dashed, and dashed lines correspond to 〈n−(0)〉 = 100, 300, 500,
respectively. The line marked with round dots in (a) shows the
Mandel parameter for 〈n−(0)〉 = 300 and γ2 increased 100 times
(enhanced two-photon loss) compared with that given by Eq. (9).
Mandel parameter Q (b) and the average number of photons (d)
for different values of linear loss rate γ1 and the initial coher-
ent state with the average number of photons 〈n−(0)〉 = 500.
The solid, dot-dashed, dashed, and dotted lines correspond to
γ1 = 0, 20g, 200g, 400g, respectively. The scaling parameter g
here and in the subsequent simulations is taken to be a half of the
third-order nonlinear rate, U = 2g. For all the panels, the opti-
mal ratio Eq. (12) is taken. Also, it is assumed that the symmetric
mode loss rate � = 432g.

5. Consider now the case of no linear loss. For differ-
ent large initial numbers of photons, after some time the
average numbers of photons tends to largely the same sta-
tionary value [Fig. 3(c)]. It is a signature behavior of NCL
[24].

B. Universal parameters

As we show, the two-photon loss only weakly influ-
ences the dynamics of photon-number squeezing. Also,
large photon-number squeezing is generated at the initial
stage of dynamics when only a relatively small number
of photons is lost. These two facts allow us to introduce
two dimensionless parameters allowing an estimation of
the feasibility of the scheme. These two parameters are

X = γ3[〈n−(0)〉]2tfix, Y = γ1

γ3〈n−(0)〉2 , (14)

where tfix is the fixed interaction time (defined by the
length of the PhoG). The parameter X defines the
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FIG. 4. Dependence of the Mandel parameter Q on the param-
eter X of Eq. (14) for different initial average numbers of
photons 〈n−(0)〉 in the absence of linear loss, γ1 = 0, (a) and for
significant linear loss, γ1 = 10g, (b). Dashed, dotted, and dot-
dashed lines are obtained by solving Eq. (11) and correspond to
〈n−(0)〉 = 100, 400, 900, respectively. Solid line corresponds to
the analytical approximation given by Eq. (17). Other parame-
ters are the same as for Fig. 3. The lines merge together and are
almost indistinguishable for γ1 = 0. The line for 〈n−(0)〉 = 900
merges with approximate solution (17) even for γ1 = 10g.

reachable value of the Mandel parameter, Q, in the absence
of the linear and two-photon loss, and the parameter Y
defines the tolerable level of the linear loss when the value
of Q is still defined by X .

In terms of parameter Y, one has to have Y < 1 for opti-
mal Q for a given X , Fig. 4(a). Of course, even larger
values of Y still allow for considerable Q. However for
that, larger values of X are required.

Such a dependence of photon-number squeezing on the
universal parameters can be explained by simple analytic
considerations. For a large number of photons of the ini-
tial coherent state, the initial photon number distribution
can be with high precision described by the Gaussian. Let
us assume that for the initial stage of the dynamics the
distribution can still be described by the Gaussian

ρn(t) = 1√
2πσ(t)

exp
{
− [n − 〈n−(t)〉]2

2σ(t)2

}
, (15)

where σ(t) = [Q(t) + 1]〈n−(t)〉. In Appendix A it is
shown that Gaussianity of the photon-number distribution
holds very well for 〈n−(t)〉 � 1. Assumption of a smooth
photon-number distribution slowly changing with n [like

the one given by Eq. (15) for large 〈n−(0)〉] allows us
to introduce a continuous variable n, to make an approxi-
mation ρn+m ≈ ρn + m(d/dn)ρn + m2 1

2 (d2/dn2)ρn, and to
calculate averages as

〈n−(t)m〉 =
∫ +∞

0
dnρnnm.

Thus, one can obtain the following equation for the Mandel
parameter:

d
dt

Q ≈ −γ1Q − 2γ2〈n−〉(3Q + 1) − γ3〈n−〉2(5Q + 4).

(16)

Neglecting linear and two-photon losses, in the continu-
ous approximation for Eq. (11) one obtains that 〈n−(X )〉 ≈
〈n−(0)〉/√1 + 2X (see Appendix A). For the Mandel
parameter we get

Q(X ) ≈ −4
5

[
1

(1 + 2X )5/2 − 1
]

. (17)

This situation is illustrated in Fig. 4. Figure 4(a) shows
that in the absence of linear loss neither the initial num-
ber of photons nor the interaction time by themselves are
the parameters defining possible Q. Practically, it depends
only on X . The black solid line in Fig. 4(a) shows the
result provided by approximation (17) for several initial
states with hundreds of photons. It is obvious that Eq.
(17) very closely reproduces the exact solution of Eq. (11).
Equation (11) also shows why the influence of two-photon
losses is so small for γ2 close to γ3: the timescales are
determined by ∝ γ2n2 for two-photon loss and ∝ γ3n3 for
NCL. For large photon numbers and γ2 ≈ γ3, the NCL
obviously dominates.

Figure 4(b) shows the influence of linear loss (described
by the parameter Y) on the reachable value of the Man-
del parameter. For a given linear loss of γ1 = 10g, for
〈n(0)〉 = 900 one has Y < 1, and the curve describing the
achievable values of the Mandel parameter (dash-dotted
line) is practically coinciding with the approximation given
by Eq. (17). For small Y any influence of the linear loss
is indeed small. For a smaller initial number of photons,
〈n(0)〉 = 100, when Y > 1, one has considerable difference
with analytic predictions [dashed line in Fig. 4(b)].

C. Feasibility

Universal parameters X and Y are decisive to ensure the
optimal performance of PhoG as a deterministic source of
sub-Poissonian light. For PhoG design we have a “rule-of-
thumb”: we should aim to make X as large as possible,
and Y as small as possible. In this section we demonstrate
that it is feasible to reach X > 0.3 and Y < 1 for realistic
waveguide structures.
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First of all, we connect the nonlinear interaction con-
stant U in expressions (9) with quantities commonly used
for description of the Kerr nonlinearity in waveguide struc-
tures. We assume that the pulse of the finite length propa-
gates through the waveguide, and the pulse length Leff is
much smaller than the waveguide length; we introduce the
propagation length as z = ctfix/neff, where neff is the effec-
tive refractive index of the waveguide mode. Thus, the
nonlinear interaction constant in our model can be written
in the following way (see, for example, Ref. [32]):

U = 2�ω
ω

Veff

n2

neff
, (18)

where n2 is the nonlinear refractive index and Veff is the
mode volume. For our model, we assume Veff ≈ AeffLeff,
where Aeff is the effective area. The effective area is
defined as

A−1
eff =

∫ ∫
d2
s |E(
s)|4, (19)

where E(
s) is the normalized transversal field profile,
∫ ∫

d2
s |E(
s)|2 = 1.

Here we do not consider the influence of losses on the
nonlinear interaction constant [33].

In a fiberlike waveguide it is customary to introduce the
nonlinear fiber coefficient:

γ̄ NL = ω

c
n2

Aeff
⇒ U = 2

�ω

Teffneff
γ̄ NL, (20)

where Teff is the pulse time duration in vacuum.
Now let us consider several waveguide arrangement

with realistic parameters.

1. Large waveguides in bulk glass

Let us take coupling parameters as used in the CDP cir-
cuits in Ref. [15], ga ≈ 200 m−1. The decay rate of the

c0 mode Fig. 2 can be approximated by γc ≈ 4
√

g2
a + g2

b ,
which for optimal coupling ratio results in � ≈ 216.5 m−1

(decay rate for the symmetric collective mode s+, Fig. 2).
For intended linear loss of about 0.5 dB/cm, we have
γ1 ≈ 11.5 m−1, and γ3 ≈ 0.0011 m−1 × U2. The dimen-
sions of the waveguides as used in CDP circuits in Ref.
[15] are approximately 4 × 4 μm2. For a conservative esti-
mate, let us assume an effective modal area an order of
magnitude larger than typical for single-mode fibers with
similar core dimensions around 1000 nm (see, for example,
Corning� HI 1060 fiber with the mode-field diameter of
about 6.2 μm at 1060 nm), Aeff = 300 μm2 (which would
be more than three times larger even for typical modal

areas at 1550 nm). Thus, taking n2 = 3 × 10−18 W−1 m2

and neff = 2.59 typical for IG2 glass [34], for a 100-fs
pulse at 1060 nm we have γ3 ≈ 8 × 10−18 m−1. Condi-
tion Y = 1 of Eq. (14) requires energy levels of 1.2 × 109

photons per pulse or 224 pJ per pulse. The feasibility of
these energy levels in the context of our setup is confirmed
by the recent work [35], where femtosecond pulses with
energies more than 10 nJ at 1030 nm have been used for
writing waveguides. Using all these parameters, for a 3-cm
waveguide we have X ≈ 0.33, which is sufficient to reach
a high degree of photon-number squeezing Q < −0.5. As
follows from condition (14), for lower effective modal area
one would need proportionally lower energies per pulse.
For Aeff = 30 μm2 only 25 pJ per pulse is sufficient.

2. Fiberlike systems

Now let us use for the PhoG setup the parameters
from the recent fiber-based interferometric scheme [36] for
sub-Poissonian light generation. For the used polarization
maintaining fiber (Nufern, HP-780) one has γ̄ NL = 8.51 ×
10−3 W−1 m−1 for 808 nm. Using neff = 1.45, we arrive at
γ3 ≈ 9.2 × 10−19 m−1. It is nearly an order of magnitude
lower than for the bulk waveguides. However, much lower
loss of 3.5 dB/km implies that condition (14) is easier to
satisfy. For that, 3 × 107 photons per pulse (or less than
10 pJ per pulse) are needed. If 2 × 109 photons per pulse
are used, 10 cm of the fiber are required to reach X = 0.37
and squeezing of about Q < −0.5 (which is more or less
in agreement with results obtained in Ref. [36]).

3. Silicon nanowires

Finally, let us consider the silicon nanowire arrangement
as a possible platform for PhoG generators. Si-nanowire
waveguides have typically very high nonlinearity and loss,
and small lengths. We assume loss of 5 dB/cm and mod-
erate nonlinearity, γ̄ NL = 300 W−1 m−1 with other param-
eters being the same as above [37]. Notice that even for
such loss level, � is larger than γ1, where γ1 ≈ 115 m−1.
For neff = 3.5 and wavelength of 1064 nm, we obtain γ3 ≈
7.75 × 10−11 m−1, which is much larger than for all the
previously considered cases. To satisfy Y = 1, we require
only 1.3 × 106 photons per pulse or less than 0.3 pJ pulse
energy. For this number of photons a 3-mm waveguide
would be sufficient to achieve X = 0.345 and Q < −0.5.

D. Linearization

Here we demonstrate that, over the timescales when
large photon-number squeezing occurs, at the initial stage
of dynamics the evolution of the Mandel parameter can
be adequately described using a linearization approach.
This approximation is typical for consideration of non-
linear waveguide systems. Essentially, it is a linearization
on a quantum correction to the creation and annihilation
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operators, s− = S− + δs−, where the quantity S− = 〈s−〉 is
the classical amplitude, δs− are the quantum fluctuations,
which obey the same commutator as s−, and 〈δs−〉 = 0.
The resulting system of equations allows us to find quan-
tities 〈s−〉, 〈s†

−〉, 〈s2
−〉, 〈s†

−s−〉, and 〈s†2
− 〉 and circumvents

the computational complexity required in the case of exact
solution for large photon numbers in a large number of
modes.

Our starting point is Eq. (8), from which we may derive
the following system of coupled equations:

∂t〈s−〉 = c1〈s−〉 + c2〈s†
−s2

−〉 − γ3

2
〈s†2

− s3
−〉,

∂t〈s†
−〉 = c∗

1〈s†
−〉 + c∗

2〈s†2
− s−〉 − γ3

2
〈s†3

− s2
−〉,

∂t〈s2
−〉 = c3〈s2

−〉 + c4〈s†
−s3

−〉 − γ3〈s†2
− s4

−〉,
∂t〈s†2

− 〉 = c∗
3〈s†2

− 〉 + c∗
4〈s†3

− s−〉 − γ3〈s†4
− s2

−〉,
∂t〈s†

−s−〉 = −γ1〈s†
−s−〉 + c5〈s†2

− s2
−〉 − γ3〈s†3

− s3
−〉,

(21)

with coefficients c1 = (−γ1/2 + iς1 + iς3), c2 = (γ2 −
γ3 + 2iς1), c3 = (−γ1 − γ2 − γ3 + 4iς1 + 2iς3), c4 =
(−2γ2 − 5γ3 + 4iς1), and c5 = (−2γ2 − γ3).

This system of equations is not closed, and so cannot
yet be solved. To proceed, we must perform the lineariza-
tion procedure in order to reduce operator products in
Eq. (21) to at most second order, thereby closing the sys-
tem of equations and allowing us to obtain its solution.
The linearization can be done in a standard manner using
the cumulant expansion (see Appendix B). The linearized
forms of Eqs. (21) are excplitly shown in Appendix C.

The solution of the linearized forms of Eq. (21) are used
to approximate Q, and in Fig. (5) this result is compared to
the exact method from the previous section. The lineariza-
tion approximation (dashed lines) accurately predicts the
evolution of Q over the initial stages of evolution, and
actually underestimates |Q| in the later stages, although
including realistic γ1 allows the approximation to remain
accurate as the nonclassical output state is pushed towards
the vacuum.

Since when γ1 = 0 the linearization approximation
remains accurate over the timescales of interest [see
Fig. 5(a)], and since the presence of realistic loss makes
the approximation increasingly accurate [see Fig. 5(b)], we
may confidently apply the linearization approach over the
parameter regimes of physical interest – short times and
realistic loss – even in the case where a fully quantum
treatment would be intractable, i.e., large 〈n (0)〉 or large
number of modes.

IV. THE SYMMETRIC TWO-MODE MODEL

In the previous section, we show that two-photon loss
is far less efficient in producing photon-number squeezing

(a)

(b)

FIG. 5. Evolution of the Mandel Q parameter is accurately pre-
dicted by the linearization method over the initial stages of evolu-
tion, and |Q| is underestimated at later stages. Dashed, linearized.
Solid, exact, as in Fig. 3. U = 2g and � = 432g. (a) Initial pho-
ton number 〈n− (0)〉 = 100, 300, 500, 700 (top to bottom), with
γ1 = 0. (b) 〈n− (0)〉 = 500, γ1 = 0, 20g, 200g, 400g (bottom to
top). With realistic linear loss rates γ1 our approximation remains
accurate even in the late stages of evolution. Both graphs use the
same time scaling gt as Fig. 3.

than NCL. However, it is worth pointing out that even sym-
metric system exhibiting only two-photon loss can be of
use. To show it, let us recourse to the two-mode model
of Fig. 2(c). First of all, even a symmetric system is able
to produce entangled states of waveguide modes asymp-
totically, when the state of the symmetric superposition
mode s+ is the vacuum (Sec. IV A). The second and rather
nontrivial feature of the symmetric system is the possibil-
ity of producing few-photon entangled states by driving
the rapidly decaying collective mode s+ (Sec. IV B). This
scheme can also be used for probabilistic generating of
single photons.

A. Modal entanglement

Generally, the state produced by the two-photon loss is
quite far from Gaussian (asymptotically, the initial bright
coherent state is driven by the two-photon loss toward the
superposition of the vacuum and single-photon state [28,
38]). However, one can still obtain a lower bound on the
entanglement between modes from the covariance matrix
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FIG. 6. Two-mode PhoG model: symmetric CDP circuit with
initial excitation in symmetric collective mode s+.

for modes a, b: σkl = 1
2 〈dkdl + dldk〉 − 〈dk〉〈dl〉, with the

vector 
d =
(

1/
√

2
) [

a + a†, i
(
a† − a

)
, b + b†, i

(
b† − b

)]
[39,40]. This bound is provided by the (Gaussian) logarith-
mic negativity N [39,40], which quantifies violation of the
positive partial transpose criterion [41]. The logarithmic
negativity N is defined as N = max {0, −log λ}, where λ

is the smallest symplectic eigenvalue of the partially trans-
posed matrix σkl. Elements of this matrix are provided by
the linearized approach considered in the previous section.

For example, for 〈a†a (0)〉 = 〈b†b (0)〉 = 2500, U = 2g,
γc = 15g, γ1 = 11.5g and symmetric coupling ga = gb =
60g, the system evolves to logarithmic negativities N ≈
1.25 between modes a and b within 0.01gt, while modes
a and b each contain 18 photons. Thus symmetric PhoG
generates entanglement between modes a and b (though is
unable to produce large photon-number squeezing in the
initial stages of the dynamics).

B. Photon-pair generation

Despite the quick decay of the symmetric mode s+, it
still can create a nonclassical state in the mode s−. Indeed,
for the symmetric case of Fig. 6, ga = gb ≡ g, we have
ς5 = 0 and the Hamiltonian part describing interaction
between superposition modes is

H int
2 = ς4(s

†
+s−)2 + h.c. (22)

The Hamiltonian H int
2 for the case describes the four-wave-

mixing process of transferring two photons of initially
excited decaying mode s+ to the initially empty mode s−.
Thus the symmetric PhoG of Fig. 6 can be designed to
reproduce the four-wave-mixing process, which is known
to allow for the generation of entangled photon pairs
[42,43]. But notice that in our case there is no problem
of separating the generated state from the pump. For suf-
ficiently long PhoG the driving excitation of the mode s+
completely decays leaving photons only in the mode s−.

The process of the pair-generation dynamics with weak
coherent initial states is illustrated in Fig. 7 with the
photon-number distribution of mode a. Initial coherent
states with equal amplitudes are excited in waveguides a
and b(corresponding to s+, s− as shown in Fig. 6). For
small propagation lengths, the remnant of the initial excita-
tion dominates [Fig. 7(a)]. However, it quickly decays and

1 2 3 4 5
0

0.5

1

1.5

2
(a) (b)x10

–3

n

P
a
(n

)

1 2 3 4 5
0

0.5

1

1.5
x10

–4

n

gt = 0.25 gt = 0.75

FIG. 7. P(n), the n-photon probabilities, in mode a for different
propagation times. The symmetric PhoG is taken, ga = gb = g.
Weak coherent states with amplitudes αa = 0.5; αb = 0.5 are
assumed as initial states of modes a and b. Here zero-photon
components are not shown. Notice that here the scaling constant
g is taken to be equal to the Kerr nonlinear constant, U = g; the
loss in the collective symmetric mode is γc = 5g, and the linear
loss rate is zero.

for larger times predominantly two photons in the antisym-
metric mode are observed [Fig. 7(b)]. Just two photons in
this mode correspond to the following entangled superpo-
sition of photons in waveguides a and b at the output of the
PhoG:

|s−〉out|s+〉out = |2〉− |0〉+
= 1

2

(
|2〉a|0〉b + |0〉a|2〉b −

√
2|1〉a|1〉b

)
.

(23)

One can see the photon-number distribution correspond-
ing to single- and two-photon part of the generated state
(23) in Fig. 7(b). The ratio of the single-photon compo-
nent to the two-photon component is approximately 2.05
for gt = 0.75. Notice that by increasing amplitudes of
the initial states, a squeezed vacuum state is created in
mode s−.

Another important difference with the conventional
four-wave-mixing pair-generating schemes [42,43] is that
here we have the two entangled photons in two spatially
separated modes. As can be seen in Ref. [15], at the PhoG
output, the spatial distance between the modes exceeds
considerably the mode cross section.

V. THREE-MODE MODEL

As seen in the previous sections, analysis of the single-
mode model allows us to give simple and straightforward
prescriptions for the practical realizations of the PhoG. The
question is how close predictions given by the single-mode
model approach the results for more complicated modal
arrangements.

In this section, we analyze dynamics of a three-mode
PhoG schematically shown in Fig. 2(c). Considering this
model, we have in mind two purposes. Firstly, the three-
mode scheme can be realized in practice as it is, i.e., by
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arranging a strong loss in the waveguide c0. It is feasible,
for example, in semiconductor planar waveguide struc-
tures [44]. Secondly, the three-mode model still allows for
a comparison between the exact solution and the single-
mode approximation for a moderately large numbers of
photons (few tens). One could also use it to verify the lin-
earization approximation, and check the optimal ratio of
the interaction constants gb/ga for minimizing the Mandel
parameter with a fixed interaction time and length.

To verify the transition from the three-mode model
Eq. (4) to the single-mode model Eq. (8), the evolution of
the mean photon number 〈n−(t)〉 and the Mandel parameter
Q−(t) of the antisymmetric collective mode s− is simu-
lated using the three-mode model and quantum trajectories
approach [45]. Obtained results are then compared with
the same quantities computed using the single-mode model
with parameters taken from Eqs. (9). Figure 8 illustrates
how close these models are for the optimal ratio gb/ga
Eq. (12) and large enough losses in the third, lossy, mode.
Solid lines in the figure correspond to the three-mode
model and dots correspond to the single-mode model. The
figure is obtained for gb/ga = √

2 − 1, U = 0.012gb, γc =
6.04gb, γ1 = 0.

Thus, the three-mode model confirms the main evolu-
tion characteristic stemming from the single-mode analy-
sis, namely, rapid photon-number squeezing for relatively
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·n_Ò

FIG. 8. Evolution of Mandel parameter (a) and mean photon
number (b) of the antisymmetric mode s− computed using the
three-mode model (solid lines) and the single-mode model (dots)
for the following parameters: gb/ga = √

2 − 1, U = 0.012gb,
γc = 6.04gb, γ1 = 0.

small decrease in photon number in the initial stage of
evolution.

VI. MULTIMODE MODEL

Finally, we consider a complete multimode model
depicted in Fig. 2(a) for the realistic parameters described
in Sec. III, and show that predictions made in that section
still hold true for a multimode circuit of dissipatively cou-
pled bosonic modes. We consider the multimode PhoG
device with the two signal modes coupled to a long tail,
which is described by Eq. (1).

We take the physical parameters from Sec. III C 1 for
coupled waveguides in bulk glass, and the number of tail
modes to be N = 28. Since the Kerr-nonlinearity param-
eter is small, U ∼ 10−8, in order to reach the regime of
strongly sub-Poissonian light we have to take a bright input
coherent state containing O (

109
)

photons. To model such
large numbers of photons and long tail lengths we recourse
to the linearization method described in Sec. III D along
the lines demonstrated in Appendix B.

This linearization technique is applied to the full mas-
ter equation, Eq. (1). Since in the multimode model the
Lindblad operators are only first order in a, b, and cj , only
the third- and fourth-order linearization approximations are
required. Therefore, we may reasonably expect the approx-
imation to be more accurate in the multimode case than
in the single-mode case, where linearization on sixth-order
expectation values is required. We thus derive a closed sys-
tem of equations for expectations up to second order. An
example of the evolution of both Q and 〈n−〉 is shown in
Fig. 9.

When a coherent state containing 1.2 × 109 photons is
initialized in mode s− (solid red lines in Fig. 9), the system
quickly evolves to a strongly sub-Poissonian state, even in
the presence of a realistic loss rate γ1. A brighter initial
state results in larger |Q| over shorter timescales, and in
greater robustness of the sub-Poissonian output to linear
loss γ1.

For no linear loss, γ1 = 0 (dashed line in Fig. 9(b)), Q ≈
−0.8 remains steady until a later time, which is propor-
tional to N . Thus, the tail effectively acts as a Markovian
reservoir, which justifies its adiabatic elimination in Eq. (4)
[15]. Crucially, therefore, the long tail of modes combined
with the self-Kerr interaction corresponds to the effects of
nonlinear coherent loss into a Markovian reservoir (com-
pare Figs. 3 and 9), and we note that the timescales over
which this correspondence holds may be increased by
increasing the tail length N .

Since s− is a linear combination of modes a and b,
Eq. (5), the input coherent state with amplitude α into s−
may be generated by initializing modes a and b with coher-
ent states of appropriate amplitude. Alternatively, we may
consider the initial condition 〈a〉 = α and all other modes
as vacuum. In this case, the behavior of s− is qualitatively
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(a)

(b)

FIG. 9. With the realistic parameters U = 8.5 × 10−8, gc =
60 m−1, tail length N = 28, and the optimal coupling ratio Eq.
(12), mode s− quickly evolves to a strongly sub-Poissonian state.
A coherent state with average photon number n− (0) is initial-
ized in mode s−, and all other modes are initialized into the
vacuum. (a) The dot-dashed, solid, dotted, and dashed lines cor-
respond to 〈n− (0)〉 = 1.7 × 109, 1.2 × 109, 7.2 × 108, and 2.4 ×
108, respectively, and γ1 = 11.5 m−1. Inset, the evolution of pho-
ton number 〈n−〉 displays the nonlinear decay behavior perculiar
to the NCL mechanism. (b) The Mandel parameter Q remains
strongly negative even in the presence of realistic linear loss
γ1. The dashed, solid, dotted, and dot-dashed lines correspond
to γ1 = 0, 11.5, 20, and 40 m−1, respectively, and 〈n− (0)〉 =
1.2 × 109.

equivalent to Fig. 9, but a slightly different optimal ratio
gb/ga should be considered.

Finally, we note that in the case of γ1 = 0, the sig-
nal modes are highly sensitive to whether N is odd or
even, and for even N the decay of mode s− is inhibited.
Indeed, the decay rate γ ′ into an effective reservoir changes
depending on N , and may be understood as an interfer-
ence effect resulting from the unitary coupling between
tail modes affecting whether the excitation returns to signal
mode a or mode b from the tail. This effect of the reservoir,
which quickly vanishes at even small levels of linear loss
γ1, will not manifest itself over the timescales of interest
provided that N is large.

We demonstrate that the multimode model—which
is the model most closely aligned to a physical

FIG. 10. Evolution of photon number from the numerical solu-
tion of the 100-fs pulse propagation in the waveguide structure
with five modes in the tail. We account explicitly for chromatic
dispersion, Kerr effect and self-steepening, and solve the nonlin-
ear Schrödinger equation via the split-step Fourier method for the
system of coupled waveguides. The blue, red, green, and purple
lines correspond to 〈n−(0)〉 = 1.6 × 109, 1.2 × 109, 7.8 × 108,
and 3.9 × 108. The evolution of the photon-number characteristic
for the NCL mechanism is observed [compare with Fig. 9(a)].

implementation via waveguides inscribed in bulk glass,
Fig. 2(a)—can generate a strongly sub-Poissonian out-
put from a classical input state into mode s− over the
short timescales of initial evolution. This corroborates
results from Sec. III and the prediction of optimal coupling
parameters ga,b Eq. (12) when mode s− is initially excited.

To assess the impact of specific effects of short-pulse
propagation in the system of coupled waveguides, we
dynamically evolved the spectral and temporal properties
of the pulse and analyzed their influence on the effective-
ness of the NCL mechanism. In particular, we consider the
combined effect of chromatic dispersion, self-phase mod-
ulation (Kerr effect), and self-steepening of the pulse via
the nonlinear Schrödinger equation (NLSE) for the system
of waveguides in a χ(3) nonlinear medium. The resulting
system of coupled propagation equations for all waveg-
uides in the PhoG structure is numerically solved using the
split-step Fourier method [46]. For a specific comparison
we use the signature of the NCL mechanism, the nonlinear
decay behavior of photon number 〈n−〉 in the antisymmet-
ric mode s− displayed in the inset of Fig. 9(a), which may
additionally be interpreted as an intensity-dependent loss.
In Fig. 10 such a decay can be clearly seen when evolving
an initially Gaussian pulse according to the NLSE. Lin-
ear loss is neglected in this simulation to ensure that the
decay is caused by the NCL mechanism, though we note
that even when linear loss is included we observe strong
agreement between the nonlinear decay behavior of the
full pulse propagation (NLSE) numerics and the quantum
multimode model considered in Fig. 9.

The pulse propagation is modeled for a 100-fs initially
Gaussian pulse in IG2 glass with a central wavelength
of 1550 nm (see Ref. [34], and also Sec. III C 1). Initial
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pulse energies of 50, 100, 150, and 200 pJ are chosen,
in order to compare with the inset of Fig. 9(a). The non-
linear parameter γ̄ NL is set at 0.6 W−1 m−1, considering
that the pulse energy is 200 pJ. The resulting evolution is
displayed in Fig. 10 and we observe the characteristic non-
linear decay, which is a good evidence that NCL occurs
for these realistic physical parameters even when the full
pulse dynamics is considered. Linear loss is neglected in
this simulation to ensure that the decay is caused by NCL
mechanism.

It is found that ga = 210 m−1, gb = 360 m−1, and gc =
430 m−1 best reproduces the signature behavior of NCL
(different decaying rates for the different initial energies)
as shown in Fig. 10. The optimal ratio between interac-
tion constants is only weakly influenced by the effects
of the pulse propagation. The spectral broadening of the
pulse is estimated to be about 10 nm for 100-fs input
pulse and 2–3-cm device at 1550-nm central wavelength.
Provided that the device length is sufficient for the short-
est wavelength of the pulse to undergo NCL decay (and
for the example shown in Fig. 10 it is sufficient), the
effects of such pulse spectral broadening do not affect the
manifestations of the NCL mechanism.

VII. CONCLUSIONS

We discuss the design of a family of PhoG-based
devices of coupled single-mode waveguides in bulk non-
linear glass. We show that an asymmetric structure can
indeed function as a deterministic generator of bright
sub-Poissonian states of light. The sub-Poissonian light
generation with considerably large photon-number squeez-
ing (up to the values of the Mandel parameter of about
−0.8) can occur at the initial stages of the dynamics.
In this regime conventional linear loss (which is quite
high in nonlinear glass) still can be overcome by suf-
ficiently intensive coherent input, and the nonclassical
states can be produced. A hierarchy of models has been
derived, from the original multimode waveguide network
down to the simplest single-mode model exhibiting both
two-photon and nonlinear-coherent loss. We develop an
analytic approach to the single-mode model and discov-
ered two dimensionless parameters allowing one to design
the waveguide system with the aim of reaching a maxi-
mally nonclassical state for a given length of the structure.
Feasibility of the suggested device has been analyzed for
three different eligible practical structures: a system of
waveguides in bulk glass, multicore fiber, a set of coupled
nanowires. We estimate the number of photons required
to reach large nonclassicality with the femtosecond input
pulses and demonstrate that this number remains well
within the operational possibilities. Further, we develop
an approximation linearized on the quantum correction to
the classical solution and demonstrate its closeness with
the exact solution of the single-mode problem. Both the

three-mode approximation and the complete multimode
model lead to very close results in the initial stage of the
dynamics.

In summary, suggested CDP circuits indeed allow for
implementation of the engineered nonlinear loss to pro-
duce strongly nonclassical states in realistic photonic struc-
tures. Our design of the PhoG with a system of waveguides
laser written in the bulk glass can serve as a practi-
cal recipe for realizing such structures. Being compara-
tively inexpensive and easy to produce, these generators
can find applications for different detection, measurement,
and metrology tasks [22,23] and as quasi-single-photon
sources in various quantum-technology applications, such
as, e.g., quantum-key distribution [21].
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APPENDIX A: ON GAUSSIANITY OF THE
PHOTON-NUMBER DISTRIBUTION OF THE

PHOG GENERATED STATE

Here we derive approximate analytical expressions for
dynamics of mean photon number, Mandel parameter,
and higher-order moments of the photon-number distribu-
tion for the single-mode model. We start from the master
equation (8) of the main text. For the photon-number
distribution, p(n) = 〈n|ρ|n〉, Eq. (8) yields

dp(n)

dz
=

3∑
i=1

γi [fi(n + ξi)p(n + ξi) − fi(n)p(n)] , (A1)

where ξi is the number of photons lost per each dissipation
event (ξ1 = ξ3 = 1, ξ2 = 2); f1(n) = n, f2(n) = n(n − 1),
and f3(n) = n(n − 1)2.

For a function g(n), one can define its average as

〈g(n)〉 =
∞∑

n=0

g(n)p(n). (A2)

Equation (A1) implies that the average satisfies the follow-
ing equation:

d
dz

〈g(n)〉 =
3∑

i=1

γi 〈fi(n) [g(n − ξi) − g(n)]〉 . (A3)
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For example, the mean photon number μ = 〈n〉 corre-
sponds to g(n) = n and satisfies

dμ

dz
= −

3∑
i=1

γiξi〈fi(n)〉

= −γ1μ − 2γ2
(〈n2〉 − μ

) − γ3
(〈n3〉 − 2〈n2〉 + μ

)
.

(A4)

For further calculation of the photon-number distribution
moments, it is also useful to calculate the derivative for a
function g(δn) of the photon-number deviation δn = n −
μ. Here, one needs to take into account that μ also varies
with z:

d
dz

〈g(δn)〉 =
3∑

i=1

γi 〈fi(n) [g(δn − ξi) − g(δn)]〉

− 〈
g′(δn)

〉 dμ

dz
,

=
3∑

i=1

γi{〈fi(n) [g(δn − ξi) − g(δn)]〉

+ ξi
〈
g′(δn)

〉 〈fi(n)〉}. (A5)

In further calculations, n in Eq. (A5) can also be expressed
in terms of δn: n = μ + δn.

Let us assume that the initial state is a coherent one with
the mean photon number μ(z = 0) = n0:

p(n, z = 0) = nn
0

n!
e−n0 . (A6)

Central moments of the input state are equal to

〈δn2〉 = μ, 〈δn3〉 = μ, 〈δn4〉 = 3μ2 + μ. (A7)

Taking into account that Poisson distribution does not have
heavy tails and its central moments are mainly determined
by the central part of the distribution, one may expect that,
at least for the beginning of the state evolution, p(n) will
have nonzero values for |δn| � const

√
μ, and, therefore,

〈δnk〉 = O(μk/2). (A8)

Let us consider such z that conditions (A8), together with

ζ2 = 〈δn2〉
μ

= O(1), (A9)

are still satisfied. Substituting the definition of ζ2 into
Eq. (A5) and using Eq. (A8) for k ≥ 3, one can derive the

following equation:

dζ2

dz
= γ1 (1 − ζ2)

+ 2γ2
{
(2 − 3ζ2) μ + O(

√
μ)

}

+ γ3
{
(1 − 5ζ2) μ2 + O(μ3/2)

}
. (A10)

According to the derived equation, the quantity ζ2 tends to
reach the value

ζ
(f )

2 ≈ γ1 + 4γ2μ + γ3μ
2

γ1 + 6γ2μ + 5γ3μ2 = O(1). (A11)

Taking into account that ζ2(z = 0) = 1, one can expect
that condition (A8) will be satisfied during most of the sys-
tem evolution, until the mean photon number μ becomes
small.

Assuming that a single type of dissipation is prevailing,
one can derive the values

ζ
(f )

2 = 1, 2/3, 1/5 (A12)

for linear, two-photon, and nonlinear coherent loss, respec-
tively. The corresponding values of Mandel parameter Q =
ζ2 − 1 are

Q = 0, −1/3, −4/5. (A13)

Now let us assume that for the considered z the conditions

ζ3 = 〈δn3〉
μ

= O(1) (A14)

and

ζ4 = 〈δn4〉 − 3ζ2μ

μ3/2 = O(1) (A15)

are still satisfied (for z = 0 one has ζ3 = 1 and ζ4 =
1/

√
μ) together with Eq. (A8) for k ≥ 5.

Therefore, one can derive the following equation for ζ3:

dζ3

dz
= γ1 (−1 + 3ζ2 − 2ζ3)

+ 2γ2
{(−4 + 12ζ2 − 6ζ 2

2 − 5ζ3
)
μ + O(

√
μ)

}

+ γ3
{(−1 + 9ζ2 − 18ζ 2

2 − 8ζ3
)
μ2 + O(μ3/2)

}
.

(A16)

The quantity ζ3 tends to the value

ζ
(f )

3 ≈ 1
2γ1 + 10γ2μ + 8γ3μ2 [γ1(3ζ2 − 1)

+ 4γ2μ(−2 + 6ζ2 − 3ζ 2
2 )

+ γ3μ
2(−1 + 9ζ2 − 18ζ 2

2 )] = O(1). (A17)
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In a similar way one can show that ζ4 satisfies

dζ4

dz
= γ1

{−4ζ4
√

μ + O(1)
}

+ 2γ2

{
−8

(
2ζ4 + 〈δn5〉

μ5/2

)
μ3/2 + O(μ)

}

+ γ3

{
−12

(
ζ4 + +〈δn5〉

μ5/2

)
μ5/2 + O(μ2)

}
.

(A18)

The derived equation has two important implications. First,
it shows that the condition ζ4 = O(1) remains valid while
〈δn5〉/μ5/2 = O(1), which in its turn is a consequence
of Eqs. (A10) and (A11). Second, in contrast to lower-
order moments, the equation for ζ4 is not disentangled
from higher moments and cannot be solved independently
of them. Still, the condition ζ4 = O(1) is sufficient for
validity of the previously derived Eqs. (A16) and (A11).

For a single type of dissipation, one can derive the
values

ζ
(f )

3 = 1, 2/30, 1/100 (A19)

for linear, two-photon, and nonlinear coherent loss respec-
tively, which correspond to the following values of skew-
ness ζ3/(

√
μζ

3/2
2 ):

Skewness = 1√
μ

,
0.12√

μ
,

0.11√
μ

. (A20)

Similarly, for excess kurtosis one can derive the estimate

Excess kurtosis = 〈δn4〉
μ2ζ 2

2
− 3 = ζ4√

μζ 2
2

= O
(

1√
μ

)
.

(A21)

The results show that the photon-number distribution,
despite becoming strongly sub-Poissonian, remain Gaus-
sian with high accuracy until the mean photon number μ

becomes small.

APPENDIX B: DERIVATION OF LINEARIZATION
APPROXIMATIONS

In this section we derive the linearization approxima-
tions, which are used in Secs. III D and VI. These approx-
imations become increasingly necessary for modeling the
system when large photon numbers or large numbers of
modes must be considered.

Consider arbitrary quantum operators A, B, C. We
explicitly show the derivation for linearization of 〈ABC〉,
but the approach may be readily generalized to higher-
order products. We derive replacements, which allow us
to approximate expectations of products of three or more

operators, using only first- and second-order terms, e.g.,
〈A〉, 〈AB〉.

We may expand each operator A, B, C into a classi-
cal “mean-field” term and a quantum fluctuation term:
A = 〈A〉 + δA. We take 〈δA〉 = 0, which ensures that the
mean-field term 〈A〉 is meaningful and consistent. Then
substituting these expansions into 〈ABC〉,

〈ABC〉 = 〈A〉〈B〉〈C〉 + 〈A〉〈δBδC〉 + 〈B〉〈δAδC〉
+ 〈C〉〈δAδB〉 + 〈δAδBδC〉. (B1)

A key tool we require is the cumulant expansion for
generic operators {O1, . . . , On}

C (O1, . . . , On) =
∑
P∈P

(|P| − 1)! (−1)|P|−1
∏
p∈P

〈∏
i∈p

Oi

〉
,

(B2)

where P denotes all disjoint partitions of the set of opera-
tors, |P| denotes the number of blocks in partition P , and
p iterates over each block in the partition. For example,

C (X , Y, Z) = 〈XYZ〉 + 2〈X 〉〈Y〉〈Z〉 − 〈X 〉〈YZ〉
− 〈Y〉〈XZ〉 − 〈Z〉〈XY〉.

We perform our linearization assumption on Eq. (B1) by
setting C (δA, δB, δC) = 0, which implies therefore that
〈δAδBδC〉 = 0 since 〈δA〉 = 〈δB〉 = 〈δC〉 = 0. Finally,
using δA = A − 〈A〉 we arrive at our final expression,

〈ABC〉 ≈ 〈A〉〈BC〉 + 〈B〉〈AC〉 + 〈C〉〈AB〉
− 2〈A〉〈B〉〈C〉. (B3)

Higher-order expectations of products of operators may be
calculated in the same way, with the only requirements
assumed about fluctuations being the zero-mean condition
〈δA〉 = . . . = 〈δZ〉 = 0 and the linearization approxima-
tion C (δA, . . . , δZ) = 0.

APPENDIX C: LINEARIZED SINGLE-MODE
MODEL

By applying the linearization approximations derived in
Appendix B to the system of coupled ODEs (21) we arrive
at the following closed system of ODEs:

∂t〈s−〉 = c1〈s−〉+ c2

(
〈s†

−〉〈s2
−〉+ 2〈s−〉〈n−〉− 2〈s†

−〉〈s−〉2
)

− γ3

2

(
6〈s†

−〉〈n−〉〈s2
−〉 + 3〈s−〉〈s†2

− 〉〈s2
−〉

+ 6〈s−〉〈n−〉2 − 2〈s†2
− 〉〈s−〉3 − 12〈n−〉〈s†

−〉〈s−〉2

− 6〈s2
−〉〈s†

−〉2〈s−〉 + 6〈s†
−〉2〈s−〉3

)
(C1)
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∂t〈s†
−〉 = c∗

1〈s†
−〉+c∗

2

(
〈s−〉〈s†2

− 〉+2〈s†
−〉〈n−〉−2〈s†

−〉2〈s−〉
)

− γ3

2

(
6〈s−〉〈n−〉〈s†2

− 〉 + 3〈s†
−〉〈s2

−〉〈s†2
− 〉

+ 6〈s†
−〉〈n−〉2 − 2〈s2

−〉〈n3
−〉 − 12〈n−〉〈s−〉〈s−〉2

− 6〈s†2
− 〉〈s−〉2〈s†

−〉 + 6〈s†3
− 〉〈s−〉2

)
(C2)

∂t〈s2
−〉 = c3〈s−s−〉 + c4

(
3〈n−〉〈s2

−〉 − 2〈s†
−〉〈s−〉3

)

− γ3

(
3〈s†2

− 〉〈s2
−〉2 + 12〈n−〉2〈s2

−〉 − 2〈s†2
− 〉〈s−〉4

− 12〈s2
−〉〈s†

−〉2〈s−〉2 − 16〈n−〉〈s†
−〉〈s−〉3

+ 16〈s†
−〉2〈s−〉4

)
(C3)

∂t〈s†2

− 〉 = c∗
3〈s†2

− 〉 + c∗
4

(
3〈s†2

− 〉〈n−〉 − 2〈s†
−〉3〈s−〉

)

− γ3

(
3〈s†2

− 〉2〈s2
−〉 + 12〈s†2

− 〉〈n−〉2 − 2〈s2
−〉〈s†

−〉4

− 21〈s†2
− 〉〈s†

−〉2〈s−〉2 − 16〈n−〉〈s†
−〉3〈s−〉

+ 16〈s†
−〉4〈s−〉2

)
(C4)

∂t〈n−〉 = −γ1〈n−〉+c5

(
〈s†2

− 〉〈s2
−〉+2〈n−〉2 −2〈s†

−〉2〈s−〉2
)

− γ3

(
9〈s†2

− 〉〈n−〉〈s2
−〉+6〈n−〉3 −6〈s†2

− 〉〈s†
−〉〈s−〉3

− 18〈n−〉〈s†
−〉2〈s−〉2 − 6〈s2

−〉〈s†
−〉3〈s−〉

+ 16〈s†
−〉3〈s−〉3

)
, (C5)

with n− = s†
−s−.

This system is solved numerically for 〈s−〉, 〈s†
−〉, 〈s2

−〉,
〈s†2

− 〉, 〈n−〉 and the results are shown as dashed lines in
Fig. 5.

[1] M. Wolinsky and H. J. Carmichael, Quantum Noise
in the Parametric Oscillator: From Squeezed States to
Coherent-State Superpositions, Phys. Rev. Lett. 60, 1836
(1988).

[2] F. Verstraete, M. M. Wolf, and I. J. Cirac, Quantum
computation, quantum-state engineering, and quantum
phase transitions driven by dissipation, Nat. Phys. 5, 633
(2009).

[3] A. Metelmann and A. A. Clerk, Nonreciprocal Photon
Transmission and Amplification via Reservoir Engineering,
Phys. Rev. X 5, 021025 (2015).

[4] D. N. Biggerstaff et al., Enhancing coherent transport
in a photonic network using controllable decoherence,
Nat. Commun. 7, 11282 (2016).

[5] S. Clark, A. Peng, M. Gu, and S. Parkins, Unconditional
Preparation of Entanglement between Atoms in Cascaded
Optical Cavities, Phys. Rev. Lett. 91, 177901 (2003).

[6] J. F. Poyatos, J. I. Cirac, and P. Zoller, Quantum Reservoir
Engineering with Laser Cooled Trapped Ions, Phys. Rev.
Lett. 77, 4728 (1996).

[7] J. T. Barreiro, M. Muller, Ph. Schindler, D. Nigg, Th. Monz,
M. Chwalla, M. Hennrich, Ch. F. Roos, P. Zoller, and
R. Blat, An open-system quantum simulator with trapped
ions, Nature 470, 486 (2011).

[8] A. W. Carr and M. Saffman, Preparation of Entangled and
Antiferromagnetic States by Dissipative Rydberg Pumping,
Phys. Rev. Lett. 111, 033607 (2013).

[9] M. Roghani and H. Weimer, Dissipative preparation of
entangled many-body states with Rydberg atoms, Quantum
Sci. Technol. 3, 035002 (2018).

[10] Z. Leghtas, S. Touzard, I. M. Pop, A. Kou, B. Vlastakis,
A. Petrenko, K. M. Sliwa, A. Narla, S. Shankar, M. J.
Hatridge, M. Reagor, L. Frunzio, R. J. Schoelkopf, M. Mir-
rahimi, and M. H. Devoret, Confining the state of light to a
quantum manifold by engineered two-photon loss, Science
347, 853 (2015).

[11] M. E. Kimchi-Schwartz, L. Martin, E. Flurin, C. Aron,
M. Kulkarni, H. E. Tureci, and I. Siddiqi, Stabilizing
Entanglement via Symmetry-Selective Bath Engineering
in Superconducting Qubits, Phys. Rev. Lett. 116, 240503
(2016).

[12] E. Kapit, The upside of noise: Engineered dissipation as a
resource in superconducting circuits, Quantum Sci. Tech-
nol. 2, 033002 (2017).

[13] S. Mukherjee, A. Spracklen, D. Choudhury, N. Goldman,
P. Öhberg, E. Andersson, and R. R. Thomson, Observation
of a Localized Flat-Band State in a Photonic Lieb Lattice,
Phys. Rev. Lett. 114, 245504 (2015).

[14] R. A. Vicencio, C. Cantillano, L. Morales-Inostroza, B.
Real, C. Mejía-Cortés, S. Weimann, A. Szameit, and M. I.
Molina, Observation of Localized States in Lieb Photonic
Lattices, Phys. Rev. Lett. 114, 245503 (2015).

[15] S. Mukherjee, D. Mogilevtsev, G. Y. Slepyan, T. H.
Doherty, R. R. Thomson, and N. Korolkova, Dissipatively
coupled waveguide networks for coherent diffusive photon-
ics, Nat. Comm. 8, 1909 (2017).

[16] M. D. Eisamana, J. Fan, A. Migdall, and S. V. Polyakov,
Invited review article: Single-photon sources and detectors,
Rev. Sci. Instrum. 82, 071101 (2011).

[17] P. Senellart, G. Solomon, and A. White, High-performance
semiconductor quantum-dot single-photon sources, Nat.
Nanotechnol. 12, 1026 (2017).

[18] A. Lohrmann, B. C. Johnson, J. C. McCallum, and S.
Castelletto, A review on single photon sources in silicon
carbide, Rep. Prog. Phys. 80, 034502 (2017).

[19] N. Somaschiet al. , Near-optimal single-photon sources
in the solid state, Nat. Photonics 10, 340 (2016);
L. Dusanowski, S.-H. Kwon, Ch. Schneider, and S. Höfling,
Near-Unity Indistinguishability Single Photon Source for
Large-Scale Integrated Quantum Optics, Phys. Rev. Lett.
122, 173602 (2019).

[20] X. B. Wang, C. Z. Peng, J. Zhang, L. Yang, and J. W. Pan,
General theory of decoy-state quantum cryptography with
source errors, Phys. Rev. A 77, 042311 (2008).

[21] A. Li, T. Chen, Y. Zhou, and X. Wang, On-demand single-
photon sources via quantum blockade and applications in
decoy-state quantum key distribution, Opt. Lett. 41, 1921
(2016).

064051-15

https://doi.org/10.1103/PhysRevLett.60.1836
https://doi.org/10.1038/nphys1342
https://doi.org/10.1038/ncomms11282
https://doi.org/10.1103/PhysRevLett.91.177901
https://doi.org/10.1103/PhysRevLett.77.4728
https://doi.org/10.1038/nature09801
https://doi.org/10.1103/PhysRevLett.111.033607
https://doi.org/10.1088/2058-9565/aab3f3
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1103/PhysRevLett.116.240503
https://doi.org/10.1088/2058-9565/aa7e5d
https://doi.org/10.1103/PhysRevLett.114.245504
https://doi.org/10.1103/PhysRevLett.114.245503
https://doi.org/10.1038/s41467-017-02048-4
https://doi.org/10.1063/1.3610677
https://doi.org/10.1038/nnano.2017.218
https://doi.org/10.1088/1361-6633/aa5171
https://doi.org/10.1103/PhysRevA.77.042311
https://doi.org/10.1364/OL.41.001921


M. THORNTON et al. PHYS. REV. APPLIED 12, 064051 (2019)

[22] M. A. Taylor, J. Janousek, V. Daria, J. Knittel, B. Hage,
H.-A. Bachor, and W. P. Bowen, Biological measurement
beyond the quantum limit, Nat. Phot. 7, 229 (2013).

[23] I. Ruo Berchera and I. P. Degiovanni, Quantum imag-
ing with sub-poissonian light: Challenges and per-
spectives in optical metrology, Metrologia 56, 024001
(2019).

[24] D. Mogilevtsev and V. S. Shchesnovich, Single-photon
generation by correlated loss in a three-core optical fiber,
Opt. Lett. 35, 3375 (2010).

[25] V. S. Shchesnovich and D. Mogilevtsev, Generators of non-
classical states by a combination of linear coupling of boson
modes, Kerr nonlinearity, and strong linear losses, Phys.
Rev. A 84, 013805 (2011).

[26] V. I. Manko, G. Marmo, E. C. G. Sudarshan, and F. Zac-
caria, f-Oscillators and nonlinear coherent states, Phys. Scr.
55, 528 (1997).

[27] R. L. de Matos Filho and W. Vogel, Nonlinear coherent
states, Phys. Rev. A 54, 4560 (1996).

[28] H. Ezaki, E. Hanamura, and Y. Yamamoto, Generation of
Phase States by Two-Photon Absorption, Phys. Rev. Lett.
83, 3558 (1999).

[29] M. Alexanian and S. K. Bose, Comment on “Generation of
Phase States by Two-Photon Absorption”, Phys. Rev. Lett.
85, 1136 (2000).

[30] L. Davidovich, Sub-poissonian processes in quantum
optics, Rev. Mod. Phys. 68, 127 (1996).

[31] D. Mogilevtsev, A. Mikhalychev, V. S. Shchesnovich, and
Natalia Korolkova, Nonlinear dissipation can combat linear
loss, Phys. Rev. A 87, 063847 (2013).

[32] P. D. Drummond and D. F. Walls, Quantum theory of opti-
cal bistability. I. Nonlinear polarisability model, J. Phys. A:
Math. Gen. 13, 725 (1980).

[33] R. del Coso and J. Solis, Relation between nonlinear refrac-
tive index and third-order susceptibility in absorbing media,
J. Opt. Soc. Am. B 21, 640 (2004).

[34] Optical constants of Vitron IG2, https://refractiveindex.
info/?shelf=glass&book=VITRON-IG&page=IG2.

[35] H. L. Butcher, D. G. MacLachlan, D. Lee, R. R. Thom-
son, and D. Weidmann, Demonstration and characteriza-
tion of ultrafast laser-inscribed mid-infrared waveguides in
chalcogenide glass IG2,

[36] A. Hosaka, K. Hirosawa, R. Sawada, and F. Kannari, Gen-
eration of photon-number squeezed states with a fiber-optic
symmetric interferometer, Opt. Exp. 15, 18850 (2015).

[37] T. Sato, S. Makino, Y. Ishizaka, T. Fujisawa, and K. Saitoh,
A rigorous definition of nonlinear parameter γ and effective
area Aeff for photonic crystal optical waveguides, JOSA B
32, 1245 (2015). Opt. Exp. 26, 10930 (2018).

[38] M. Alexanian and S. K. Bose, Comment on “Generation of
Phase States by Two-Photon Absorption,” Phys. Rev. Lett.
85, 1136 (2000); H. Ezaki, E. Hanamura, and Y. Yamamoto,
Ezaki et al. Reply, Phys. Rev. Lett. 85, 1137 (2000).

[39] C. Weedbrook, S. Pirandola, R. García-Patrón, N. J. Cerf,
T. C. Ralph, J. H. Shapiro, and S. Lloyd, Gaussian quantum
information, Rev. Mod. Phys. 84, 621 (2012).

[40] G. Adesso, Entanglement of Gaussian states, arXiv:quant-
ph/0702069v1.

[41] R. Simon, Peres-Horodecki Separability Criterion for Con-
tinuous Variable Systems, Phys. Rev. Lett. 84, 2726 (2000).

[42] J. E. Sharping, K. F. Lee, M. A. Foster, A. C. Turner, B. S.
Schmidt, M. Lipson, A. L. Gaeta, and P. Kumar, Generation
of correlated photons in nanoscale silicon waveguides, Opt.
Express 14, 12388 (2006).

[43] H. Takesue, Y. Tokura, H. Fukuda, T. Tsuchizawa, T.
Watanabe, K. Yamada, and S.-I. Itabashi, Entanglement
generation using silicon wire waveguide, Appl. Phys. Lett.
91, 201108 (2007).

[44] Devices Based on Low-Dimensional Semiconductor Struc-
tures, edited by M. Balkanski, Nato Science Partnership
Subseries: 3 (Springer, Netherlands, 1996), Vol. 14.

[45] M. B. Plenio and P. L. Knight, The quantum-jump approach
to dissipative dynamics in quantum optics, Rev. Mod. Phys.
70, 101 (1998).

[46] G. Agrawal, Nonlinear Fiber Optics (Academic Press, San
Diego, 2001), 3rd ed.

064051-16

https://doi.org/10.1038/nphoton.2012.346
https://doi.org/10.1088/1681-7575/aaf7b2
https://doi.org/10.1364/OL.35.003375
https://doi.org/10.1103/PhysRevA.84.013805
https://doi.org/10.1088/0031-8949/55/5/004
https://doi.org/10.1103/PhysRevA.54.4560
https://doi.org/10.1103/PhysRevLett.83.3558
https://doi.org/10.1103/PhysRevLett.85.1136
https://doi.org/10.1103/RevModPhys.68.127
https://doi.org/10.1103/PhysRevA.87.063847
https://doi.org/10.1088/0305-4470/13/2/034
https://doi.org/10.1364/JOSAB.21.000640
https://refractiveindex.info/?shelf=glass\&book=VITRON-IG\&page=IG2
https://doi.org/10.1364/OE.23.018850
https://doi.org/10.1364/JOSAB.32.001245
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/PhysRevLett.84.2726
https://doi.org/10.1364/OE.14.012388
https://doi.org/10.1063/1.2814040
https://doi.org/10.1103/RevModPhys.70.101

	I. INTRODUCTION
	II. HIERARCHY OF MODELS
	III. SINGLE-MODE MODEL
	A. Nonlinear loss dynamics
	B. Universal parameters
	C. Feasibility
	1. Large waveguides in bulk glass
	2. Fiberlike systems
	3. Silicon nanowires

	D. Linearization

	IV. THE SYMMETRIC TWO-MODE MODEL
	A. Modal entanglement
	B. Photon-pair generation

	V. THREE-MODE MODEL
	VI. MULTIMODE MODEL
	VII. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: ON GAUSSIANITY OF THE PHOTON-NUMBER DISTRIBUTION OF THE PHOG GENERATED STATE
	B. APPENDIX B: DERIVATION OF LINEARIZATION APPROXIMATIONS
	C. APPENDIX C: LINEARIZED SINGLE-MODE MODEL
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


