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1300 nm. Two-photon coincidence spectra are measured at a range of ope-
rating temperatures of a periodically-poled KTiOPO4 (PPKTP) waveguide,
which supports both type-0 and type-II spontaneous parametric down-
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1. Introduction

Photon pairs have been an essential ingredient in many modern quantum-optical applications
such as entanglement generation [1, 2, 3, 4], heralded single-photon sources [5, 6], and linear
optical quantum computing [7, 8]. In recent years, spontaneous parametric down-conversion
(SPDC) in periodically-poled nonlinear waveguides has been shown to be an efficient way to
generate such correlated photons [9, 10, 11, 12, 13]. SPDC isa second-order [χ(2)] nonlinear
process wherein a pump photon is absorbed and a pair of energy- and momentum-conserving
daughter photons (referred to as signal and idler) are generated, satisfyingωp = ωs+ ωi and
~kp =~ks+~ki , whereωp,s,i and~kp,s,i are the photon frequencies and wave-vectors, and the sub-
scripts p, s, and i stand for pump, signal, and idler, respectively. Compared with its bulk-crystal
counterpart which generates photon pairs in an inherently multi-spatial-mode cone-like pat-
tern [1], SPDC in waveguides outputs photon pairs collinearly, with the predominant compo-
nent in a single transverse spatial mode [9, 12]. This makes it easier to efficiently collect these
photons using single-mode optical fibers, and offers the potential to make chip-scale devices
for quantum-information-processing applications.

To fully utilize the potential of such a chip-scale quantum device, it is necessary to under-
stand its various operating modes, such as the temperature and pump-polarization dependencies
of the photon-pair production rate. More importantly, for wavelength-division-multiplexing ap-
plications that use many wavelength pairs simultaneously [14, 15], one needs to have precise
knowledge of the coincidence spectra (also known as joint spectra) [16, 17, 18, 19], and be able
to separate true signal (photon pairs) from random noise (single-photon fluorescence [6, 12]).
This critical information is missing from current literature. In this paper, we present a first step
in systematically studying a waveguide-based photon-pairsource. Both photon-pair and single-
photon emission spectra, as well as their dependence on input-pump polarization and waveg-
uide temperature, are obtained for both type-0 and type-II phase-matching SPDC processes in
a single PPKTP waveguide.

2. Experimental setup

Figure 1 depicts our experimental setup. The pump beam, derived from an 80-MHz pulsed
laser withλp = 532.2 nm and a 5-ps pulse width, is sent through a spatial filter anda prism to
ensure that the PPKTP waveguide is pumped with a single spatial-mode and spectrally clean
beam (i.e., the pump beam does not contain any frequency components at either the signal
or the idler frequencies). The waveguide is 1.5-cm long witha 4× 4µm2 cross section. It
was fabricated on a flux-grown type-II (Hp → Vs + Hi , H: horizontal polarization,V: verti-
cal polarization) KTP crystal, and then periodically poledwith a nominal grating period of
Λ = 8.29µm to support type-0 (Vp → Vs+Vi) quasi-phase matching (QPM). QPM is enabled
by periodically poling the nonlinear crystal so that the interaction length of the pump inside
the crystal can be extended and a desired phase-matched set of wavelengths can be engineered,
satisfyingkp = ks+ki +2π m/Λ+kwg [20, 12], wherem, an integer, is themth order harmonic
of the grating, andkwg is the waveguide contribution to phase matching [12]. As a result, the
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Fig. 1: Diagram of the experimental setup. A PPKTP waveguideis pumped with a pulsed laser,
and the down-converted photons are spectrally analyzed using tunable filters and coincidence
detection with single-photon detectors. BS, beam splitter; PBS, polarizing beam splitter; DM,
dichroic mirror; HWP, half-wave plate; FPC, fiber polarization controller; APD, avalanche pho-
todiode.

waveguide can support both type-0 and type-II SPDC processes, with its emission field pre-
dominantly in a single spatial mode. Note that type-0 SPDC isonly possible with the technique
of QPM, whereas type-II SPDC is enabled by the KTP crystal itself. The detailed mecha-
nisms of the phase matching for these two types of SPDC will beanalyzed in section 3.5.
Measured values [21] of nonlinear susceptibility tensor components, or its contracted-notation
counterparts (commonly known as nonlinear-optical coefficients) show that at the wavelength
of 1.064µm, d33 = 13.7 pm/V (responsible for type-0 SPDC) andd24 = 7.6 pm/V (responsible
for type-II SPDC). The QPM-induced effective nonlinear-optical coefficient for type-0 SPDC
is deff = 2

π d33 ≈ 8.7pm/V > d24. This suggests that type-0 SPDC could be made potentially
more effective than type-II SPDC, but as will be shown in our experimental results, the reverse
is true for this particular waveguide at its phase-matched wavelengths. We note that while this
PPKTP waveguide was designed to support type-0 SPDC, it alsohappens to still phase-match
type-II SPDC. The existence of two types of SPDC is neither necessary nor directly related to
our goal of providing precise characterization of waveguide-based coincidence spectra, but can
be seen as the waveguide’s versatile ability to produce different kinds of two-photon states just
by tuning the pump polarization.

At the waveguide input, a half-wave plate (HWP2 in Fig. 1) is used to control the pump po-
larization to switch between the two types of SPDC. The waveguide’s temperature is controlled
using a thermo-electric cooler with 0.01◦C stability. We use an aspheric lens [numerical aper-
ture (NA) = 0.2] to couple pump light into the waveguide (NA≈ 0.2), and a 10X microscope
to couple out light of all wavelengths. The coupling efficiency of the pump into the waveguide
is about 30 %. The daughter photons are separated from the pump beam and from each other
by using two dichroic mirrors. Since the signal (λs≈ 900nm) and idler (λi ≈ 1300nm) photons
are quite different in wavelength, their spatial modes evolve differently when they emerge from
the waveguide. We optimize the coupling of idler photons into a single-mode fiber by adjusting
the output 10X microscope to nearly collimate its output. With the idler mode now optimized,
the spatial mode of the signal photons is observed (using a CCD camera) to be slightly con-
verging, which we correct using a concave lens (f = −200mm, not shown in Fig. 1) before
coupling into a separate single-mode fiber. The non-degeneracy of the signal and idler wave-
lengths made their separation from each other and the brightpump light easy to accomplish; we
find that in practice two dichroic mirrors (DM in Fig. 1) are enough to provide the necessary



pump rejection (> 100dB) to effectively detect the signal and idler photons. This particular
set of wavelengths would be useful, for example, in a hybrid quantum communication system,
wherein the idler photon (≈ 1300 nm, a telecom wavelength) of a correlated pair propagates
through a low-loss telecom fiber, and its sibling — the signalphoton (≈ 900nm) — can be sent
through free space with relatively low loss. Finally, both photons can be detected using high
quantum efficiency single-photon detectors available withcurrent technology [22, 23, 24].

The filter system for the signal photons is a homemade double-grating filter with both a tun-
able central wavelength and an adjustable bandwidth, whilefor the idler photons we use a com-
mercial fixed-bandwidth tunable filter. Both filters are computer controlled for automatic spec-
tral scanning. The signal filter bandwidth is set to∆λs = 0.17nm to match the fixed bandwidth
of the idler filter (∆λi = 0.33nm), so that they contain the same frequency bandwidths. After fil-
tering, idler photons are detected with an InGaAs avalanchephotodiode in gated Geiger mode,
with a 1 MHz gate frequency and a gate width of 1.28 ns. The gating signal is obtained by using
a beam splitter (BS in Fig. 1) to pick off a part of the laser output, which is detected with an
analogue photodiode. The 80 MHz detection output is then sent through a down-counter/delay
generator and converted to a 1 MHz pulse train with suitable delay. A fiber polarization con-
troller (FPC in Fig. 1) is placed in front of the idler filter tomaximize its transmission which is
polarization dependent. Signal photons are detected with asilicon avalanche single-photon de-
tector. Coincidences are recorded through start and stop inputs, with the detection pulses from
the idler (signal) acting as the start (stop).

3. Experimental results

3.1. Temperature dependence of single-photon spectra

���� ���� ���� ���� ���� ����
�

���

����

����

�

�

���	�

���	�

�
�	�

�
�	�

��
	�

���	�

���	�

��


���������������������

��
��
��
�
��
�
��
��
 
!
�
��
"�

#$�%&�'�
#$

#$

#$

#$

#$

#$

(�)

���� ���� ���� ���� ���� ����
�

����

����

����
	

��

	
���

	�
��

	����

	����

	�
��

	�
��

	

	

�


�����	����������	����

��
��
�	
�
��
�
��
	�
 
!
�
�	
"�

#$
�%&�'��

#$

#$

#$

#$

#$

#$

()*

Fig. 2: Temperature dependence of idler single-count spectrum for (a) type-0 SPDC, and (b)
type-II SPDC.

The temperature dependencies of single-count idler spectra for both types of SPDC are
shown in Fig. 2. We scan the computer-controlled idler-channel tunable filter for each waveg-
uide temperature value (at a step size of 0.5 nm) and record the idler single counts. The average
pump power exiting the waveguide is kept at 0.5 mW for bothH andV pump polarizations. Note
that these counts are taken without any measurement on the signal channel (i.e., they are not
heralded counts). For both types of SPDC, we observe a dramatic dependence of single-photon
production rate on temperature. While we cannot ascertain that all of the collected photons are
produced by SPDC (in fact, a portion of them are produced by single-photon fluorescence due
to defects in the waveguide [6, 12]), we conjecture that the peaks in the single-photon spectra
are much more likely to be caused by the SPDC photons rather than fluorescence, and they



also correspond to peaks in the production of SPDC photon pairs. This conjecture is confirmed
by measurements of the coincidence spectra in section 3.3. On the other hand, at temperatures
that do not allow efficient quasi-phase matching (e.g.,T = 55.0◦C), almost all of the collected
photons are produced by single-photon fluorescence, since no peak structure in the single-count
spectrum is observable.

Comparing Fig. 2(a) and (b), we can see that: (i) both types ofSPDC have an optimal op-
erating temperature, which is nearly the same (Topt = 34.6◦C); (ii) type-0 SPDC has a much
wider phase-matching bandwidth [full width at half maximum(FWHM) ≈ 12nm for idler] than
type-II SPDC (FWHM≈ 1.4nm for idler); (iii) type-II SPDC is spectrally brighter (5X) than
type-0 SPDC at their peak values, and (iv) in terms of the overall brightness (i.e., unfiltered
output), we find that type-II is slightly brighter (∼ 7%) than type-0 at the optimal temperature
Topt. The same characteristics are also seen in the signal single-count spectra (not shown). We
must acknowledge the unexpected coincidence that both type-0 and type-II SPDC are phase
matched at the same optimal temperature. While it is possiblethat this is simply a coinci-
dence, it is more likely that there is some physical reason, although at this point we have not
found it. As to the differences in terms of bandwidths and brightnesses between Fig. 2(a) and
(b), a combination of two factors is responsible. First, because the PPKTP waveguide is bire-
fringent, a horizontally-polarized pump travels at a different group velocity than a vertically-
polarized pump, and therefore must satisfy a different phase-matching condition for efficient
down-conversion, which gives rise to the different phase matching bandwidths for the two types
of SPDC. Second, the two types of SPDC processes rely on different second-order nonlinear

susceptibility tensor components:χ(2)
zzz (or deff = 2

π d33) for type-0 andχ(2)
zyy (or d24) for type-II.

One might think that this helps to explain why type-II is brighter both spectrally and in over-
all output than type-0. However, comparing the magnitudes of the nonlinear-optic coefficients
alone would lead one to draw the opposite conclusion, sincedeff > d24. To solve this dilemma
and to offer deeper insight into the phase matching mechanisms for the two types of SPDC in
a waveguide, we will compare the two processes in more detailin section 3.5, and provide a
possible reason for why this is the case.

3.2. Coincidence-to-accidental ratio
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Fig. 3: Pump power dependencies of CAR (left axis) and coincidences and accidental coinci-
dences per 100 s (right axis) for (a) type-0 SPDC withλs = 899.18nm andλi = 1304.00nm
and (b) type-II SPDC withλs = 904.00nm andλi = 1294.00nm. (c) Log-log plot of CAR
vs. produced photon pairs per pulse. Three additional data points from external references are
included for comparison. Detector dark-count contributions have been subtracted.

To collect the peak phase-matched SPDC photon pairs at the optimal temperatureTopt, we set
the tunable filters in both channels. For type-0, we use the wavelength pair{λs = 899.18nm,
λi = 1304.00nm}; for type-II: {λs = 904.00nm,λi = 1294.00nm}. For each wavelength pair,
we varied the pump power (by rotating HWP1 in Fig. 1) and recorded coincidences and acci-
dental coincidences at each pump power level. The coincidence-to-accidental ratio (CAR), a



commonly used two-photon source purity measure [25, 26, 27,28], is plotted as a function of
the output pump power in Fig. 3. The CAR values for our source for both types of SPDC are
comparable with other sources at similar pair production rates [6, 13, 29].

The CAR also shows a trend common to the other photon sources:it monotonically decreases
with increasing pump power. This is understood because the coincidence counts per pulseC is
roughly proportional to the pump powerP (i.e.,C ∝ P), whereas accidental coincidence counts
per pulseA scales asP2 (i.e., A ∝ P2), so CAR≡C/A ∝ 1/P. The peak structure observed in
other photon sources (i.e., the CAR reaches a maximum at an “optimum” low pump power,
below which the CAR starts to decrease) is missing here, which is possibly due to the low dark-
count rates of about 4.4×10−5/gate for the InGaAs detector and 3.8×10−6/gate for the silicon
detector (subtracted from the data shown in Fig. 3). Even at the lowest average pump power
used in the experiment,P = 20µW for type-0 SPDC, our detected mean photon number is
≈ 6.3×10−5/gate for the signal channel and≈ 6.6×10−5/gate for the idler channel, which are
still larger than both detectors’ dark-count rates. We believe this is the main reason why we do
not observe the characteristic peak structure in CAR, whichusually occurs in the region where
detector dark counts dominate. Therefore, we expect the CARpeak to appear once we reach a
sufficiently low pump power level. This, however, will in general lead to a prohibitively long
integration time due to low count rates. For a detailed theoretical modelling of CAR, see section
5.3 of Ref. [30], whose derivation uses a generic Bogoliubovtransformation that is equally valid
for four-wave mixing and SPDC. We note in passing that if the filter bandwidths are broadened
relative to the pump bandwidth, the CAR value will decrease as more uncorrelated photons are
collected in the process [31].

We also see that type-II SPDC has a lower CAR than type-0 SPDC at the same pump power;
however, this is because type-II SPDC produces more coincidences than type-0 SPDC at the
same pump power. In other words, type-II SPDC is more efficient than its type-0 counterpart in
this waveguide, so it requires a lower pump power for achieving the same CAR. Indeed, if we
plot CAR against pair production efficiency (i.e., producedphoton pairs per pulse) as shown in
Fig. 3(c), we can see that the two SPDC processes have about the same CAR at the same level of
pair production efficiency. A high CAR, which suggests a high-purity photon-pair source, can
be achieved for both types of SPDC when the waveguide is pumped with relatively low peak
pump power, which incurs low pair production per pulse. Of course, the photon pair production
rate (i.e., pairs/s) can still be made quite high if one uses ahigh-repetition-rate pump laser (see
for instance Ref. [13]).

To compare our source with other photon pair sources, we include three additional data
points in Fig. 3(c) from Ref. [6] (type-II SPDC in a PPKTP waveguide), Ref. [13] (quasi-phase
matched SPDC in a PPLN waveguide), and Ref. [29] (four-wave mixing in a liquid-helium-
cooled dispersion-shifted fiber). Fig. 3(c) clearly shows the tradeoff between CAR and the pairs
per pulse production rate. By extrapolating our CAR-vs.-production-rate data, we can see that
the sources in Refs. [6] and [29] are not as good as our waveguide while the source in Ref. [13]
may be superior to our source. This could be due to a number of reasons, including less emission
of noise photons, lower propagation loss, and higher photon-pair production efficiency in the
PPLN waveguide.

3.3. Coincidence spectra

The spectra presented in section 3.1 are useful for identifying the optimum operating tem-
peratures for the waveguide. However, as we have pointed out, single-photon spectra do not
distinguish between photons that come from single-photon fluorescence and those generated
in a SPDC process. A standard technique to discriminate against single-photon fluorescence is
to measure coincidences during the spectral scan [32]. The single-photon fluorescence will not
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Fig. 4: Coincidence spectra for (a) type-0 SPDC atTopt = 34.6◦C, type-II SPDC at (b)T =
25.0◦C, (c)Topt = 34.6◦C, and (d)T = 40.0◦C. Note that while the range and scale of (a) are
different from (b), (c), and (d), the aspect ratio is constant at 2:1 for all; and although the power
P and counting timet of (a) are different from (b), (c), and (d), their productPt is roughly the
same for all, so that the results can be directly compared. The Schmidt numberK and entropy
of entanglementSare also indicated on each figure.

show up on a coincidence measurement except by accident (such events are known as acciden-
tal coincidences, and can be generated by, for instance, a coincidence between a detector dark
count and a registered single-photon fluorescence).

Furthermore, recording the coincidence spectra is important for experiments in entangle-
ment. It is known that Type-II SPDC which is pumped by a pulsed(and hence broadband)
laser results in spectrally distinguishing properties forthe down-converted photons [16]. When
correlated photon pairs from such a pulsed source are used togenerate polarization-entangled
photon pairs, these spectral properties can cause the entanglement quality to suffer consider-
ably. Such spectral properties show up readily in a coincidence-based spectral scan, which we
call the coincidence spectrum (or joint spectrum, as they reveal the joint spectral properties of
the correlated photon pair). Although several groups have studied the coincidence spectra of
pulsed Type-II sources pumped by ultrafast lasers (pulse duration≈ 10 — 200 fs) [17, 18], no
such spectra exist for sources based on waveguides that are pumped with slower pulses (≈ 2
— 10 ps), the regime where we operate. To understand whether the spectral features present in
ultrafast sources also exist in our system, we have mapped out the coincidence spectra for both
type-0 and type-II SPDC processes.

To measure a coincidence spectrum of each type of SPDC, we usetwo narrow-band
computer-controlled tunable filters, one in each collection arm [33]. Stepping through the sig-
nal and idler wavelength ranges, we record coincidence counts for each{λs,λi} pair with
{∆λs,∆λi} resolution at a discrete step size of{δλs,δλi}. The results are color-coded as 2-



dimensional coincidence spectra shown in Fig. 4. The wavelength resolutions are kept the same
for all measurements (∆λs = 0.17nm,∆λi = 0.33nm), and the step sizes used in obtaining each
coincidence spectrum are indicated on the figures. Note thatthe resolutions in this experiment
are limited not by our homemade signal grating filter, but by the fixed passband of the commer-
cial idler filter.

We also include two important quantities on each coincidence spectrum, namely, the Schmidt
number K (also known as the cooperativity parameter) and the entropyof entanglement
S[34, 35]. They quantify how much spectral entanglement (or nonseparability) exists in a given
two-photon stateΨ(λs,λi), and can be conveniently calculated from its coincidence spectrum
through Schmidt decomposition [36]. In terms of the normalized Schmidt engenvaluesλn (i.e.,
∑n λn = 1), the Schmidt number is defined asK = 1/(∑n λ 2

n ) and the entropy of entangle-
ment is given byS= −∑n λn log2(λn). Both of these increase monotonically with the amount
of spectral entanglement present inΨ(λs,λi). They achieve their minimum values (Kmin = 1
andSmin = 0) for a factorable two-photon state [i.e.,Ψ(λs,λi) = ψ(λs)φ(λi), possessing zero
spectral entanglement], which is an important resource forquantum information applications
such as heralded pure single-photon states [35] and multi-element Hong-Ou-Mandel interfer-
ence [37]. The Schmidt number is estimated to be 5.12 for the type-0 two-photon state shown
in Fig. 4(a), indicating a high degree of spectral entanglement. In comparison, the Schmidt
numbers are much lower (K ≈ 1.8) for the type-II two-photon states shown in Fig. 4(b), (c)
and (d). This means that the type-II two-photon state is lessspectrally entangled than its type-0
counterpart in this waveguide, and thus more closely approaches a factorable state. This also
suggests that a factorable two-photon state output is possible through waveguided SPDC.

Comparing Fig. 4(a) and (c), we can see that type-0 SPDC has a wider phase-matching band-
width, but is spectrally dimmer than type-II SPDC, which is consistent with the single-count
data shown in Fig. 2. Comparisons among Fig. 4(b), (c), and (d) reveal that the coincidence
spectrum maintains its characteristic shape at different temperatures, albeit with some changes
in the peak count rate and the peak wavelengths. They also show the same optimal temperature
for type-II single-photon [Fig. 2(b)] and pair production.We have also taken coincidence spec-
tra for type-0 SPDC at different temperatures (not shown), which point to the same conclusion.
This proves our initial conjecture posed in section 3.1, namely, the two optimal temperatures
coincide. It is noteworthy that the shape of the coincidencespectra is very similar to the spectra
of CW-based sources [17, 19], and unlike the irregular shaped spectra reported with ultrafast
sources [18]. The similarity between our source and theCW sources can be understood since
our pump bandwidth is relatively narrow (≈ 0.2nm) and can be effectively treated as quasi-CW.
The difference between our source and ultrafast sources is mainly caused by a combination of
different phase-matching curves for the materials used andthe pump bandwidths involved.
Nevertheless, this means that spectral distinguishability is not an issue when considering if a
waveguide pumped with picosecond lasers can be used as a source for polarization-entangled
photon pairs. Although both types of SPDC contain some degree of spectral entanglement (as
evidence by the non-vanishingS in both cases), tight spectral filtering can be applied to reduce
the amount of spectral entanglement to allow efficient quantum information processing appli-
cations such as polarization entanglement swapping, at thecost of reduced coincidence count
rates.

3.4. Photon pair and single-photon fluorescence

From these coincidence-spectrum measurements, one can extract the photon-pair component
from the single-photon fluorescence component in each channel. We denoteηs (ηi) as the total
efficiency (including all collection and detection losses)for the signal (idler) photon channels.
The photon-pair contribution to the total photon flux produced by the waveguide can be written
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Fig. 5: Single-count spectra for (a) type-0 SPDC atTopt = 34.6◦C, type-II SPDC at (b)
T = 25.0◦C, (c) Topt = 34.6◦C, and (d)T = 40.0◦C. Note that the production rate is plotted
instead of the detected rate. Photon-pair (2-photon) and single-photon background (1-photon)
contributions are distinguished using experimentally determined total collection efficiencies.

Table 1: Measured values of transmission efficiencies for optical path components and the
single-photon detection efficiencies. The uncertainties are specified in one standard deviation.

Component
Channel efficiencies (%)

Signal Idler
Waveguide out-coupling 91±1 80±1

Free-space optics 82±1 76±1
Fiber coupling 25±2 45±2

Filter transmission 50±1 49±1
Single-photon detection 38±1 30±1

Total 3.5±0.3 4.0±0.2

as:N2 = (Nc ·F)/(ηs·ηi), whereNc ≡C−A is the detected true coincidence rate andF = 80 is
the down-count factor. The single-photon fluorescence production rate can be calculated by sub-
tracting the photon-pair rate from the total production rate in each channel:N1(s) = Ds/ηs−N2

andN1(i) = Di ·F/ηi −N2, whereDs andDi are the dark-count-subtracted detected photon rate
in the signal and idler channel, respectively. This technique is similar to the one used in separa-
ting four-wave-mixing photon pairs from spontaneous Ramanscattering in the context of fiber-
basedχ(3) photon-pair sources [38, 39]. In the following, we apply this to our waveguide-based
χ(2) photon-pair source, and for the first time give a complete andseparate description of the
SPDC photon spectrum and fluorescence spectrum for the entire down-conversion bandwidth,
for both types of SPDC.

The results in Fig. 5 show the relative strength of down-converted photon pair and single-
photon fluorescence for type-0 SPDC at its optimal temperature [Fig. 5(a)] and type-II SPDC
at three different temperatures [Fig. 5(b), (c), (d)]. In the analysis, we used the experimentally
determined total collection efficienciesηs = 3.5%± 0.3% andηi = 4.0%± 0.2%. The details
of the measured efficiencies are listed in Table 1. These efficiencies were measured for a pair



of wavelengthsλs = 900nm andλi = 1300nm using classical light at those wavelengths. It
is possible that these efficiencies are dependent on the wavelength of light that is collected.
However, since the majority of the down-converted 1300 nm (900 nm) light is emitted in a
single spatial mode, and falls within the 12 nm and 1.4 nm (6 nmand 0.7 nm) bands for type-0
and type-II SPDC, respectively, we assume the collection efficiencies are constant within those
passbands. It can be clearly seen that when operating at the optimal temperature, the photon-pair
component is much higher than the single-photon fluorescence component. On the other hand,
the single-photon fluorescence can become comparable to or even higher than the former when
the waveguide is away from the optimal temperature or the photon wavelength falls outside the
SPDC phase-matching band.

These measured efficiencies can be compared with the so-called Klyshko efficiencies [40],
which are defined asηK

s(i) ≡
C

Di (s)
, whereC is the coincidence counts per pulse, andD j ( j=s,i) is

the detected single counts per pulse in thejth channel. The Klyshko efficiencies are calculated
to beηK

s = 2.3%± 0.1% andηK
i = 2.5%± 0.1% for both types of SPDC. They are less than

their measured counterparts, i.e.,ηK
s(i) < ηs(i). This is because the photon source that we have

is not apurephoton-pair source, i.e., one that outputs photon pairs andonly photon pairs. For
a pure photon-pair source, one would haveDs = ηsµ , Di = ηi µ , andC = ηsηi µ , whereµ is
the produced photon pair per pulse. Therefore, from the definition of the Klyshko efficiencies,
we haveηK

s(i) ≡
C

Di (s)
= ηs(i). Our waveguide source, in contrast, has both photon pairs and

single-photon fluorescence in its output. Such a source can be modelled by including a noise
term µs(i) in the single photon production rate, i.e.,D′

s = ηs(µ + µs), D′
i = ηi(µ + µi), and

C′ = ηsηi µ , whereµs(i) is the produced single-photon noise per pulse. Note that hereC′ stands
for true coincidence, where accidental coincidence counts from noise photons and multiple
photon pairs should be subtracted (C′ = C−A). As a result, we have for our waveguide source,
ηK

s(i) ≡
C′

D′
i (s)

= µ
µ+µi (s)

ηs(i) < ηs(i), which is consistent with our measured and calculated results.

Table 2: Comparison of spectral brightness efficiencies forboth type-0 and type-II SPDC for our
waveguide versus the results of others (Refs. [12, 41, 42]).Note that while Ref. [42] specifies an
in-fiberspectral brightness efficiency, all other numbers arepair-productionspectral brightness
efficiencies (i.e., without coupling into single-mode fibers).

References
SPDC spectral brightness efficiency (106 /s/mW/THz)

type-0 type-II
Previous work 3 [42] 160 [12, 41]

This work 83 250

From Fig. 5 one can also estimate our source’s spectral brightness per mW of pump power
exiting the waveguide, which we define as “spectral brightness efficiency.” The pair-production
spectral brightness efficiency for the optimal temperatureand the peak wavelength pair for
type-0 SPDC is≈ 8.3× 107 /s/mW/THz, and for type-II SPDC is≈ 2.5× 108 /s/mW/THz.
These numbers are the highest spectral brightness efficiencies reported to date (see Table 2 for
a detailed comparison).

3.5. Quasi-phase matching for type-0 and type-II SPDC

To further our understanding of the physical mechanisms of QPM in the PPKTP waveguide, we
numerically calculate the phase-matching curves for both types of SPDC using the Sellmeier
equations for flux-grown bulk PPKTP given in Ref. [43]. As depicted in Fig. 6(a),x is the light
propagation direction in the waveguide,y is the horizontal polarization, andz is the vertical
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Fig. 6: (a) Schematic of the two types of phase matching schemes inside our PPKTP waveguide.
Quasi-phase matching functions adjusted to match the photon-pair components obtained from
experimental data for (b) type-II SPDC atTopt = 34.6◦C, and (c) type-0 SPDC atTopt = 34.6◦C.
Solid squares are data points for photon-pair components derived from Fig. 5. Fit parameters
areLeff = 8.5mm andkwg = −0.1µm−1 for all curves in (b) and (c). The dashed and the solid
curve in (c) use the poling period values indicated.

polarization. The Sellmeier equations fory-polarized andz-polarized light fields in the PPKTP
waveguide are [43]:

ny(λ ) =

√

2.19229+
0.83547

1−0.04970λ−2 −0.01621λ 2 , (1)

nz(λ ) =

√

2.25411+
1.06543

1−0.05486λ−2 −0.02140λ 2 , (2)

whereny(z) is the refractive index fory (z)-polarized light. The phase-matching equations for
type-0 and type-II SPDC in the waveguide are given by:

2π nz(λp)

λp
=

2π nz(λs)

λs
+

2π nz(λi)

λi
+

2π m0

Λ
+kwg , (3)

2π ny(λp)

λp
=

2π nz(λs)

λs
+

2π ny(λi)

λi
+

2π m2

Λ
+kwg , (4)

where the wavelengths are in microns, andm0 (m2) is the (integer) order of grating harmonic
that contributes to phase matching in type-0 (type-II) SPDC.

In the above equations, we assume the waveguide contribution kwg to phase matching is the
same for the two types of SPDC, which is a valid assumption since the wavelengths involved are
very close. Solving Eqs. 3 and 4 simultaneously, we find validsolutionsonly when m0 = 1 and
m2 = 0. This means that type-II phase matching does not need any contribution from periodic
poling, and therefore picks up the 0th-order harmonic of thegrating (m2 = 0), whereas type-
0 phase matching is made possible by the contribution from the first-order harmonic of the
grating (m0 = 1).



Putting the peak phase matching wavelengths for type-II SPDC (λp = 0.5322µm, λs =
0.904µm, andλi = 1.294µm) into Eq. 4 determines the waveguide contribution to bekwg =
−0.1µm−1. Similarly, by plugging the peak phase matching wavelengths for type-0 SPDC
(λp = 0.5322µm, λs = 0.8992µm, andλi = 1.304µm) into Eq. 3, we determine the fit value
of the grating period to beΛ ≈ 8.045µm. This is less than the nominal value of 8.29µm given
by the manufacturer, and we attribute this difference to thetemperature dependence of the grat-
ing period and possible variations in the periodic poling process (since the poling period is only
microns long, there may be variations in uniformity of pole widths and periods).

In the CW pump limit (a good approximation for our pump due to its narrow bandwidth),
the signal and idler spectra are given by the function sinc2(∆kLeff/2), where∆k = kp − ks−
ki −kwg for type-II SPDC and∆k = kp−ks−ki −2π/Λ−kwg for type-0 SPDC. We use these
to generate phase matching curves for both signal and idler fields to fit the experimental data
shown in Fig. 6(b) and (c). The matching between theory and experiment is remarkably good.
An effective length of the entire waveguide ofLeff = 8.5mm matches the experimental FWHM
of type-II SPDC. This length is significantly shorter than the specified nominal length of 15 mm,
suggesting possible variation in the waveguide fabrication [20].

The data in Fig. 6(c) is compared to two curves with differentgrating periods. We can see
that a tiny change in the grating period (∆Λ = 4nm,∆Λ/Λ ≈ 0.0005) alters the phase match-
ing wavelengths by a considerable amount (∆λs ≈ 2nm,∆λi ≈ 4nm). We thus believe that the
broadening of type-0 SPDC phase matching bandwidth is due tosome small non-uniformity in
the grating period over the waveguide [20]. As type-II phasematching doesnot depend on pe-
riodic poling, a variation in grating period will not affectthe bandwidth of type-II SPDC. This
is supported by the data matching a single sinc2(∆kLeff/2) function in Fig. 6(b). Temperature
tuning does affect the type-II SPDC spectra through the temperature dependence inherent in the
refractive indicesn(λ ,T) [20], and by altering the waveguide contributionkwg(T), while the
temperature dependence of the grating periodΛ(T) does not affect the type-II spectra because
type-II SPDC does not depend on the poling period. In comparison, the type-0 SPDC spec-
tra is affected by the temperature tuning throughn(λ ,T), kwg(T), and alsoΛ(T). We believe
the main reason for type-II SPDC to be brighter (both spectrally and overall) than its type-0
counterpart in this waveguide (despitedeff > d24) is that the difficulty in maintaining a uniform
grating period and the resulting variations in the grating period along the entire waveguide ef-
fectively decreases the phase matching efficiency of type-0SPDC, with different section of the
waveguide producing photon pairs at different wavelengthswhich do not add up coherently.
Since type-II SPDC is immune to the grating period change, itis relatively enhanced compared
to its type-0 counterpart.

4. Conclusion

We have demonstrated a potentially useful device for chip-scale quantum information pro-
cessing by measuring a single PPKTP waveguide’s output spectra (single and coincidence) at
a range of operating temperatures, pump powers, and phase-matching schemes. The results
show a versatile device with a tunable down-conversion bandwidth, together with high spectral
brightness and high purity. We have also separated the photon-pair contribution from single-
photon fluorescence for both type-0 and type-II SPDC. This single-photon fluorescence may
result from defects in the PPKTP crystal such as gray tracking and/or color center forma-
tion [6, 44], although a definitive answer is not possible at the moment. A waveguide made
from a hydrothermally-grown KTP crystal may produce fewer fluorescence photons than the
flux-grown one that we investigated, which can potentially yield a photon-pair source with even
higher purity. Improving collection efficiencies (including both free-space and fiber-coupling
optics) will boost the collected photon-pair rate, and thusthe usable brightness of the source.



The source may also be further spectrally engineered to yield a factorable state. We believe
such a versatile source is a promising candidate for future integrated photonic circuitry and
chip-scale quantum devices.
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