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Abstract

CrossMark

We study the spectral correlation of photon pairs generated via type-II spontaneous parametric
down conversion in periodically poled lithium niobate crystals. By performing Schmidt
decomposition on the two-photon wavefunction, we calculate the spectral purity of the two-
photon state under various pump laser characteristics and doping concentrations of MgO in
lithium niobate crystals. Our results show that periodically poled 5% MgO doped lithium
niobate is a good candidate to generate photon-pairs with high spectral purity at telecom

wavelength.
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1. Introduction

Interference between quantum states carried by independent
photons is vital to the implementation of various entanglement-
based protocols such as quantum teleportation [1], entangle-
ment swapping [2], quantum relays [3] and photon amplifiers
[4]. To be able to observe interference we have to make sure
that the two photons registered behind the beam splitter cannot
be distinguished in any way. The widely used technique for
generating entangled photon pairs is spontaneous parametric
down conversion (SPDC), which can be arranged in diverse
configurations and with different crystals [5-7] and wave-
guides [8, 9]. However, energy conservation ensures that the
frequencies of the down-converted photons always sum to the
pump frequency, which results in spectral correlations [10].
Because of spectral correlation, it is occasionally possible to
identify pairs of photons as siblings [11]. In order to obtain the
desired indistinguishability, narrow-band filters are employed
to make sure the coherence time of the photon pairs is larger
than that of the pump pulses [11]. However, this consequently
introduces additional losses, which results in a sharp reduction
in the quantity of available photons [12, 13]. Another scheme

1054-660X/15/125203+5$33.00

is eliminating the spectrum correlation between the photon
pairs by adapting the spectrum of the pump pulses and the
dispersion property of the nonlinear media. Plenty of previous
research has demonstrated that engineering the pump param-
eters to obtain the photon pairs which are uncorrelated in fre-
quency is feasible. A prime example is spectrally pure photons
generated in periodically poled potassium titanyl phosphate
(PPKTP). Gerrits et al developed a polarisation-entangled
source using PPKTP, which produced nearly identical, facto-
risable frequency modes with 785 nm pump wavelength and
5.35 nm pump bandwidth [14]. In 2014, Bruno et al, optimised
the phase matching, pump laser characteristics and coupling
geometry to acquire spectrally uncorrelated photon pairs with
high coupling efficiency [15].

Periodically poled lithium niobate (PPLN) is a typical
nonlinear optical crystal, which has been used to generate
photon pairs at telecom wavelength for its quite large second-
order nonlinear coefficient [16, 17]. The value of the second-
order nonlinear coefficient about PPLN with type-II SPDC is
4.65 pm V~! and that of PPKTP is 1.5 pm V~!. Thus, the
quantity of photon pairs generated in PPLN is more than nine
times that in PPKTP. Moreover, lithium niobate crystal can

© 2015 Astro Ltd  Printed in the UK
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Figure 1. Examples of pump envelope intensity |a(ws + wi)[? (a), phase matching intensity |@(ws, wi)[? (b) and JSI | £ (ws, wi)[? (¢).

be doped by magnesium oxide, which not only increases its
resistance to optical damage, but also changes its dispersion
property [18]. In this paper, we analyse the spectrum purity
of the photon pairs generated via SPDC in PPLN with differ-
ent MgO doping concentrations. According to our calculation,
by adjusting the crystal length and the centre wavelength and
bandwidth of the pump laser, the 5% MgO doped PPLN can
generate photon pairs with a spectral purity of 88%, which is
higher than those that can be obtained via PPLN with other
doping concentrations.

2. Theoretical mode of SPDC

In the process of SPDC, photons from the intense pump beam
are occasionally divided into two lower energy photons, the
signal and the idler. The correlations between the degrees of
freedom of the generated photons are complicated. Here, for
simplicity we only consider the frequency part. By using the
first-order perturbation theory and the paraxial approxima-
tion, the two-photon state of the signal and idler photons can
be represented by the following formula:

0 = [ [[dwdes flos wpale@pai@n)o.0), ()

where wy and wj are the frequencies of the signal and idler
photons, &Z and &iT represent the creation operators of the sig-
nal and the idler fields separately, and the function f(ws, w;)
represents the joint spectral amplitude (JSA), which results
from the envelope of the pump energy and phase matching
function. It is defined as:

fws, wi) = Na(ws + wi)p(ws, wi), )

where a(ws + wj) and ¢(wg, w;) are the pump envelope ampli-
tude and the phase matching amplitude. N denotes the normal-
isation constant. In the nonlinear optical field, the spectrum of
the pump laser is considered to have a Gaussian distribution
with a bandwidth of oy; therefore, the pump envelope intensity
can be written as

|o(ws + w) P = exp?|— , 3)

2
ws—l—wi—wPJ

Op

where wy, is the frequency of the pump. The phase matching
intensity is given by

| (ws WP = {sinc{ %[ks(ws) T kiwr) — kgl + w)] }

2
cexp{ 1w + ki) — byt | |
(4)
where k denotes the wave vector of the photon and L is
the length of the crystal. The plots of the pump envelope
intensity |a(ws + w;)]> phase matching intensity |@(ws, wi)?
and joint spectral intensity (JSI) |f(ws, w;i)* are shown in
figures 1(a)—(c).

As in the analysis in [19] and [20], the width of the pump
envelope intensity contour is proportional to the bandwidth of
the pump, while the angle is 45 degrees in the minus direction
of the horizontal coordinate because of the energy conserva-
tion law. The width of the phase matching intensity is related
to the inverse of the crystal length. The angle 6 between the
phase matching intensity contour and the positive direction of
the horizontal coordinate, as shown in figure 1(b), is not fixed
and it is decided by the group velocities of the pump (V),
the signal (V) and the idler (V,;). The contour of the JSI is
determined by the pump envelope intensity and phase match-
ing intensity. When the width of the pump envelope intensity
and phase matching intensity are equal and the angle of the
phase matching intensity is at 45 degrees, the JSI can achieve
a circular shape and maximum spectral purity.

The spectral purity is a parameter which describes the
degree of the spectral uncorrelation between the signal and

the idler photons. It is defined as P = Tr(ﬁf) = Tr(,éiz), where
P, and p; are the reduced density operators of the signal and
the idler, and 7r denotes a trace acting over the matrix. This
purity is decided by the factorability of the JSA and it can be
calculated numerically using a method called Schmidt decom-
position [21]. Schmidt decomposition entails expressing the
joint spectral amplitude in terms of complete basis sets of
biorthogonal vectors u,(ws) and v,(wj) such that:

Sflws, wi) = Z Anthn(Ws)va(wi), (5)
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Figure 2. Variation of spectral purity for PPMgLN and PPLN of
crystal length with a 800nm and 600 GHz pump.

where the values )\, are known as the Schmidt coefficients and
anﬁ = 1. The entanglement of the spectrum can be conve-
niently quantified by the Schmidt number K and it indicates
the number of Schmidt modes existing between the signal and
the idler photons. According to [22], the Schmidt number K
is defined as

1
SRSy ©

The value K = 1 represents a state in which there is only a
single pair of active Schmidt mode functions and therefore
exhibits no spectral correlation. The spectral purity of the pho-
ton pairs equals to the inverse of the Schmidt number K :

B R e Y
PfoZn:)\n. (7

Schmidt decomposition is useful in numerical simulation to
acquire the spectral purity.

3. Calculation results

The purity of the photon pairs is associated with the param-
eters of the laser source and crystal according to the theoreti-
cal analysis in section 2. The efficiency of the SPDC is also
determined by the crystal length. Therefore, it is crucial to
choose the appropriate crystal length in the SPDC process.
The dependence of the purity on crystal length is shown in
figure 2 for PPLN and PPMgLN. In this plot, the pump wave-
length is set to 800 nm and the pump bandwidth is 600 GHz.
The plot in figure 2 shows that the spectral purity of the
photon pairs varies with the length of the crystal from 5mm
to 50mm. As the formula of the intensity expression [23],
the intensity of the generated photon pairs is proportional

%). Thus, the bandwidths of the signal and idler
photons generated in nonlinear materials gradually become
narrower with the increase in the crystal length. In this pro-

cess, the divergence in frequency between the signal and idler

to sincz(

photons becomes harder to distinguish. The direct expression
in figure 2 is the growth of the spectral purity with the crystal
length from 5mm to 25mm. Then the spectral purity curve
will flatten out gently, since the influence of the crystal length
will become small when it exceeds 25 mm. Therefore, the
numerical simulation we take can decide the crystal length,
which is common and accords with the experiment’s require-
ment. In this thesis, we confirm the crystal length of PPLN
and PPMgLN 30 mm.

In accordance with the analysis in section 2, the contour
of the JSI is determined by the pump envelope intensity and
phase matching intensity, as in the examples shown in fig-
ure 1. The tilting angle of the pump envelope intensity is fixed
at 45 degrees in the minus direction of the horizontal coordi-
nate and the width of the contour relates to the pump band-
width. Meanwhile, the angle of phase matching intensity is
decided by the group velocities of the signal, the idler and the
pump, which depend on the pump wavelength. We choose the
crystal length of 30 mm to fix the width of the phase matching
intensity. All of these analyses come to the conclusion that
the pump wavelength and bandwidth have vital impacts on
the JSI, as shown in figure 3. In the numerical simulation it is
difficult to calculate the spectral purity of the signal and idler
photons directly in the JSI. Therefore, the Schmidt decompo-
sition is applied to analyse the spectral purity. The calculation
results about the spectral purity related to the pump wave-
length and pump bandwidth are indicated in figures 4(a) and
(b), respectively.

In figure 4(a), the crystal length is set to 30mm and the
pump bandwidth is fixed at 600 GHz. Under these conditions,
the spectral purity has a very sharp growth trend when the
pump wavelength changes from 600nm to 800nm. When
expanding the pump wavelength, the angle in figure 1(b) will
change from obtuse to acute and the plot of the JSI gradually
closes to a circle, as shown in figure 3. As a consequence, the
spectral correlation will be reduced well. Note that although
the purities do not reach one for PPLN and PPMgLN, they
tend to more than 80%. The relationship between the spectral
purity and the pump bandwidth are indicated in figure 4(b). In
figure 4(b) the crystal length is assumed to be 30 mm and the
pump wavelength is set to 800 nm. The influence of the pump
bandwidth on the spectral purity is reflected in the width of
the pump envelope intensity. As mentioned in the theoreti-
cal part, when the width of the pump envelope intensity and
phase matching intensity are equal, the spectral purity can
achieve the maximum value. Since the crystal length is fixed,
the width of the phase matching intensity which relates to it is
also unchanged. In the numerical simulation, we set the pump
bandwidth from 10 GHz to 600 GHz. Meanwhile, the width of
the phase matching intensity gradually closes to the width of
the phase matching intensity. This is the reason why the spec-
tral purity shows an increasing trend with the increase in the
pump bandwidth in figure 4(b). When the pump wavelength
is 800nm and the bandwidth is 600 GHz, the results of the
numerical simulation predict the spectral purity of photon pairs
produced by PPLN, 1%, 5%, 7% PPMgLN are 81%, 86%,
88% and 84%, respectively. The simulation results carried
out in figures 2 and 4 illustrate that the frequency correlations
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Figure 3. The JSI of the down-converted photons from PPMgLN (5% MgO doped) crystal. The crystal length is fixed at 30 mm. The
horizontal and vertical represent the wavelength of the signal and idler photons, respectively. The pump wavelength is set to 600 nm in (a) and
(b), and 800nm in (c) and (d). In (a) and (c) the pump bandwidth is assumed to be 200 GHz and it is modified to 600 GHz in (b) and (d).
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Figure 4. (a): The spectral purity of PPMgLN and PPLN vary with the pump wavelength from 600 nm to 800 nm. The pump bandwidth
is fixed at 600 GHz and the crystal length is set to 3cm. (b): The spectral purity of PPMgLN and PPLN with the change of the pump
bandwidth from 10 GHz to 600 GHz. The pump wavelength is 800 nm and the crystal length is 3 cm.

can be reduced well with the suitable crystal length and the
parameters of the pump in PPLN and PPMgLN.

As shown above, the spectral purity is not only determined
by the crystal length, pump wavelength and pump bandwidth,
but it is also influenced by the doping concentration of the
nonlinear materials. The doping concentration will change
the nonlinear optical characters of the crystal, which causes
the difference of the spectral purity under the same condi-
tions. The plots in figures 2 and 4 indicate that the PPMgLLN
is an excellent choice to generate pure photon pairs which are
suitable for a communication band. The pump wavelength
and the pump frequency have a positive influence on spectral
purity and we can obtain high spectral purity photon pairs by
adjusting the parameters of the crystal and the pump source. A
comparison of PPLN and PPMgLN with different doping con-
centrations allows us to come to the conclusion that the purity
of the photon pairs is closely related to the doping concentra-
tion. 5% PPMgLN is the best one for generation of spectral
uncorrelated photon pairs.

4. Conclusion

In this paper, we propose a method for generating pure indis-
tinguishable photon pairs at telecom wavelength by SPDC in

PPLN and PPMgLN. We show that the spectral correlation
can be reduced only by adapting the spectrum of pump pulses
and the dispersion property of the nonlinear crystal with-
out using narrow filters. We obtain a spectral purity of more
than 84% in MgO doped PPLN by the numerical simulation.
Therefore, it is a preferable choice for minimising the correla-
tion in frequency between signal photons and idler photons at
telecom wavelength. These nonlinear materials and the tech-
nique proposed may provide useful tools for the management
of spectral uncorrelated photon pairs in quantum communica-
tion and networking.
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