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Abstract:  This work proposes and analyses a novel approach for the
generation of separable (quantum uncorrelated) photon pairs based on
spontaneous parametric down-conversion in Bragg reflection waveguides
composed of semiconductor AlGaN layers. This platform alows the
removal of any spectral correlation between paired photons that propagate
in different spatial modes. The photons can be designed to show equal
or different spectra by tuning the structural parameters and hence the
dispersion of the waveguide.
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1. Introduction

Spontaneous parametric down-conversion (SPDC) in x(@ nonlinear media is a well-known
parametric process that allows the generation of photon pairs. In this process, the interaction
of an intense pump beam with the atoms of a nonlinear medium mediates the generation of
pairs of photons with lower frequency. The spatio-temporal properties of the down-converted
photons depend on the specific SPDC configuration considered as well as on the spatial and
temporal characteristics of the pump beam.

In most applications the goal of using SPDC is the generation of entangled photon pairs.
However, the generation of photon pairsthat lack any entanglement (quantum separability), but
are generated in the same time window, is also of paramount importance for quantum network-
ing and quantum information processing [1-3]. By and large, separable photon pairs are not
harvested directly at the output of the down-converting crystal [4]. Their generation in a sepa-
rable quantum state requires intricate control of the properties of the down-converted photons
in all the degrees of freedom; namely polarization, spatial profile and frequency content. In
most cases, the separability in polarization results directly from the phase matching conditions
imposed by the specific SPDC configuration chosen. Separability in the spatial degree of free-
dom can readily be imposed by an appropriate projection of the down-converted photons into
specific modes; using single-mode fibers is one example. This leaves separability in the fre-
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quency degree of freedom as the significant challenge to achieve quantum separability between
the down-converted photons.

Although one can always resort to strong spectral filtering to enhance the quantum separa-
bility of the two-photon state [5], this entails a substantial reduction in the brightness of the
photon source. In the past few years, several methods have been proposed and implemented to
generate frequency-uncorrelated photon pairs without the need for strong filtering. For exam-
ple, elimination of the frequency correlation of photon pairs can be achieved when the oper-
ating wavelength, the nonlinear material and itslength are appropriately chosen [6], as has been
demonstrated in [7].

It is important to note that the appropriate conditions for the generation of frequency-
uncorrelated photons might not always exist or might not be convenient for a given applica-
tion [7]. The use of achromatic phase matching, or tilted-pulse techniques, allows the gener-
ation of separable two-photon states independently of the specific properties of the nonlinear
medium and the wavelength used. This method employs the Poynting vector walk-off exhibited
by nonlinear crystals outside noncritical phase matching to modify the effective group velocity
of al theinteracting waves, therefore allowing for the control of the frequency correlation [8,9].
Thisisaroute by which frequency-uncorrelated photons can be generated [10].

Non-collinear SPDC also alowsthe control of the generation of frequency-uncorrelated pho-
tons by controlling the pump-beam width and the angle of emission of the down-converted pho-
tons[11,12]. It isindeed possible to map the spatial characteristics of the pump beam into the
spectraof the generated photons (spatial-to-spectral mapping) [13], thus providing another way
to manipulate the joint spectral amplitude of the biphoton, as has been demonstrated in [14].
The combination of using the pulse-tilt techniques described above together with using non-
collinear geometries further expands the possibilities to control the joint spectrum of photon
pairs [15]. Another approach to control the frequency correlations is to use nonlinear crystal
superlattices [16].

The method presented here to generate frequency-uncorrelated photons is based on tuning
the dispersive properties of the nonlinear medium itself by engineering the waveguide disper-
sion. The waveguide geometry allows us to enhance the source brightness and to control the
dispersive properties of the propagating mode by tailoring the contribution of the waveguide
dispersion to the overall dispersion. The use of Bragg reflection waveguides (BRW) based on
[11-V ternary semiconductor alloys (AlxGas_xAs, AlxGay_xN) offers several advantages over
conventional materials such as alarge nonlinear coefficient, a broad transparency window and
mature semiconductor fabrication technologies that can be utilized to tailor the spatio-temporal
properties of the generated photon pairs.

Although phase-matching (PM) in these materials has often been considered as challenging
due to their lack of birefringence as well as their highly dispersive nature, one can take ad-
vantage of the different dispersive properties of the various modes the waveguide can support;
namely total-internal-reflection (TIR) modes and Bragg modes. In this case, one can fully ex-
ercise asignificant level of control over the dispersion properties of the interacting waves while
operating at the phase-matching condition [17]. This property has been successfully used to
enhance the capabilities of BRWSs for generating frequency-anticorrelated photon pairs with a
tunable bandwidth [18]. To even further expand the freedom of design of the dispersive prop-
erties, and thus broaden the set of possible properties of the generated photons, quasi-phase-
matching, or the periodic reversal of the sign of the nonlinear coefficient x(?), can also be used
in conjunction.

In this paper we demonstrate that Bragg reflection waveguides made of Aly Ga;_x N slabs
can be tailored to generate photon pairs in a quantum separable state. Quasi-phase-matching
(QPM) of the core slab is used to satisfy the phase-matching condition, while the tailoring
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Fig. 1. General scheme for generating frequency-uncorrelated photon pairs. The waveg-

uide is pumped by a TIR mode with TE polarization. The down-converted photons with

TE polarization propagate in a Bragg mode, while the down-converted photons with TM

polarization propagate in a TIR mode. The two structures presented in Section 3 make use

of the same combination of modes and the spatial shapes of the modes are amost identical

for both structures. The Bragg and TIR modes have different group velocities that can be
properly engineered by modifying the waveguide structure.

of the dispersive properties of the waveguide, enhanced by using different types of modes for
each of the interacting waves, allows usto control the frequency correl ations between the down-
converted photons.

2. Description of the quantum state of the down-converted photons

The quantum state of the down-converted photons (the signal and idler) at the output face of
the waveguide, while neglecting the vacuum contribution, can be written as

W) = / dQ:dQiD(Qs, Q)AL (00 + Qs)aT (P + ©Q1)[0)s/0);, @

where &l (ws+ Qs) and éiT(a)i + Q) designate the creation operators of signal and idler photons
at frequencies ®? + Qs and wP + Qj, respectively. w? = w? are the central frequencies of the
signal and idler photons, and Qs; designate the frequency deviations from the corresponding
central frequencies. The signal and idler photons are generated in specific spatial modes of the
waveguide as will be described |ater.

The biphoton amplitude ®(ws, ;) is given by [19]

D(Qs, Q) = NEp(ws+ wi)sinc (A;L> exp (is‘;‘), ()]
where Ay = kp — ks — ki and s¢ = kp + ks + ki. Kpsj are the longitudinal (z) components of the
wavevector of all the interacting photons. E, is the spectral amplitude of the pump beam of
central frequency a)g =l + a},o at the input face of the waveguide, which is assumed to be
Gaussian. As such, Ep(Qp) ~ exp (—Q3/Aw?). .4 isanormalizing constant, which ensures
that [ [ dQsdQ;|®(Qs, Q)2 = 1.

#138354 - $15.00 USD Received 17 Nov 2010; revised 19 Jan 2011; accepted 26 Jan 2011; published 2 Feb 2011
(C) 2011 OSA 14 February 2011/ Vol. 19, No. 4 / OPTICS EXPRESS 3118



In BRWSs, photons can be guided by the conventional total internal reflection (TIR modes)
or by a distributed reflection from the transverse Bragg reflectors (Bragg modes). The spatial
modes of the pump, signal and idler photons that we will considered here are shown schemat-
ically in Fig. 1. The pump and idler photons propagate as a TIR mode. The signal photons
propagate as a Bragg mode. The use of different spatial modes for the signal and idler enhances
the control of the dispersive properties of the SPDC process.

In order to get a further insight into the procedure to search for BRW configurations that
generate separable paired photons, we expand the longitudinal wavevectorsto first order, so that

kj = k?+ N;Q;j with j = p,s,i. kEO) are the longitudinal wavevectors at the central frequencies
a)jo, and N; are theinverse group velocities. Under these conditions, the biphoton amplitude can
be written as

A (Qs+Q)* | Lok
@(Qs,Ql)JVexp{Aw%}snc{[(NpNs)Qer(Np |)§2.]2}
X exp{i [(Np 4 Ns)€2s+ (Np + Ni ) €] ;} 3

Upon inspecting Eq. (3), one can show that if the inverse group velocities of the signal (idler)
and pump are equal Np = Ns (Np = N;), then increasing the bandwidth of the pump beam band-
width such that Awp > 1/|Np — Ns|L alows usto erase al the frequency correlations between
the signal and idler photons. Notice that in this case, even though there is no entanglement
between the signal and idler photons, the bandwidth of one the photonsis larger than the band-
width of the other photon. The quantum state is separable but the photons are distinguishable
by their spectra.

To generate uncorrelated and indistinguishable photon pairs, the condition Np = (Ns+N;)/2
should be fulfilled together with the condition for the bandwidth

2

This condition is obtained from approximating the sine cardinal function sinc(x) in Eq. (3) by
aGaussian function exp[—(ax)?] with oz = 0.439.

To quantify the degree of entanglement of the generated two-photon state, we cal-
culate the Schmidt decomposition of the biphoton amplitude [20, 21], i.e, ®(Qs, Qi) =
> 0V AnUn(Qs)Vn(€2), where A, are the Schmidt eigenvalues and U, and V,, are the corre-
sponding Schmidt modes. The degree of entanglement of the two-photon state can be quantified
by means of the purity of either of the subsystems (signal or idler photons) that make up the
whole system. The purity of either subsystem isgivenby P =K1, whereK =¥ jA2. K =1
corresponds to a separable two-photon state, while an increasing value of K corresponds to an
increase in the degree of entanglement.

Awp

4

3. Design of BRW structuresto generate uncorrelated photon pairs

Let us consider the generation of paired photons in the C-band of the optical communication
window, i.e., let the central wavelength of both emitted photons be 1550 nm. Therefore, for
the frequency-degenerate case, the central wavelength of the pump beam must be 775 nm. The
main parameters that characterize the dispersion properties of the Bragg modes, and that can
be engineered to tailor the spectral properties of the down-converted photons, are the thickness
of the layers and their aluminium fraction.

BRW structures for the generation of frequency-uncorrelated photon pairs were obtained
by numericaly solving the Maxwell equations inside the waveguide using the finite element
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method [22]. Since many solutions were found, a genetic algorithm was used to select waveg-
uides with the properties that are most suitable for practical implementation. The thicknesses
and the corresponding aluminum fractions of two of the structures obtained are given in Fig. 2.

The refractive indices for the calcul ations were taken from [23]. The Bragg reflection waveg-
uides are composed of 12 bi-layers above and below the core. Both structures were optimized
for the Bragg mode propagation at the quarter-wave condition for the central wavelength, which
maximizes the energy confinement in the core. The spatial shapes of the modes (pump, signal
and idler) that propagate in Structure 1 are shown in Fig. 1. The spatial modes corresponding
to Structure 2 are almost identical and therefore are not shown.

Type-1l SPDC interactions are considered for both structures, even though structures with
type-l or type-0 interactions can also be designed. One of the advantages of type-ll phase-
matching is that the generated photons can easily be separated at the output of the waveguide.
The pump and signal photons have TE polarization and the idler photons have TM polarization.
The signal photons propagate as a Bragg mode, whereas the idler photons propagate asa TIR
mode. The quasi-phase-matching can be achieved, for example, by the method described in
[24]. The quasi-phase-matching periods A were calculated from the phase-matching condition
Ax — 21/ A = 0, where the phase-mismatch function A is taken at the central frequencies of all
the interacting waves.

The spatial overlap between the modes of the interacting photonsis defined as

T = [ dxup(u (44 (). (5)

where uj(x), j = p,s,i, are the mode functions describing the transverse distribution of the
electric field in the waveguide. The overlap reaches 40.5% for Structure 1 and 19.4% for Struc-
ture 2. The combination of the high effective nonlinear coefficient and the overlap resultsin an
efficiency that is still much higher than with other phase-matching platforms in waveguides or
in bulk media. Although the thickness of the core of both structuresis sufficiently large so that
higher-order modes (both TIR and Bragg modes) could exist, they lack phase-matching and
their overlap is very small.

n2 nc n]
1
L Structurel | Structure?2
t | te(nm) 1037 986
t t1(nm) 463 430
to(nm) 810 533
te y Xc (%) 57 56
X1 (%) 44 39
| X2(%0) 88 65
A(um) 10.4 7.4
1
(€Y (b)

Fig. 2. () Profile of the refractive index along the y-axis of the Bragg refl ection waveguide.
tc - corethickness; ty » - thicknesses of the alternating layers of the Bragg reflector; X - alu-
minium concentration in the core; xq » - aluminium concentration in the reflector’s layers;
A - quasi-phase-matching period. Both structures are 4 mm long and they are optimized for
type-11 SPDC.
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Fig. 3. The Schmidt number K as afunction of the bandwidth of the pump beam AZ,,.

3.1. Uncorrelated photon pairs with different spectra

Structure 1 provides a configuration to generate a quantum separable state with different spec-
tral bandwidths of the signal and idler photons. The group velocities of the pump and signal
photons are equal. We find that v, = vs = 0.445c, where c is the speed of light in a vacuum.
The dependency of the Schmidt number K on the pump beam bandwidth is plotted in Fig. 3. A
highly separable quantum state can be obtained for a pump beam bandwidth A4, > 10 nm. For
values of AAp < 1 nm, the paired photons turn out to be anti-correl ated.

Thejoint spectral intensity of the biphoton is showed in Fig. 4(a). It shows a cigar-like shape
oriented along the signal wavelength axis, as expected from the fulfillment of the condition
Np = Ns. The Schmidt decomposition is shown in Fig. 4(b). Clearly, this decomposition corre-
sponds to a nearly ideal case of frequency-uncorrelated photons. For the case shown in Fig. 4,
with a pump beam bandwidth (FWHM) of 10 nm, the bandwidths of the signal and idler pho-
tons are 47.5 nm and 8 nm, respectively. The entropy of entanglement is used as a measure of
spectral correlation [25] and is defined as E = — Y Ailog, Ai. The obtained value is 0.257 in
this case.

3.2.  Uncorrelated photon pairs with identical spectra

Structure 2 is designed for the generation of a separable two-photon state where both photons
exhibit the same spectra. The calculated values of the group velocities of al the waves are
vp = 0.441c, vs = 0.425¢c and v; = 0.456¢. Figure 5 shows the value of the Schmidt number K
as afunction of the pump beam bandwidth. The optimum pump bandwidth for the generation

E 1600 3 10

~ o]

= £ 08

2 @

o £ 06

T 1550 “—

3 S 04

= S 02

o D

S, 1500 2 00

k2 1500 1550 1600 01 2 3 45

idler wavelength (nm) mode number
@ (b)

Fig. 4. (a) Joint spectral intensity of the biphoton generated in Structure 1 for AA,=10 nm.
(b) The Schmidt decomposition corresponding to this quantum state.
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Fig. 5. The Schmidt number K of the state generated in Structure 2 as a function of pump
bandwidth AAp.

of frequency-uncorrelated photonsisfound to be A4, = 1.3 nm, for which K achievesitslowest
value. The value of K cannot reach the ideal value of 1 due to the presence of the side-lobes of
the sinc function in the anti-diagonal direction and a Gaussian profile in the diagonal direction
that introduces a slight asymmetry (see Eq. (3)). Figure 6(a) shows the joint spectral intensity
of frequency-uncorrelated photons, when this optimum value of the pump bandwidth is used.
Figure 6(d) shows the corresponding Schmidt decomposition. The entropy of entanglement is
0.267 and the bandwidth is 4.5 nm for both signal and idler photons.

For smaller values of the pump beam bandwidth, the photons generated in Structure 2 cor-
respond to photon pairs that are anticorrelated in frequency (see Fig. 6(b)), whereas the use of
larger values allows the generation of frequency-correlated photon pairs (see Fig. 6(c)). Figures
6(e) and 6(f) show the Schmidt decompositions corresponding to each of these cases.
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Fig. 6. Joint spectral intensity of photons generated in Structure 2 for different pump band-
widths: @) AAp = 1.3 nm, b) AAp = 0.3 nm and c) AAp = 4.8 nm. Plots (d), (€) and (f) in

the second line are the corresponding Schmidt decompositions.
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4, Conclusion

We have presented and analyzed a new source for photon pairs that alows the generation of
paired photons that lack any frequency correlation. These are of paramount importance for
guantum networking technol ogies and quantum information processing. The sourceis based on
Bragg reflection waveguides composed of AlyGay—xN. Quasi-phase-matching of the waveguide
core is used to achieve phase-matching at the desired wavelength. The control of waveguide
dispersion is used to control the frequency correlation between the generated photons.

Two Bragg reflection waveguide structures have been presented. One of the structures allows
us to generate uncorrelated photons with different spectra. The down-converted uncorrelated
photons generated in the second structure are spectrally indistinguishable.

Thistechnique offersapromising route for the realization of electrically pumped, monolithic
photon—pair sources on a chip with versatile characteristics.
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