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Effect of self- and cross-phase modulation on photon pairs generated by spontaneous
four-wave mixing in integrated optical waveguides
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A time-domain approach using the momentum operator is used to model spontaneous four-wave mixing in
a lossless nonlinear waveguide. The effects of self- and cross-phase modulation on the photon-pair production
rate and heralded photon purity are investigated. We show that in the special case where only one half of the
photon-pair state is filtered the generation rate and purity of the heralded photons are unmodified by the presence
of self- and cross-phase modulation. The significance of this special case arises when we consider heralded
single-photon sources, where future schemes are likely to only filter the herald photon to ensure a high heralding

efficiency is maintained.
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I. INTRODUCTION

A high brightness source of pure and indistinguishable
single photons is a crucial building block for several quan-
tum technologies, including quantum networks [1], quantum
computing and simulation [2,3], and quantum-enhanced sens-
ing [4]. Indeed, if quantum computing is to exceed classical
capabilities, a source of on-demand pure single photons is one
of the key requirements [5,6]. Recently, significant progress
on single-photon sources has been made across several
platforms including quantum dots [7], nitrogen-vacancy color
centers [8], and parameteric sources such as microstructured
optical fibers [9], silica [10], and silicon waveguides [11,12].

Here we examine the production of photon pairs by
spontaneous four-wave mixing (SFWM) in a nonlinear waveg-
uide [13,14]. In the simplest case, a single photon-pair state
can be used to exhibit nonclassical interference between two
identical sources [11,15]. Alternatively, one half of the pair
can be used as a herald for the photon in the counterpart mode.
In this way, nonclassical interference can be demonstrated
between photons generated in multiple different sources
[16-20], which offers a route towards scaling-up to higher
photon-number experiments. This passively heralded ap-
proach on its own does not scale well, however, since the
probability of multiple photons being generated simultane-
ously from independent sources drops off rapidly as the
desired number of photons increases. Although the photon
pairs are generated nondeterministically, proposals exist that
allow many sources to be multiplexed together into a near-
deterministic single photon source [5,21]. In addition to the
technical challenges that high-speed, low-loss multiplexing
will entail, it is also necessary to ensure that the process of
detecting the herald photon will not degrade the purity of
the heralded counterpart. We expect that this could be the
case, since photon pairs generated by a parametric processes
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will exhibit correlations due to the requirement for energy
and momentum conservation [22,23]. It is the detection of
the herald photon which will cause the remaining photon to
be projected into a mixed state, depending on the degree of
correlation between both halves of the generated photon pair.
However, the purity of the heralded photon is essential since it
determines the visibility of nonclassical interference between
identical sources [16].

Several techniques to reduce spectral correlations of the
photon pair have been investigated. Typically, correlations
are reduced by careful consideration of the pump bandwidth
and dispersion properties of the nonlinear material. That
is, by carefully balancing the requirements for energy and
momentum conservation, which both impose spectral cor-
relations, the combination of these constraints can produce
weakly correlated photon pairs, suitable for high-purity herald-
ing [19,23-25]. One significant advantage of this technique is
that the absence of filtering allows every photon pair generated
to be used, thus allowing a higher production rate. However,
in integrated optical devices we typically do not have the same
freedom to chose materials, wavelengths, and polarizations
that are characteristic of bulk experiments. Therefore, an
alternative approach is required. The most common approach
is to apply tight spectral filtering to the generated photon
pairs along with a spectrally broad pump pulse. Although
this allows the production of high-purity heralded photons,
it will come at the expense of the heralding rate, since many
of the generated photon pairs will now be rejected by the tight
filtering. To compensate for this and maintain a reasonable
heralding rate, the use of intense pump pulses is required.
However, such short and intense pulses are necessarily going
to be accompanied by other nonlinear effects, such as self- and
cross-phase modulation, which will result in spectral changes
to the propagating pump pulse and copropagating photon
pairs. Previous work has suggested that such effects should
be small, so long as we remain in the regime where multiple
pair generation is negligible [26], although a complete model
has not yet been developed. It is the aim of this work to develop
a complete model including self- and cross-phase modulation,
developing on previous work done on photon-pair production
in fiber [27], and to determine their impact on the photon-pair
production rate and purity of the heralded photons.
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II. MODELING PHOTON-PAIR PRODUCTION
IN THE TIME DOMAIN

A. Derivation of the joint temporal amplitude

The most natural framework to describe spatial propagation
of an electromagnetic field is presented by the momentum

operator [28,29]. From the definition M=—i haa—z we can write
the spatial evolution equation:
L olY)

This is the spatial analog of the more usual temporal evolution
described by the Hamiltonian. In our work, we consider a
nonlinear material, in which a strong classical pulse propagates
along with two quantum fields, called the signal and idler
modes. The full momentum operator for this is derived in
the Appendix. However, in the interaction picture the part
responsible for spontaneous four-wave mixing is simply given
by

M(z) = hye'2Po? / A, Al Al nde. ()

Here A, is the classical pump field, and AS and Ai are the
position- and time-dependent operators describing the evolu-
tion of the signal and idler modes under the influence of self-
and cross-phase modulation, and y = ;"z’:; is the nonlinear
parameter [22,30]. The phase matching of the SFWM process
is described by ABy = 28,0 — Bio — Bs,o [22], where the
wave vector is series expanded around the carrier frequency
for each of the three modes: 8,(®) = Bs.0 + Ba.1(w — w40) +
%,Ba,z(w — a),l,o)2 + ..., where a € {p,s,i}. As an example
of typical material parameters, for a silicon wire waveguide
with a pump wavelength around 1550 nm we have n, ~
6x 10718 mz/W [31,32] and A ~ 0.2 ,umz. The time
integral is taken over the entire domain ¢ € (—00,00), as it
is in subsequent intergrals, unless stated otherwise.

By expanding the solution of (1) to first-order; that is,
considering only a single pair of generated photons | (L)) ~
|0) + [1.1) + - - -, we can see that the photon-pair state at the
output of the waveguide is [27]

W) = iy f dz / dre ™ A2z, Al.n A1), (3)

where the spatial integral is taken over z € [0,L], where L
is the length of the waveguide. In the interaction picture, we
know that the signal and idler modes will evolve under the
action of a lossless cross-phase modulation according to

Au(z,1) = explibu(z,)]Au(0,t — Bo12), a={s,i}, (4

where 6,(z,t) is the phase shift of the signal or idler mode as a
function of the position and time, and 8,1 = 1/v, 4 is the first-
order dispersion parameter, which is simply the reciprocal of
the group velocity for that mode. Similarly, the pump evolves
under the action of self-phase modulation (and possibly some
nonlinear absorption):

Ap(z,1) = explif,(z,0]1A,(z,0)]. ®)

In contrast to Ref. [27] where a non-negligible group velocity
dispersion (GVD) in optical fiber is assumed to result in
walk-off between the generated signal and idler photons, we
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assume that all three optical modes share a common group
velocity (Bp.1,Bs,1,8i,1 = Bi1 = 1/v,), because in our work
we consider near-degenerate four-wave mixing in integrated
optical waveguides [14], where the detuning between signal,
idler, and pump photons is much smaller and the propagation
length significantly shorter than the walk-off length between
the pulses [22]. In this situation, it is much more realistic to
neglect group-velocity dispersion and suppose all three fields
propagate at the same group velocity.

Given the state generated at the end of the waveguide (3),
we can define a joint probability distribution, the joint
temporal amplitude (JTA), that describes the joint probability
of detecting signal and idler photons at time #; and ¢;:

ITA(t5,1;) = (01 A;(L,1;)Ay(L, 1) (L)). (©6)

The form of the momentum operator (2) ensures that photons
are always generated simultaneously. This, along with the
absence of GVD, results in the JTA taking on a diagonal
form where 7, = t, = ¢; is the time at which the pair of signal
and idler photons simultaneously arrive at the end of the
waveguide. Then we can write the JTA in terms of a single
time parameter such that JTA(#,1;) = JTA(%)5(t; — 1;). Using
the relationships for the evolution of the pump, signal, and
idler modes we find that

JTA(t,) = iy/dzP[z,tc(z,tp)] expliO(z,1,)]. 7

Here t. = t, — Bi(L — z) is the time that the photon pair must
have been generated, given that it arrived at the end of the
waveguide at time ¢, and P(z,t) = |A,,(z,t)|2 is the pump
power in watts. Clearly the photon pairs are generated in a
superposition of positions over the length of the waveguide,
proportional to the power of the pump at that point in time and
space. The phase term ©(z,?,) includes the effects of SPM on
the pump up until the moment the photon pair is generated,
and subsequent XPM from the generation point to the end of
the waveguide, in addition to the usual phase-matching term:

®(Z,tp) = A,BOZ + 20p(11tc)
+6i(L.1p) — 0i(z.1)
+9s(L’tp) - Qs(z,tc)~ (8)

Typically, the evolution of the pump will be described by
the nonlinear Schrodinger equation [22], which can be used to
model all of the nonlinear effects that the strong classical pump
pulse will experience. A common material platform employed
for integrated photon-pair production is silicon [11,16], which
exhibits a refractive and absorptive Kerr nonlinearitiy, along
with associated free-carrier effects [33]. When the pump pulse
is of sufficiently short duration and low intensity, then free-
carrier effects can be neglected. Following Ref. [33] we can
ensure that we are working in this regime if UFQ‘:TO > Iy, where
hv is the energy of a pump photon, opca 1s the free-carrier
absorption coefficient, Ty is the pulse duration, and /j is the
peak pulse intensity in units of W/m?. If we continue to neglect
group-velocity dispersion and free-carrier effects, then we can
transform into aretarded reference frame (t = ¢t — §;z), where
the evolution of the pump can be solved analytically [33].
To express the pump envelope in the retarded frame we say
Pi(z,7) = P(z,T 4+ B1z). However, for convenience we will
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simply drop the subscript, and the presence of the retarded
time variable T will be taken to imply that whatever function
we are working with is expressed with respect to a retarded
frame. Then the pump pulse dynamics is given by

Plet) = P(0,7)exp(—az)
&)= 14+ a2 P(0,7) Zege(z)

0p(z.7) = a%ln[l + @2 P(0,7) Zesi (2)], (10)

€))

where «, is the two-photon absorption coefficient [31,32],
Zeti(z) = (1 — exp[—az])/« is the effective length, and « is
the linear propagation loss. Noting that cross-phase modu-
lation is always twice as strong as the self-phase modulation
0p(z,7) = 0(z,7),6i(z,7) = 20(z,7) we find that the JTA can
be expressed as

JTA(z) =iy exp[4i9(L,1:)]f P(z,t)expli ABoz
—2i6(z,7))dz. (11)

Again, we have made use of the diagonal form of the
JTA in the retarded frame [JTA(z,,t;) = JTA(7,)é(ty — T;)] tO
express the JTA in a more compact form. Using the solutions
presented above for the pump evolution [(9) and (10)], we
can evaluate the integral for the JTA numerically if desired.
However, for our further work in this paper, we will proceed
with the assumption that linear and nonlinear losses can
also be neglected as this will expedite the development of
simple analytical models and best convey the underlying
physics of the SFWM process. In any real experiment losses
will primarily reduce the pair production rate and heralding
efficiency, but will also complicate the form of the JTA to
some extent. However, unlike SPM and XPM, loss does not
constitute a fundamental constraint on pair production and
could be reduced to a negligible level by improvements in
fabrication and materials. Neglecting losses, the nonlinear
phase shift is consequently given by 6(z,r) =y P(0,7)z,
allowing us to evaluate the integral in (11) to find an explicit
form for the JTA:

. . iAB,L
JTA(r) =iy P(0,t)Lexp |3iy P(0,7)L + >

x sinc[[A'BO - ZVP(O’T)]L}. (12)

2

Before we proceed, we make one final simplification to our
model. Firstly, we assume that given a short waveguide, the
signal and idler modes which we are examining are always
well within the phase-matching bandwidth (AByL = 0). This
is a reasonable assumption, as bandwidths are typically
several THz (e.g., for the 3 mm silicon waveguide used in
Ref. [17] with dimensions 220 x 460 nm the bandwidth was
6 THz). Secondly, the peak pulse power will cause small
shifts in position of the phase-matching band, which are
assumed to be negligible compared to the bandwidth itself.
These approximations are quite reasonable in the quite short
integrated optical waveguides that are typically used. With
these two assumptions, the JTA takes on a particularly simple
and intuitive form:

JTA(r) =iy P(O,7)L exp[3iy P(0,T)L]. (13)
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In words, the probability of generating a photon pair at time
7 is simply proportional to the pump power at that time, and
the phase shift experienced by the photon pair is given by the
average of the effects of self- and cross-phase modulation over
the length of the waveguide. We note that the JTA given above
describes the simultaneous arrival of photons at the waveguide
exit, but should more fully be written as

JTA(7s,7;) = JTA(7,)é(Ts — ). (14)

To reiterate, the simultaneous arrival of photons at the
waveguide exit is due to the simultaneous generation of the
photons described by (2) and the absence of walk-off between
the signal and idler photons, since we have neglected group
velocity dispersion.

B. Include filtering of the signal and idler photons

In our analysis we have used a spatio-temporal model
of SFWM to include the effects of self- and cross-phase
modulation, since these lend themselves more readily to a
description in this domain. However, in the second part of
our analysis we wish to include filtering of the signal and
idler modes, which is commonly employed to improve the
separability of the two-photon state. Naturally, this is more
readily described in the frequency domain. Thus, given the
JTA, we have two options with how we can proceed: either
we remain in the time domain, or we use a Fourier transform
to convert the joint-temporal amplitude into the more usual
joint-spectral amplitude (JSA). The convenience of either
approach will depend on the particular problem to be solved,
although both must necessarily furnish the same results. Below
we choose the former option and remain in the time domain,
since this will prove the more insightful approach later, when
we consider filtering of one mode only.

In the section above, it was assumed that photon pairs
generated simultaneously in the waveguide will also be
detected simultaneously at the output, if we neglect walk-off.
However, in practice the finite bandwidth of the photon
detection process will fundamentally limit the precision with
which we can specify the arrival time of both photons.
Typically, narrow-bandwidth filtering (*25-200 GHz) is used
to ensure high purity of the generated photons when using
a ps-duration pulsed pump at telecom wavelengths. In this
case, the finite detection bandwidth will lead to a significant
broadening of the otherwise diagonal JTA. In addition, it could
be expected that the temporal resolution of the detector might
also increase the uncertainty of the photon arrival time. The
degree of temporal uncertainty introduced will depend on
the lifetime of the coherent evolution of the detector, before
decoherence results in a classical detection event. This will
likely be much less than the experimentally observed temporal
resolution of the detector that will be dominated by sources
of classical noise. For a typical superconducting nanowire
single-photon detector we expect the coherent timescale to be
no greater than the lifetime of the excited electron, estimated
to be about 2 ps [34]. Therefore, in most current experiments
we expect that the narrow-bandwidth filtering will dominate
the blurring of temporal correlations. Making this assumption,
the filtered JSA is given by

ISA(As, Ai) = ISA(A, Ai) (D) fi(Ap),  (15)
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where f,(A,) is the field amplitude filter function and A, =
W, — Wy, 18 the detuning of the field from the carrier frequency
for the signal or idler modes (a € {s,i}). As filtering in the
frequency domain is always simply the product of the filter
function and the input, in the time domain this becomes a
convolution:

1
JTA ¢ (z,,7) = —//JTA(IS’J,’)
’ 2

X fs(Ts - Ts/)fi(ri -

Here the time-domain filter function f,(t,) is the Fourier
transform of the frequency-domain function f,(A,) on mode
a € {s,i}. We can see that the effect of the finite filter
bandwidth is to blur the arrival times of the photons in the
signal and idler modes, according to the point-spread functions
fa(ts). In the section above, we saw that the unfiltered JTA
was diagonal, that is, both photons will arrive simultaneously
at the output of the waveguide. We can use this to simplify
the double integral in (16) by rotating into a set of axes
T, = (T + 'C,-)/«/E and 15 = (7; — n)/ﬁ. Then by virtue of
the Dirac delta function in (14), we reduce the expression to

t/))dt,dt!. (16)

dTJTA<T>(r—Tr) (17)
2o\ e

where g(x,y) = fs( =) f,(xﬂ ) is the filter function rotated
into the new coordlnate b351s and JTA(7) is the unfiltered
diagonal JTA defined by (14). What this decomposition
represents is the broadening of the original diagonal JTA
by the filter functions g(ty,7g). The originally precisely
defined and simultaneous arrival times of the signal and idler
photons are blurred, due to the finite filtering bandwidth.
The filter functions themselves can be viewed as forming an
overcomplete basis for the JTA.

Since the JTA represents the joint probability of detecting a
pair of photons, we can write the output state of the waveguide,
including filtering, in terms of the JTA. The effect of filtering
is to probabilistically remove signal and idler photons. This
will result in an output state that is a mixture of photon
number states p = Poo + P10 + Po1 + O11, where the term py,
represents a component with x signal and y idler photons.
Considering only the pair-photon term, for which we can define
a joint probability distribution, we can say o11 = |¥1.1)(¥1.1],

where
[¥1,1) = 2\/—/ < )|¢(T)> (18)

Here n is a normalization constant, equal to the probability of
detecting a single photon-pair at the output of the waveguide,
and the |¢(T)) is a family of factorizable, although overcom-
plete, basis states. These basis state are defined by the filter

functions:
7))
1 l \/z

lp(T)) = // s (Ts

x |1g,) ® |14,) dts dT;. (19)

JTA ¢ (74,78) =

Each state |¢(T)) represents the most precise statement we
can make about the temporal mode of a photon pair given
the finite bandwidth of the signal and idler modes. The
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overlap between the filter function basis states are given
by the product of the overlaps of the signal and idler
parts independently, (¢(T")|p(T)) = O(T — THO(T — T,
where Oo(T — T') = [ fu(ta — T/V2) fu(ta — T'/v/2)d 74 is
the overlap of the signal (or idler) filter function at different
times.

Using the form of the output state given above in (18) the
probability of generating a photon pair is given by

s ()
7= 82 2 2
x O,(T — T/)Oi(T — T’)dT’dT. (20)

Typically, photon-pair sources based on parametric processes
such as SFWM are used in the regime where n & 0.1 to avoid
contamination of the output state by higher-order photon-
pair terms, as this is highly detrimental to the visibility of
nonclassical interference [16]. Due to the truncation of the
output state to single photon-pair generation events, the effects
of higher-order terms are not studied in this work. Therefore
it is worth noting that the range of validity for our work is for
values where the integral in (20) evaluates to a photon-pair
production probability of n < 0.1. This integral in turn then
determines the limits of the pump power, pulse duration,
and filter bandwidths, which we can use and nonetheless
remain in the low-excitation limit that we require to achieve
high-visibility nonclassical interference.

Of critical importance to the quality of a heralded single-
photon source is the purity of the single photons produced.
If we postselect on the detection of a photon pair, then we
can write the density matrix of the two-photon state as p =
[¥1.1)(¥1.1] and note that the purity of the heralded single
photon is given by P = tri(ﬁiz) where p; = tr;(p) is the state
vector after we have traced out, or detected, the signal (herald)
photon. This gives us the expression for the purity:

() () ()

X JTA< i >JTA*<£>0 (T) = T»)
\/E \/E s 1 2
x O5(Ts — T)Oi(Ty — T) Oi(T3 — To)d*T. (21)

III. EXAMPLES

A. No self- or cross-phase modulation with Gaussian
pump and filters

The purpose of developing the spatio-temporal model above
was to a construct a convenient framework to understand the
effects of self- and cross-phase modulation on photon-pair
production. However, in this section we begin by considering
the situation where the nonlinear phase shift is negligible; an
approximation appropriate at low pump powers. This provides
the simplest example of applying the methods presented and
furnishes useful results for comparison with the full model
developed later. In the situation where the nonlinear phase
shift is small, we can approximate the unfiltered JTA as

JTA(7y, 7)) = iy P(0,7,)Lo(7, — 7). (22)
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For the convenience of performing analytical calculations we
assume that the filter and pulse profiles are both Gaussian.
Although in real experiments this may not be the closest
representation of the real profiles, it provides a convenient
approximation to the trends observed in real experiments. We
take the pump and filter profiles in the time domain to be

_2
P(0,7) = Pyexp [2 2}, (23)

t

fut) =20 aexp[—0}, 2], aefsil. (24

Here P(0,7) is the input temporal profile for a Gaussian
pump pulse with width o, = 1/(20,,) and f(7) is the Fourier
transform of a field filter profile, f(A,) = exp[—Az/(4o}ﬂ)].
Substituting these definitions for the pump and filter profiles
into (33) we find the JTA including filtering is

iy L P,
ITA (0, 7) = L=

2)"2“2+)‘2+M2

63{2/1,213 + 2)»2152 +(t; — 15)2}
X exp| — )
2)\2M2 +)\'2 +M2

(25)

where A = 0, /0,1 = 0,/0,; are the ratios of the pump to
filter bandwidths for the signal and idler modes. Using Eq. (21)
we find a particularly simple expression for the the purity:

1
P_\/l (142221 +2u2) (26)
As expected, we find that the purity of the heralded single
photon tends towards unity as we reduce the bandwidth of
either the signal or idler filter (A — 0o or u — 00). Also,
from Eq. (20) we can determine the probability of generating
a photon pair:

(y Po)2 1
N, p) = ; 27
A2 4 p? 42222

LPy? [1—P?
=(J/ 20) - (28)

Again, this exhibits the expected quadratic dependence on
pump power that we expect for a four-wave mixing process.
Interestingly, the assumption of Gaussian pump and filters also
leads to a very simple trade-off between the pair production
rate and purity. That is, for a fixed pump power, an increase in
purity (by tighter filtering) will necessarily decrease the pair
production rate, as demonstrated by the remarkably simple
relationship given in (28).

Since we are filtering on both the signal and idler modes,
the heralding efficiency will in general be less than one.
This is due to the fact that, on occasion, a heralded photon
will be detected at the signal wavelength, whose counterpart
(heralded) idler photon has been dropped by the filter and so is
lost. We define the heralding efficiency as the probability that a
heralded photon will be detected, given that a herald has been
registered, and find that this can be calculated as the ratio of
the pair-production rate with filtering at both signal and idler
wavelengths to the pair-production rate with filtering only on
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the signal: v = n(A,u)/n(x,0):

_ 2
u—fx,/lpp (29)

For completeness, we note that these calculations could have
also been performed in the frequency domain. Our first
step would have been to Fourier transform the JTA into the
frequency domain to yield the JSA:

iyL -

JSA(As,A) x/EP(AS + A), (30)
where P(A) = ET.[P(t)] is the Fourier transform of the pulse
profile in time, not the power spectrum of the pulse. Since we
earlier neglected the phase mismatch, this represents a SFWM
process of infinite phase matching bandwidth. In practice, we
always apply some filtering to at least one of the generated
signal and idler photons. Assuming a filter bandwidth of
FWHM = 24/2In20,, where a € {s,i} for the signal and
idler modes, then we find the anticipated result:

N2
iyLPy 1 AstA;
JSAf(AS,A,): T@ eXp [—%
Uw w

A? A7
X exp —403 exp —40’2 . (3D
fis fi

Noting that the representation of the two-photon state in
the frequency domain is [y1) L fJSA(AS,A Na) ®
[1A,)dAgdA;, and p = |1//1,1)(1ﬂ1 1| we find that the purity
is exactly as was given before:

1
P= \/1 T A+ 21+ 212 (32)

Naturally, other quantities such as the pair production rate and
heralding efficiency can also be calculated in a similar manner
to that undertaken in the time domain, with identical results
yielded.

B. Include self- and cross-phase modulation with Gaussian
pump and filters

More generally, we should include the effects of self-
and cross-phase modulation in our model of photon-pair
production. Our departure point for this calculation is now
given by (13), the JTA including the nonlinear phase shift.
Again, the JSA and JTA will remain Fourier transforms of
each other, and any quantity that can be calculated in the time
domain can of course be calculated in the frequency domain.
However, given particular examples, it may sometimes be more
convenient to remain in one domain than the other. Working
in the time domain and assuming Gaussian filters and pump
profile, using (33) we find that the JTA including filtering is
given by

i¢max(7f,x Ofi i (l 3¢max)n
NG S

T? 1
X /dT exp [—(j—j)}
Oy

JTA p(74,78) =
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Joint Temporal Amplitude

Gmax = 0.257
A=u=05

(a) Joint Spectral Amplitude
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FIG. 1. The joint spectral amplitude (JSA) and joint temporal amplitude (JTA) produced by assuming a Gaussian pump profile and Gaussian
filters on the signal and idler modes. The color of the plots represents the phase imparted to the state by self- and cross-phase modulation, and
the brightness represents the detection probability. In this example, the filtering is not very tight, and the alignment of the joint spectrum (a)
along the energy conservation line (top-left to bottom-right) is clear. Similarly, in (b) the alignment of the JTA along the line of simultaneous

photon arrival (bottom-left to top-right) is also easily distinguishable. Both plots are related to each other by a Fourier transform.

o
X exp [—%(Ta —T — 1)

o2,
X exp [—%(ra -T— 1;/3)2:|’ (33)

JTAf(Ts , 'Cl) — id)max Z (i 3¢max)n

where we are again working in the rotated coordinate system
Ty = (t, + 7)/v/2 and 75 = (t; — 7,)/v/2 and G = YL P
is now identified as the phase shift of the peak of the pump
pulse after propagating to the end of the waveguide. It is worth
commenting that the summation in (33) arises due to the series
expansion of the nonlinear phase term in (13). Since each term
in this summation is Gaussian, we can evaluate the integrals
to give

Again, A = 0, /0,0 = 0,/0,; are the ratios of the pump
to filter bandwidths for the signal and idler modes. A plot
of the JTA given by (34) and its Fourier transform, the
JSA, is shown in Fig. 1. With this solution for the JTA
we can use Eq. (20) to calculate the photon pair production
rate and (21) to calculate the purity, although no convenient
analytical forms exist for these quantities. Nonetheless the
relevant integrals can be calculated numerically and are plotted
for some typical values in Fig. 2 and Fig. 3. These both show
notable departures from the predictions of the linear model.
In the case of the photon-pair production rate, we can see
that when the filtering is quite tight (to achieve high purity)
the production rate drops below that of the linear model. This
can be understood as due to the spectral broadening of both
the pump and generated photon pairs that arises due to the
additional nonlinear phase term in (13). The effect of this is
to broaden the spectrum of the generated photons, pushing
them outside of the filtering bandwidth, and hence reducing
the detection rate at the end of the waveguide. Figure 3, on

Oy
VTS 201+ A + A2+ ul

A+ w2 + w2 + (@ — 7)oy 34)
201+ n)a2u? + 22 4 12 -

(

the other hand, shows an improvement in the purity of the
heralded photons. Qualitatively, this is due to the flattening of
the generated joint spectrum, again due to spectral broadening,
that in this particular case makes the state more factorizable.
For the calculation of purity, rather than using (21), which
involves a fourfold integral, it is frequently easier to perform
a numerical Schmidt (or singular-value) decomposition of
the JTA to calculate the purity that way. Although both
approaches will naturally lead to the same values, several
scientific computation packages offer convenient and effi-
cient methods for undertaking singular-value decompositions.
When employing the Schmidt decomposition, we note that
the purity is given by P = Y |g|*, where g is the weight
of each Schmidt mode present in the decomposition of the
JTA or JSA [25]. It is interesting to note the similarity
between (21), which relates the JTA to the purity, and the
well-known Schmidt decomposition, mentioned above. The
main difference is the nontrivial integral kernel in (21) that
arises due to the nonorthogonality of the filter function basis
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FIG. 2. The photon pair production rate versus @u.x = YL Py
(the nonlinear phase shift of the pump pulse peak) for A = p = 2.
The linear model exhibits the quadratic dependence on pump power
expected. However, when the effects of self- and cross-phase mod-
ulation are included, the pair production probability is significantly
modified. The stepwise increase in generation rate is due to both SPM
and XPM spectrally broadening the generated photons and pushing
them outside of the filtering bandwidth.

states defined by (19), compared to the orthogonal Schmidt
modes.

C. Include self- and cross-phase modulation and filtering
of the herald photons only

Ideally we do not wish to filter the heralded photons as this
will reduced the heralding efficiency, which is a key metric for a
heralded single-photon source. Here we examine the behavior
of the heralded single-photon source, when only the signal
(herald) photon is filtered. In this way, we can control the purity
of the source by adjusting the signal to pump bandwidth, while

o
©
©
(=)

-- linear model
—nonlinear |

o
©
©
=

heralded photon purity

0.994:

00 T 02 - 04 06 08 1.0
pump power, ¢max (units of )

FIG. 3. The heralded photon photon purity versus ¢m.x = ¥ L Py
(the nonlinear phase shift of the pump pulse peak) for . = u = 2. The
linear model predicts a purity that is independent of the pump power.
However, when the self- and cross-phase modulation are included the
purity is shown to be slightly modified. Spectral broadening of the
pump and generated photon pairs provides a modest improvement to
the purity of the heralded photon over most of the range of pump
powers.
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maintaining a theoretical heralding efficiency of unity. Taking
the limit where the idler filter bandwidth tends to infinity
(0y; — 00), we find that the filter in the time domain tends
towards a Dirac delta function. This implies that the unfiltered,
and diagonal, JTA will not be broadened along the idler axis
when performing (33) to calculate the filtered JTA. Similarly,
we find that the time-domain filter overlap function becomes
lim O;(T —T') = 2vV278(T — T'). (35)

0fi—>00

Substituting this into (21) for the purity we show that

P~ ] ()

T/ g N2

JTA(ﬁ) |O(T —T)|". (36)
The presence of the Dirac delta function in the integral has
reduced (21) to a twofold integral, dependent only on the
magnitude, and not the phase, of the JTA. Since the only effect
of self- and cross-phase modulation in the time domain is
to introduce a nonlinear phase on the JTA, then the purity
reduces back to the simple linear model, as given by (26). This
important result is only apparent in the time domain, since
when viewed in the frequency domain the accumulated phase
results in broadening of the pump pulse and of the generated
photons. Although these do still occur when filtering is applied
to the herald photon only, resulting in a marked change to the
JSA, they do not change the purity of the heralded photons.
When viewed in the frequency domain, changes in amplitude
and phase of the JSA will, remarkably, cancel out, leaving the
weights of the Schmidt decomposition, g, unchanged.

Similarly, using Eq. (20) we find that the pair-production
probability becomes

=22 (5

Again, when evaluated, this reduces back to the same expres-
sion as given by the simple linear model (28), since the integral
depends only on the magnitude, and not the phase, of the JTA.

2

X

2
dT. (37)

IV. CONCLUSION

Spontaneous four-wave mixing in integrated optical waveg-
uides offers a promising route to realizing pure, indistinguish-
able, and, if several such sources are multiplexed together,
on-demand single photons. A key requirement for parametric
sources is that the heralded single photon must remain pure
when the herald is detected, despite the spectral correlations
between signal and idler photons imposed by energy conser-
vation. The use of tight spectral filtering of the herald photon
allows the effect of the spectral correlations to be reduced,
without impacting upon the the heralding efficiency. However,
to maintain a reasonable source brightness a strong pulsed
pump is therefore required. Naturally, the use of an intense
pump pulse in a nonlinear medium will be accompanied by
self- and cross-phase modulation, which will necessarily have
an impact on the pump spectrum and joint spectrum of the
generated photon pairs. These are in turn expected, and do,
affect the purity and photon-pair production rate of the source.
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In this work, we calculate the effects of self- and cross-phase
modulation on the generated photon pairs using the momentum
operator in a time-domain approach. The time domain is
shown to be the most natural framework for exploring the
impact of nonlinearity on the generated photons. Example
analytical models are developed that show how the purity and
photon-pair production rate are in general modified by the
nonlinearity. However, in the particular case where only one
half of the photon pair is filtered (usually the herald), then
despite spectral changes to the JSA, remarkably, the effects
of self- and cross-phase modulation vanish. This is shown to
be due to the independence of the photon purity on the phase
of the JTA, through which the nonlinearity usually acts. This
result is of particular significance, since we are only likely to
filter the herald photon in a multiplexed single photon source
to maintain a high heralding efficiency.
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APPENDIX: THE MOMENTUM OPERATOR

Here we give a brief outline of the use and derivation of
the momentum operator. When describing the evolution of
a quantum state, we can choose to derive a time-dependent
equation of motion using the Hamiltonian H (¢), which is best
suited to states confined within a cavity, or we can derive a
spatially dependent equation of motion using the momentum
operator, M(z), which is best suited to propagating fields.
Typically we might write the Hamiltonian as an integral over
the energy density. This density can be expressed in terms of
wave vector or position, which are simply related to each other
by a spatial Fourier transform:

A(t) = /ﬂ(ﬂ,t)dﬂ = /ﬂ(z,r)dz. (A1)
Similarly, for the momentum we typically write this as an
integral over the momentum density. Again, this can be
expressed as an integral over the angular frequency or time,
both being related by Fourier transforms:
M(z) = /M(z,w)dw: /M(z,t)dt. (A2)
Which form is most convenient to start with depends on
the particular problem to be solved, although all are of
course physically equivalent. In our work, we will consider
electromagnetic fields propagating through a weakly nonlinear
material, so that the momentum can be described by
W@ = [ poilconcordo, (3
where hf(w) is the momentum of a photon at frequency w
and a'(z,w)a(z,w) is the operator whose expectation value
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gives the total number density of photons of frequency w that
cross a position z in the time range ¢t € (—o00,00) [35]. It is
also convenient to introduce a slowly varying spatio-temporal
envelope operator A(z,1)such thata(z,t) = A(z,t) exp(iBoz —
iwot). Then we can see that

Az, e ™" qy.

1 .
a(z,w) = ——¢'Por (A4)

V2r
Typically, the waveguides we use are short enough and
bandwidth of the optical pulses sufficiently narrow that
we can expand the dispersion relation up to first order in
frequency [B(w) =~ By + vl(w — wo)]. We can then substitute
this into (A3) to find the momentum operator for the freely
propagating signal and idler fields [36]:

Z h/,BO,aAAIAAu
{s.i}

Al AL
Al — —A, |dr. (A5)
Jt ot

My(z) =

+

20, 4

The Heisenberg equation of motion for the spatial evolution
of the free field envelope is given by

dA i (A7t + dA

dZ - h b 0 aZ ’
where the partial derivative represents any explicit time
dependence of the operator given in its definition. Substituting
in the momentum operator above (A5), we find the equation of
motion for a narrow-bandwidth pulse propagating at the group
velocity, as expected:

(A6)

dA 1 0A
— 4+ ——=0. (A7)
0z vy Ot

To include the nonlinearity we add a small nonlinear pertur-
bation to the dispersion relation S(w) ~ By + vl(w —wp) +
AB, [22,37], where the perturbed wave vector is given by

@fF(;*(x,y)An(x,y)Fo(x,y)dx dy
c [ 1Fo(x,y)>dx dy

Here we have assumed that the electric field is separa-
ble into transverse and longitudinal components, such that
E(x,y,z,t) = F(x,y)A(z,t)exp (ifoz — iwot) and An(x,y) is
the small nonlinear change in refractive index. When calcu-
lating our perturbative results, we assume classical fields, but
will ultimately make the identification A(z,t) — A(z,1) for
the signal and idler modes at the end of the derivation. We
assume that three significant terms will give rise to small
changes in refractive index. For the pump field, only self-
phase modulation will be of significance. Then the nonlinear
perturbation to the refractive index at the pump frequency is
given by

AB = (A8)

Anpy(x,y) = na| Ep(x,y). (A9)

The signal and idler modes, however, will experience cross-
phase modulation and parametric amplification of the vacuum
fluctuations (spontaneous four-wave mixing) due to the strong
pump. The perturbation to the refractive index at the signal
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frequency will therefore be

2 Ep’E}
Any(x,y) = 2m| Ep(x, y)I” + no——,

(A10)

with a similar expression for the idler. These perturbations
to the refractive index can be substituted into (A8) to find
the corresponding perturbations to the wave vector at each
frequency. For the classical pump,we typically substitute the
perturbed wave vector directly into the nonlinear Schrodinger
equation [22] and find

0A 1 0A
ket Al

=iy|A,(z,0)|A,(z,1),
oz v, o iy|Ap(z,0)|"Ap(z,1)

(Al1)

Woll2
cAefr

assumed that the units of |A(z,7)|> are watts. Assuming that
only the core of the waveguide is appreciably nonlinear, the
effective area of the waveguide for this nonlinear interaction

where the nonlinear parameter is given by y = , and it was

PHYSICAL REVIEW A 94, 063855 (2016)

is found to be [30]

| [ 1 Fo(x,»)I” dx dy|®
Jeore 1 FoCx, V)[*dx dy’

For the signal and idler fields, we wish to calculate the
corresponding momentum operators. To this end, we substitute
the perturbed dispersion relations into (A3) and express the
result in the time domain using (A4). Doing so, we find that the
momentum operator that generates a cross-phase modulation
on the signal and idler modes is expressed by

(A12)

Aeff =

My pu(z) = 2hy / |A, (2,0 Al(z,)Au(z,t)dt,  (A13)

where a € {s,i}. Finally, the momentum operator for sponta-
neous four-wave mixing on the signal and idler modes is found
to be

Mspwm(z) = hy expli ABoz)

fof,(z,t)Aj(z,t)Aj(z,t). (A14)
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