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A broadband source of polarization entangled photons based on type-II spontaneous parametric down conversion
from a chirped PPKTP crystal is presented. With numerical simulation and experimental evaluation, we report a
source of broadband polarization entangled states with a bandwidth of approximately 125 nm for use in quantum
interferometry. The technique has the potential to become a basis for the development of flexible broadband sources
with designed spectral properties. © 2012 Optical Society of America
OCIS codes: 270.4180, 230.4320.

A challenge in high resolution quantum interferometry is
the production of high quality broadband polarization en-
tangled states. In the past, broad spectra have been pro-
duced with thin crystals since the bandwidth of the
spontaneous parametric down conversion (SPDC) spec-
trum is inversely proportional to the length of the crystal
[1]. Several other techniques have been developed to cre-
ate broad spectra from SPDC, such as chirped periodic
poling for type-I interactions [2–4]. In addition, chirped
quasi-phase matching has been used in second harmonic
generation for pulse compression [5] and for designing
optical parametric amplifiers [6]. However, the imple-
mentation of chirped periodically poled structures for
type-II SPDC for the production of polarization entangled
states has not been heavily studied. In comparison with
previously studied type-I chirped periodically poled crys-
tals, it is a greater challenge when working with type-II
interactions since the SPDC spectrum is naturally more
narrow. Despite this challenge, collinear type-II SPDC is
a convenient source of polarization entanglement with-
out any special state preparation needed other than a sin-
gle beam splitter and coincidence detection.
Varying the phase matching period along the length of

the crystal allows for multiple phase matching configura-
tions to be realized in a single pass through the crystal
resulting in a broad output spectrum. In this Letter, we
describe the design and evaluation of a chirped PPKTP
crystal (KTiOPO4) as a source of broadband polarization
entangled states with a bandwidth of approximately
125 nm.
By considering the crystal as a superposition of distrib-

uted sources along the propagation direction whose
lengths vary linearly as illustrated in the inset of Fig. 1,
one can calculate the SPDC spectrum as the sum of con-
tributions from a sequence of smaller crystals of lengths
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total length of the crystal.

Assuming a plane wave pump and considering only the
collinear signal and idler modes, the joint spectrum of
SPDC photons is proportional to the Fourier transform
of the longitudinally varying second order nonlinear coef-
ficient. Following the procedure from [7], we can write
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where Δk ! kp#ωp$ − ks#ωs$ − ki#ωp − ωs$. The spectrum
results from a superposition of single crystal spectra,
which is evident from the sum of sinc functions. Because
of a position dependent spectral phase, the output spec-
trum will have “bumpy” features due to interference from
spectral components born at different locations in the
crystal. The measured tuning curves displaying the spa-
tial and spectral structure of a chirped PPKTP crystal
with Δp ! 0.2 and z0 ! Lc∕2 are shown in Fig. 2. As a

Fig. 1. (Color online) Schematic of a polarization interferom-
eter. The inset is a geometrical description of the linearly
chirped periodically poled crystal. DR, dichroic reflector; BC,
birefringent compensation; BS, beam splitter; P1/P2, polarizers;
OC, optical coupler; SMF, single mode fiber; SSPD, supercon-
ducting photon detector; DL, birefringent delay line; LP, long
pass filter.
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comparison, the tuning curve with temperature depen-
dence for a nonchirped crystal designed for SPDC at
1550 nm from a 10 mm PPKTP crystal is shown in Fig. 3.
The temperature dependence shows the absence of lat-
eral walk-off present in birefringent phase matched bulk
crystals.
To analyze the quantum properties of the SPDC

photons, we use the polarization quantum interferometer
described in [1,8–11] shown in Fig. 1. The two-photon
wave function generated from SPDC is given by
jΨi !

R
dωχ∼#2$#ω;ωp − ω$â†s#ω$â†i #ωp − ω$j0i. The form

of the wave function is determined by the spectral func-
tion, which is controlled by the Fourier transform of the
nonlinear coefficient in Eq. (1).
Following the procedure from [9–11], the coincidence

rate is written as the difference between a constant back-
ground term and an interference term written as
R#Lb$ ∝ R0 − Rint#Lb$, where R0 is the background term,

Rint#Lb$ !
Z

dωΦ#ω;ωp − ω$Φ'#ωp − ω;ω$

× %eiΔnb#ω$ωLb∕c " eiΔnb#ωp−ω$#ωp−ω$Lb∕c&; (2)

Lb is the length of the birefringent delay line, andΔnb#ω$
is the difference between the signal and idler indices of
refraction at frequency ω in the birefringent delay line.
The calculated coincidence rates and spectra from

a linearly chirped crystal with Δp ! 0.2, z0 ! Lc∕2,
Lc ! 10 mm, and λp ! 775 mm for three different tem-
peratures are shown in Fig. 4. As expected, there is sig-
nificant beating in the interference profile due to spectral
profile modulation as a result of interference between
spectral components originating from different longitudi-
nal positions. However, the main feature of the interfer-

ence function that is used in quantum metrology is the
central peak. As long as this peak is sufficiently narrow
to achieve the desired resolution, the adjacent features
are inconsequential.

Despite this, it is often desirable to have a central peak
that is unobstructed by any auxiliary features such as
those due to beating. It is shown in Fig. 4 that the tem-
perature of the crystal can be a controlling parameter
that can be used to optimize the central feature to make
it more suitable for a particular type of measurement.
Although the amount of spectral overlap does not signif-
icantly change in a relatively large range of temperatures,
the beating does not obstruct the central peak for
T ! 125 °C, making the feature more precisely defined.
Furthermore, it is clear that as the temperature is in-
creased, the main feature becomes more isolated and
thus more suitable for use in high resolution quantum
interferometry. The less than 100% visibility is a direct
result of partial spectral distinguishability between
polarizations.

To probe the nature of polarization entanglement, we
use the polarization quantum interferometer shown in
Fig. 1. The 775 nm pump from aCWTi:Sapphire laser with
power of 1W is focused by a 300mm focal length lens into
the chirped PPKTP crystal, which is situated in a tempera-
ture stabilized oven. The SPDC photons centered around
1550 nm pass through a dichroic reflector, which rejects
the pumpwavelength, pass through abirefringent element
to compensate for the longitudinal walk-off from the crys-
tal, and form a superposition by a 50∕50 polarization-
insensitive beam splitter. One path contains a birefringent
delay line, which delays one polarization relative to the
other. In principle, the birefringent element before the
beam splitter is not necessary since the longitudinal walk-
off from the crystal can be compensated in the postponed
delay line; however, the delay line was not long enough to
completely compensate the crystal birefringence, so an
extra fixed delay was added before the beam splitter
for convenience. Each path contains a polarizer oriented
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Fig. 2. (Color online) Measured tuning curves for each polar-
ization separately as well as overlapped from a chirped crystal
with Δp ! 0.2 and z0 ! Lc∕2.

Fig. 3. (Color online) Measured tuning curves for a non-
chirped crystal.
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Fig. 4. (Color online) Calculation of the interference patterns
as well as signal (solid line) and idler (dotted line) spectra at
three different temperatures. The time delay axis of the inter-
ference patterns corresponds to the differential group delay be-
tween the two polarization modes that is scanned by a moving a
pair of quartz wedges in one of the arms. The peak of the inter-
ferograms corresponds to the differential group delay from the
chirped PPKTP crystal itself.
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at (45° with respect to the polarization basis to ensure
indistinguishability. The photons are coupled into single
mode fibers and detected in coincidence with a 2 ns co-
incidence window to post select the polarization en-
tangled state using two superconducting single photon
detectors (SSPDs) with quantum efficiencies of 7% at
1550 nm, a dark count rate of approximately 100
counts/s, and temporal a resolution of 50 ps. The acciden-
tal coincidence rate was 2 s−1, and the single rates in each
detector were approximately 2 × 104 s−1.
The interferograms were recorded at T ! 25 °C and

T ! 125 °C, shown in Fig. 5 agreeing closely with the si-
mulations shown in Fig. 4.
Several issues must be addressed when designing

chirped periodically poled crystals for the production
of high quality polarization entangled states over a broad
spectral range. First, there must be spectral indistinguish-
ability between the two polarization modes in order to
maximize the visibility of the interference features. Sec-
ond, the shape of the interference feature is directly re-
lated to the shape of the spectra. Therefore, to get a
smooth and well defined interference feature, which is
necessary to make high resolution measurements, one
must address the specific shape of the spectra by design-
ing appropriate chirping schemes or controlling external

parameters of the system, such as temperature, pump
wavelength, and chirping parameters.

In addition to using type-II SPDC to produce polariza-
tion entangled states, it should be noted that type-I SPDC
can be manipulated to produce polarization entangled
states with the appropriate post selection as well. By
splitting the collinear polarization-degenerate photons
from a chirped type-I nonlinear crystal with a beam split-
ter, rotating the polarization in one arm by 90° and
recombining with a second beam splitter, a similar polar-
ization entangled state to the one described in this report
can be achieved. This technique will benefit from higher
spectral indistinguishability, but will likely suffer from
lower stability due to the reliance on interferometric
alignment.

The linearly chirped type-II PPKTP crystal has proven
to be a convenient source of broadband polarization en-
tanglement with a central wavelength of 1550 nm, which
is within the main telecom window. This has been useful
for high resolution quantum interference measurements
specifically for the precise evaluation of polarization
group delays [11].

This research was supported by a grant from Capella
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Fig. 5. (Color online) Quantum interferograms obtained from
the setup described in Fig. 1. These results agree well with the
results of numerical calculations shown in Fig. 4. When used in
quantum interferometry, the relevant measurement is the shift
in the interference feature rather than the absolute position,
since this is made arbitrary by the birefringent compensating
element before the beam splitter.
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