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1. Introduction

Photon pairs have been an essential ingredient in many magemtum-optical applications
such as entanglement generation [1.12,] 3, 4], heraldedesjtgdton source§]5] 6], and linear
optical quantum computing[7] 8]. In recent years, spordaaeparametric down-conversion
(SPDC) in periodically-poled nonlinear waveguides hastsewn to be an efficient way to
generate such correlated photans [9,[T0/ 1112, 13]. SPRGésond-orden{?] nonlinear

process wherein a pump photon is absorbed and a pair of ersrgymomentum-conserving
daughter photons (referred to as signal and idler) are gabrsatisfyingy, = ws+ w and

ko = ks + ki, whereay sj andkys; are the photon frequencies and wave-vectors, and the sub-
scripts p, s, and i stand for pump, signal, and idler, respagt Compared with its bulk-crystal
counterpart which generates photon pairs in an inherentlfi+spatial-mode cone-like pat-
tern [1], SPDC in waveguides outputs photon pairs collilyearith the predominant compo-
nent in a single transverse spatial mdde [9, 12]. This makessier to efficiently collect these
photons using single-mode optical fibers, and offers themi@l to make chip-scale devices
for guantum-information-processing applications.

To fully utilize the potential of such a chip-scale quantuaevide, it is necessary to under-
stand its various operating modes, such as the temperaidmuanp-polarization dependencies
of the photon-pair production rate. More importantly, fawelength-division-multiplexing ap-
plications that use many wavelength pairs simultaneo(isly15], one needs to have precise
knowledge of the coincidence spectra (also known as joittsp) [16/ 17, 18, 19], and be able
to separate true signal (photon pairs) from random noisglesiphoton fluorescencl [6.112]).
This critical information is missing from current litera&u In this paper, we present a first step
in systematically studying a waveguide-based photongmairce. Both photon-pair and single-
photon emission spectra, as well as their dependence otypuojpap polarization and waveg-
uide temperature, are obtained for both type-0 and typé&dbp-matching SPDC processes in
a single PPKTP waveguide.

2. Experimental setup

Figure[1 depicts our experimental setup. The pump beanyetefrom an 80-MHz pulsed
laser withA, = 5322 nm and a 5-ps pulse width, is sent through a spatial filtersapidsm to
ensure that the PPKTP waveguide is pumped with a singleatpatide and spectrally clean
beam (i.e., the pump beam does not contain any frequency amengs at either the signal
or the idler frequencies). The waveguide is 1.5-cm long withx 4 um? cross section. It
was fabricated on a flux-grown type-IH{ — Vs+ Hi, H: horizontal polarizationy: verti-
cal polarization) KTP crystal, and then periodically poledh a nominal grating period of
A\ =8.29um to support type-0M, — Vs +V;) quasi-phase matching (QPM). QPM is enabled
by periodically poling the nonlinear crystal so that theenatction length of the pump inside
the crystal can be extended and a desired phase-matchddwsetetengths can be engineered,
satisfyingkp = ks+ ki +2rmm/A + kyg [20,[12], wherem, an integer, is thenth order harmonic
of the grating, andkg is the waveguide contribution to phase matchind [12]. Assalltethe
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Fig. 1: Diagram of the experimental setup. A PPKTP wavegisgeimped with a pulsed laser,
and the down-converted photons are spectrally analyzed) tishable filters and coincidence
detection with single-photon detectors. BS, beam spliR&S, polarizing beam splitter; DM,

dichroic mirror; HWP, half-wave plate; FPC, fiber polarizaticontroller; APD, avalanche pho-
todiode.

waveguide can support both type-0 and type-1l SPDC prosesgth its emission field pre-
dominantly in a single spatial mode. Note that type-0 SPDahlg possible with the technique
of QPM, whereas type-Il SPDC is enabled by the KTP crystalfitShe detailed mecha-
nisms of the phase matching for these two types of SPDC wilhmadyzed in section_3.5.
Measured value$ [21] of nonlinear susceptibility tensanponents, or its contracted-notation
counterparts (commonly known as nonlinear-optical coeffits) show that at the wavelength
of 1.064um, d33 = 13.7 pm/V (responsible for type-0 SPDC) adgh = 7.6 pm/V (responsible
for type-Il SPDC). The QPM-induced effective nonlineatiogl coefficient for type-0 SPDC
iS deff = %d33 ~ 8.7pm/V > dp4. This suggests that type-0 SPDC could be made potentially
more effective than type-Il SPDC, but as will be shown in oyye¥imental results, the reverse
is true for this particular waveguide at its phase-matchadelengths. We note that while this
PPKTP waveguide was designed to support type-0 SPDC, ithalgpens to still phase-match
type-1l SPDC. The existence of two types of SPDC is neitheessary nor directly related to
our goal of providing precise characterization of wavegtiésed coincidence spectra, but can
be seen as the waveguide’s versatile ability to producerdifft kinds of two-photon states just
by tuning the pump polarization.

At the waveguide input, a half-wave plate (HWP2 in fip. 1) iedito control the pump po-
larization to switch between the two types of SPDC. The waidkgjs temperature is controlled
using a thermo-electric cooler with@L°C stability. We use an aspheric lens [numerical aper-
ture (NA) = 0.2] to couple pump light into the waveguide (NA0.2), and a 10X microscope
to couple out light of all wavelengths. The coupling effiggrof the pump into the waveguide
is about 30 %. The daughter photons are separated from thp peam and from each other
by using two dichroic mirrors. Since the signal & 900 nm) and idlerA; ~ 1300 nm) photons
are quite different in wavelength, their spatial modesevdlifferently when they emerge from
the waveguide. We optimize the coupling of idler photone ensingle-mode fiber by adjusting
the output 10X microscope to nearly collimate its outputti/the idler mode now optimized,
the spatial mode of the signal photons is observed (using @ €nera) to be slightly con-
verging, which we correct using a concave lefis<{ —200mm, not shown in Fid.] 1) before
coupling into a separate single-mode fiber. The non-degepaf the signal and idler wave-
lengths made their separation from each other and the lpighp light easy to accomplish; we
find that in practice two dichroic mirrors (DM in Fifi] 1) arecargh to provide the necessary



pump rejection  100dB) to effectively detect the signal and idler photonisisTparticular
set of wavelengths would be useful, for example, in a hybdanjum communication system,
wherein the idler photons{ 1300 nm, a telecom wavelength) of a correlated pair propagat
through a low-loss telecom fiber, and its sibling — the sigrfadton & 900 nm) — can be sent
through free space with relatively low loss. Finally, botiofons can be detected using high
guantum efficiency single-photon detectors available wittient technology [22, 23, 24].

The filter system for the signal photons is a homemade dagtaigng filter with both a tun-
able central wavelength and an adjustable bandwidth, vidgnilégne idler photons we use a com-
mercial fixed-bandwidth tunable filter. Both filters are cartgy controlled for automatic spec-
tral scanning. The signal filter bandwidth is sefMb; = 0.17 nm to match the fixed bandwidth
of the idler filter @A; = 0.33nm), so that they contain the same frequency bandwid ey, #l-
tering, idler photons are detected with an InGaAs avalaptin¢odiode in gated Geiger mode,
with a 1 MHz gate frequency and a gate width of 1.28 ns. Thengaiignal is obtained by using
a beam splitter (BS in Fidl 1) to pick off a part of the laserpoiit which is detected with an
analogue photodiode. The 80 MHz detection output is thehteesugh a down-counter/delay
generator and converted to a 1 MHz pulse train with suitablayd A fiber polarization con-
troller (FPC in Fig[l) is placed in front of the idler filter tbaximize its transmission which is
polarization dependent. Signal photons are detected vgilican avalanche single-photon de-
tector. Coincidences are recorded through start and spaysnwith the detection pulses from
the idler (signal) acting as the start (stop).

3. Experimental results

3.1. Temperature dependence of single-photon spectra
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Fig. 2: Temperature dependence of idler single-count spmctor (a) type-0 SPDC, and (b)
type-1l SPDC.

The temperature dependencies of single-count idler spéotrboth types of SPDC are
shown in Fig[2. We scan the computer-controlled idler-clehitunable filter for each waveg-
uide temperature value (at a step size of 0.5 nm) and receridlér single counts. The average
pump power exiting the waveguide is kept at 0.5 mW for BétindV pump polarizations. Note
that these counts are taken without any measurement onghal shannel (i.e., they are not
heralded counts). For both types of SPDC, we observe a diadetendence of single-photon
production rate on temperature. While we cannot ascertairaihof the collected photons are
produced by SPDC (in fact, a portion of them are produced hylsiphoton fluorescence due
to defects in the waveguidgl! [6,]12]), we conjecture that #ekp in the single-photon spectra
are much more likely to be caused by the SPDC photons ratherfthorescence, and they



also correspond to peaks in the production of SPDC photas.pehis conjecture is confirmed
by measurements of the coincidence spectra in sdcfibn 8.théother hand, at temperatures
that do not allow efficient quasi-phase matching (elg= 55.0°C), almost all of the collected
photons are produced by single-photon fluorescence, smpeak structure in the single-count
spectrum is observable.

Comparing FiglR(a) and (b), we can see that: (i) both typeSRIDC have an optimal op-
erating temperature, which is nearly the safg:(= 34.6°C); (i) type-0 SPDC has a much
wider phase-matching bandwidth [full width at half maxim(f&wWWHM) = 12 nm for idler] than
type-Il SPDC (FWHM= 1.4nm for idler); (iii) type-ll SPDC is spectrally brighter X3 than
type-0 SPDC at their peak values, and (iv) in terms of thealérightness (i.e., unfiltered
output), we find that type-Il is slightly brighter(7 %) than type-0 at the optimal temperature
Topt- The same characteristics are also seen in the signal singla spectra (not shown). We
must acknowledge the unexpected coincidence that bothGyged type-1l SPDC are phase
matched at the same optimal temperature. While it is postitalethis is simply a coinci-
dence, it is more likely that there is some physical reasthoagh at this point we have not
found it. As to the differences in terms of bandwidths andtitnesses between Fig. 2(a) and
(b), a combination of two factors is responsible. First,saese the PPKTP waveguide is bire-
fringent, a horizontally-polarized pump travels at a difet group velocity than a vertically-
polarized pump, and therefore must satisfy a different @tmatching condition for efficient
down-conversion, which gives rise to the different phastchiag bandwidths for the two types
of SPDC. Second, the two types of SPDC processes rely orratiffeecond-order nonlinear
susceptibility tensor componenp@@ (ordesf = %dgg) for type-0 andxz(f,)), (or dyy) for type-lIl.
One might think that this helps to explain why type-Il is livigr both spectrally and in over-
all output than type-0. However, comparing the magnitudeébenonlinear-optic coefficients
alone would lead one to draw the opposite conclusion, giage- do4. To solve this dilemma
and to offer deeper insight into the phase matching mechenisr the two types of SPDC in
a waveguide, we will compare the two processes in more detaitctior 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 cdemtes and accidental coinci-
dences per 100 s (right axis) for (a) type-0 SPDC with= 899.18 nm and); = 130400nm
and (b) type-ll SPDC withlg = 90400nm andA; = 129400nm. (c) Log-log plot of CAR
vs. produced photon pairs per pulse. Three additional dzitapfrom external references are
included for comparison. Detector dark-count contribugibave been subtracted.

To collect the peak phase-matched SPDC photon pairs at tiieadpemperatur@qpt, We set
the tunable filters in both channels. For type-0, we use theleagth pai{As = 89918 nm,
Ai = 130400 nmy}; for type-II: {As = 90400 nm,A; = 129400 nm}. For each wavelength pair,
we varied the pump power (by rotating HWP1 in . 1) and reedrcoincidences and acci-
dental coincidences at each pump power level. The coinc&émaccidental ratio (CAR), a



commonly used two-photon source purity measuré[[25], 2628]7 is plotted as a function of
the output pump power in Fi§l 3. The CAR values for our souccenbth types of SPDC are
comparable with other sources at similar pair productives 6,13 29].

The CAR also shows a trend common to the other photon soutrcesnotonically decreases
with increasing pump power. This is understood becausedineidence counts per pul§eis
roughly proportional to the pump power(i.e.,C [ P), whereas accidental coincidence counts
per pulseA scales a®? (i.e., A P?), so CAR= C/A 0 1/P. The peak structure observed in
other photon sources (i.e., the CAR reaches a maximum at @tim'om” low pump power,
below which the CAR starts to decrease) is missing here,wikipossibly due to the low dark-
count rates of about4x 10~ °/gate for the InGaAs detector and3% 10~ 6/gate for the silicon
detector (subtracted from the data shown in Elg. 3). Evehatdwest average pump power
used in the experimenB = 20uW for type-0 SPDC, our detected mean photon number is
~ 6.3 x 10-°/gate for the signal channel ard6.6 x 10~°/gate for the idler channel, which are
still larger than both detectors’ dark-count rates. Wedwelithis is the main reason why we do
not observe the characteristic peak structure in CAR, whsthally occurs in the region where
detector dark counts dominate. Therefore, we expect the @& to appear once we reach a
sufficiently low pump power level. This, however, will in genal lead to a prohibitively long
integration time due to low count rates. For a detailed taoal modelling of CAR, see section
5.3 of Ref. [30], whose derivation uses a generic Bogoliubansformation that is equally valid
for four-wave mixing and SPDC. We note in passing that if therfbandwidths are broadened
relative to the pump bandwidth, the CAR value will decreasmare uncorrelated photons are
collected in the process [31].

We also see that type-ll SPDC has a lower CAR than type-0 SREH® same pump power;
however, this is because type-lIl SPDC produces more ca@ncigs than type-0 SPDC at the
same pump power. In other words, type-11 SPDC is more effi¢leam its type-0 counterpart in
this waveguide, so it requires a lower pump power for achigtine same CAR. Indeed, if we
plot CAR against pair production efficiency (i.e., produpddton pairs per pulse) as shown in
Fig.[3(c), we can see that the two SPDC processes have abaartie CAR at the same level of
pair production efficiency. A high CAR, which suggests a Righity photon-pair source, can
be achieved for both types of SPDC when the waveguide is pdwyité relatively low peak
pump power, which incurs low pair production per pulse. Qfrse, the photon pair production
rate (i.e., pairs/s) can still be made quite high if one udeigla-repetition-rate pump laser (see
for instance Ref[T13]).

To compare our source with other photon pair sources, weidecthree additional data
points in Fig[B(c) from Ref[]6] (type-1l SPDC in a PPKTP wguide), Ref.[[18] (quasi-phase
matched SPDC in a PPLN waveguide), and Ref| [29] (four-waieéng in a liquid-helium-
cooled dispersion-shifted fiber). FId. 3(c) clearly shohestradeoff between CAR and the pairs
per pulse production rate. By extrapolating our CAR-v&dpiction-rate data, we can see that
the sources in Refd,][6] and [29] are not as good as our wadeguhile the source in Ref. [13]
may be superior to our source. This could be due to a numbeaebns, including less emission
of noise photons, lower propagation loss, and higher phptnproduction efficiency in the
PPLN waveguide.

3.3. Coincidence spectra

The spectra presented in sectfonl 3.1 are useful for idémgifthe optimum operating tem-
peratures for the waveguide. However, as we have pointedsimgie-photon spectra do not
distinguish between photons that come from single-photaordlscence and those generated
in a SPDC process. A standard technique to discriminatesigsingle-photon fluorescence is
to measure coincidences during the spectral scén [32].ihgkesphoton fluorescence will not
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Fig. 4: Coincidence spectra for (a) type-0 SPDClgt = 34.6°C, type-Il SPDC at (b)l =
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 constdr2:1 for all; and although the power
P and counting time of (a) are different from (b), (c), and (d), their prodikt is roughly the
same for all, so that the results can be directly compared.Sdhhmidt numbekK and entropy

of entanglemenB are also indicated on each figure.

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

Furthermore, recording the coincidence spectra is impoffa experiments in entangle-
ment. It is known that Type-Il SPDC which is pumped by a pulézad hence broadband)
laser results in spectrally distinguishing propertiestifier down-converted photoris [16]. When
correlated photon pairs from such a pulsed source are uggehtrate polarization-entangled
photon pairs, these spectral properties can cause thegétant quality to suffer consider-
ably. Such spectral properties show up readily in a coinmdebased spectral scan, which we
call the coincidence spectrum (or joint spectrum, as thegakthe joint spectral properties of
the correlated photon pair). Although several groups haweied the coincidence spectra of
pulsed Type-Il sources pumped by ultrafast lasers (pulsation~ 10 — 200 fs) [17] 1B], no
such spectra exist for sources based on waveguides thatiameed with slower pulses{ 2
— 10 ps), the regime where we operate. To understand whéthapectral features present in
ultrafast sources also exist in our system, we have mappeati@aoincidence spectra for both
type-0 and type-ll SPDC processes.

To measure a coincidence spectrum of each type of SPDC, weawgseaarrow-band
computer-controlled tunable filters, one in each collecdom [33]. Stepping through the sig-
nal and idler wavelength ranges, we record coincidencetsdion each{As, A;} pair with
{DAs, AN} resolution at a discrete step size {@¥As, 0Ai}. The results are color-coded as 2-



dimensional coincidence spectra shown in Eig. 4. The waggteresolutions are kept the same
for all measurement#\ds = 0.17 nm,AA; = 0.33nm), and the step sizes used in obtaining each
coincidence spectrum are indicated on the figures. Notehkatsolutions in this experiment
are limited not by our homemade signal grating filter, buthmyfixed passband of the commer-
cial idler filter.

We also include two important quantities on each coincidespectrum, namely, the Schmidt
numberK (also known as the cooperativity parameter) and the entafpgntanglement
S[34.,[35]. They quantify how much spectral entanglement ¢orseparability) exists in a given
two-photon statél(Ag, Aj), and can be conveniently calculated from its coincideneetspm
through Schmidt decomposition [36]. In terms of the noraeadi Schmidt engenvaluds (i.e.,
YnAn = 1), the Schmidt number is defined Ks= 1/(3,A2) and the entropy of entangle-
ment is given byS= — 5 ,Anl00,(An). Both of these increase monotonically with the amount
of spectral entanglement present#iAs, A;). They achieve their minimum valueKdin = 1
andSyin = 0) for a factorable two-photon state [i.&8(As, Aj) = Y(As)@(A;), possessing zero
spectral entanglement], which is an important resourcef@ntum information applications
such as heralded pure single-photon states [35] and nieitient Hong-Ou-Mandel interfer-
ence [37]. The Schmidt number is estimated to be 5.12 foryhe-0 two-photon state shown
in Fig.[4(a), indicating a high degree of spectral entangletnin comparison, the Schmidt
numbers are much loweK(~ 1.8) for the type-Il two-photon states shown in Hig. 4(b), (c)
and (d). This means that the type-Il two-photon state isdpsstrally entangled than its type-0
counterpart in this waveguide, and thus more closely aghema factorable state. This also
suggests that a factorable two-photon state output islgessirough waveguided SPDC.

Comparing Figll(a) and (c), we can see that type-0 SPDC hadea phase-matching band-
width, but is spectrally dimmer than type-1l SPDC, which @énsistent with the single-count
data shown in Fig:]2. Comparisons among Eig. 4(b), (c), apdefckal that the coincidence
spectrum maintains its characteristic shape at diffeemperatures, albeit with some changes
in the peak count rate and the peak wavelengths. They alsotblecsame optimal temperature
for type-Il single-photon [Fid.J2(b)] and pair productidfve have also taken coincidence spec-
tra for type-0 SPDC at different temperatures (not showh)clvpoint to the same conclusion.
This proves our initial conjecture posed in secfiod 3.1, elgnthe two optimal temperatures
coincide. It is noteworthy that the shape of the coincidespeetra is very similar to the spectra
of cw-based sources 17, 119], and unlike the irregular shapectrspeeported with ultrafast
sources[[18]. The similarity between our source anddihesources can be understood since
our pump bandwidth is relatively narrowt(0.2 nm) and can be effectively treated as quasi-
The difference between our source and ultrafast sourcesiigyrcaused by a combination of
different phase-matching curves for the materials usedthedoump bandwidths involved.
Nevertheless, this means that spectral distinguishgliglihot an issue when considering if a
waveguide pumped with picosecond lasers can be used asae doupolarization-entangled
photon pairs. Although both types of SPDC contain some @egfspectral entanglement (as
evidence by the non-vanishii®in both cases), tight spectral filtering can be applied taiced
the amount of spectral entanglement to allow efficient quaninformation processing appli-
cations such as polarization entanglement swapping, atda$ieof reduced coincidence count
rates.

3.4. Photon pair and single-photon fluorescence

From these coincidence-spectrum measurements, one gactakie photon-pair component
from the single-photon fluorescence component in each ehaWe denoteajs (n;) as the total

efficiency (including all collection and detection lossts)the signal (idler) photon channels.
The photon-pair contribution to the total photon flux proeldiby the waveguide can be written
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Fig. 5: Single-count spectra for (a) type-0 SPDCTaft = 34.6°C, type-Il SPDC at (b)
T =25.0°C, (c) Topt = 346°C, and (d)T = 40.0°C. Note that the production rate is plotted
instead of the detected rate. Photon-pair (2-photon) amglesphoton background (1-photon)
contributions are distinguished using experimentallydained total collection efficiencies.

Table 1: Measured values of transmission efficiencies faicappath components and the
single-photon detection efficiencies. The uncertaintiesspecified in one standard deviation.

Channel efficiencies (%)

Component Signal Idler

Waveguide out-coupling 9t1 80+1
Free-space optics a1 76+1

Fiber coupling 25:2 45+ 2

Filter transmission 581 49+1
Single-photon detection 381 30+1

Total 35+0.3 40£0.2

as:No = (N:-F)/(ns- ni), whereN; = C — Aiis the detected true coincidence rate &nd 80 is

the down-count factor. The single-photon fluorescenceymtiah rate can be calculated by sub-
tracting the photon-pair rate from the total productioiiateach channeN; ) = Ds/ns— Nz
anlem = D;-F/ni — N2, whereDs andD; are the dark-count-subtracted detected photon rate
in the signal and idler channel, respectively. This techeiis similar to the one used in separa-
ting four-wave-mixing photon pairs from spontaneous Rasgaitering in the context of fiber-
basedy(® photon-pair sources [38.39]. In the following, we applstta our waveguide-based
x@ photon-pair source, and for the first time give a completesepmhrate description of the
SPDC photon spectrum and fluorescence spectrum for the eativn-conversion bandwidth,
for both types of SPDC.

The results in Figl]5 show the relative strength of down-eored photon pair and single-
photon fluorescence for type-0 SPDC at its optimal tempegdtig.[3(a)] and type-Il SPDC
at three different temperatures [Fig. 5(b), (c), (d)]. Ie Hnalysis, we used the experimentally
determined total collection efficienciag = 3.5% + 0.3% andn; = 4.0% + 0.2%. The details
of the measured efficiencies are listed in Tdble 1. Thesdeafties were measured for a pair



of wavelengths\s = 900nm and); = 1300nm using classical light at those wavelengths. It
is possible that these efficiencies are dependent on thelewaik of light that is collected.
However, since the majority of the down-converted 1300 n@0¢@m) light is emitted in a
single spatial mode, and falls within the 12 nm and 1.4 nm (G&noh0.7 nm) bands for type-0
and type-1l SPDC, respectively, we assume the collectificieficies are constant within those
passbands. It can be clearly seen that when operating gttineebtemperature, the photon-pair
component is much higher than the single-photon fluoregceomponent. On the other hand,
the single-photon fluorescence can become comparable w@ohégher than the former when
the waveguide is away from the optimal temperature or thégrhwavelength falls outside the
SPDC phase-matching band.

These measured efficiencies can be compared with the smdélyshko efficiencied [40],
which are defined a@s’ii) = %(S), whereC is the coincidence counts per pulse, &and j=s,i) is
the detected single counts per pulse in ftrechannel. The Klyshko efficiencies are calculated
to benX =2.3% =+ 0.1% andnK = 2.5% + 0.1% for both types of SPDC. They are less than
their measured counterparts, i.eg(i) < Ns()- This is because the photon source that we have
is not apure photon-pair source, i.e., one that outputs photon pairsoahdphoton pairs. For
a pure photon-pair source, one would h&ge= nsu, D; = nju, andC = nsnj U, wherepu is
the produced photon pair per pulse. Therefore, from the itiefirof the Klyshko efficiencies,
we haven_f(i) = %@ = Ns(i)- Our waveguide source, in contrast, has both photon paits an
single-photon fluorescence in its output. Such a source eandalelled by including a noise
term L) in the single photon production rate, i.8g = ns(u + us), D = ni(u + i), and
C' = nsniu, where ;) is the produced single-photon noise per pulse. Note thatCiestands
for true coincidence, where accidental coincidence counts fromenphotons and multiple
photon pairs should be subtract&! £ C — A). As a result, we have for our waveguide source,
ng(i) = D‘_,:' = #ns(i) < Ns(i), Which is consistent with our measured and calculatedtesul

i(s) i(s)

Table 2: Comparison of spectral brightness efficienciebdtin type-0 and type-11 SPDC for our
waveguide versus the results of others (Refs.[[1H, 41, M@ that while Ref[[42] specifies an
in-fiber spectral brightness efficiency, all other numberspaie-productionspectral brightness
efficiencies (i.e., without coupling into single-mode fiker

SPDC spectral brightness efficiency $19mW/THz)

References
type-0 type-Il
Previous work 3042] 160.[12, 41]
This work 83 250

From Fig.[® one can also estimate our source’s spectraltbegh per mW of pump power
exiting the waveguide, which we define as “spectral brigbgredficiency.” The pair-production
spectral brightness efficiency for the optimal temperaand the peak wavelength pair for
type-0 SPDC is~ 8.3 x 10’ /s/mW/THz, and for type-ll SPDC isz 2.5 x 10°/s/mW/THz.
These numbers are the highest spectral brightness effiegereported to date (see Table 2 for
a detailed comparison).

3.5. Quasi-phase matching for type-0 and type-1l SPDC

To further our understanding of the physical mechanismsRi¥ign the PPKTP waveguide, we
numerically calculate the phase-matching curves for bgtkeg of SPDC using the Sellmeier
equations for flux-grown bulk PPKTP given in Réf, [43]. As aded in Fig[6(a)x is the light
propagation direction in the waveguidejs the horizontal polarization, arlis the vertical
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Fig. 6: (a) Schematic of the two types of phase matching sekénside our PPKTP waveguide.
Quasi-phase matching functions adjusted to match the phua@ components obtained from
experimental data for (b) type-Il SPDCRt= 34.6°C, and (c) type-0 SPDC &yt = 34.6°C.
Solid squares are data points for photon-pair componemigedefrom Fig.[5. Fit parameters
areLesr = 8.5mm andkyg = —0.1um~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 fppolarized and-polarized light fields in the PPKTP
waveguide are [43]:

0.83547
p— e — J— 2
ny(A) \/2.19229+ T 00407012 ~ 0016212, 1)
1.06543
f— e — — 2
Ny(A) \/2.25411+ T 00548612 ~ 00214002, ©)

whereny, is the refractive index foy (2)-polarized light. The phase-matching equations for
type-0 and type-1l SPDC in the waveguide are given by:

21n,(Ap) 2rmny(As) = 2mny(A)  2mmy
= K
Ap A + A + A + Kwg 3
2mny(Ap) 2mny(As)  2mny(Ai) - 2mmp
—_— = 4
. N A TA +Kng ; (4)

where the wavelengths are in microns, angl(ny) is the (integer) order of grating harmonic
that contributes to phase matching in type-0 (type-11) SPDC

In the above equations, we assume the waveguide contnilkipto phase matching is the
same for the two types of SPDC, which is a valid assumptiorediine wavelengths involved are
very close. Solving EgEl 3 arld 4 simultaneously, we find \&didtionsonly when rg = 1 and
mp = 0. This means that type-1l phase matching does not need antsiledion from periodic
poling, and therefore picks up the Oth-order harmonic ofgtating fn, = 0), whereas type-
0 phase matching is made possible by the contribution fraenfitst-order harmonic of the

grating fng = 1).



Putting the peak phase matching wavelengths for type-Il GRE) = 0.5322um, As =
0.904pm, andA; = 1.294um) into Eq.[4 determines the waveguide contribution tdkfe=
—0.1um~L. Similarly, by plugging the peak phase matching wavelesdt type-0 SPDC
(Ap = 0.5322um, As = 0.8992uum, andA; = 1.304um) into Eq[3, we determine the fit value
of the grating period to b& ~ 8.045um. This is less than the nominal value of 8/2@ given
by the manufacturer, and we attribute this difference tde¢hgperature dependence of the grat-
ing period and possible variations in the periodic polinggass (since the poling period is only
microns long, there may be variations in uniformity of polielthis and periods).

In the cw pump limit (a good approximation for our pump due to its nartmandwidth),
the signal and idler spectra are given by the function%ilicLef/2), whereAk = Kp — ks —
ki — kwg for type-Il SPDC and\k = ky — ks — ki — 271/ /A — kyg for type-0 SPDC. We use these
to generate phase matching curves for both signal and iglelsfio fit the experimental data
shown in Fig[6(b) and (c). The matching between theory apeiément is remarkably good.
An effective length of the entire waveguidelaf; = 8.5mm matches the experimental FWHM
of type-Il SPDC. This length is significantly shorter thaa #pecified nominal length of 15 mm,
suggesting possible variation in the waveguide fabricg2@].

The data in Figld6(c) is compared to two curves with differgrating periods. We can see
that a tiny change in the grating peria/\ = 4nm,AA /A ~ 0.0005) alters the phase match-
ing wavelengths by a considerable amouit(~ 2nm,AA; ~ 4nm). We thus believe that the
broadening of type-0 SPDC phase matching bandwidth is dserte small non-uniformity in
the grating period over the waveguide [20]. As type-Il phasgching doesiotdepend on pe-
riodic poling, a variation in grating period will not affettte bandwidth of type-1l SPDC. This
is supported by the data matching a single 4iak& Legr/2) function in Fig [6(b). Temperature
tuning does affect the type-Il SPDC spectra through the g&zaipre dependence inherentin the
refractive indicesi(A, T) [20], and by altering the waveguide contributikgy(T), while the
temperature dependence of the grating pefigd) does not affect the type-Il spectra because
type-1l SPDC does not depend on the poling period. In corsparithe type-0 SPDC spec-
tra is affected by the temperature tuning throungh, T), kyg(T), and also\(T). We believe
the main reason for type-Il SPDC to be brighter (both spégteand overall) than its type-0
counterpart in this waveguide (despilgs > d4) is that the difficulty in maintaining a uniform
grating period and the resulting variations in the gratiegga along the entire waveguide ef-
fectively decreases the phase matching efficiency of tyB&DC, with different section of the
waveguide producing photon pairs at different wavelengthih do not add up coherently.
Since type-Il SPDC is immune to the grating period changs rélatively enhanced compared
to its type-0 counterpart.

4. Conclusion

We have demonstrated a potentially useful device for chgdesquantum information pro-
cessing by measuring a single PPKTP waveguide’s outputrspgingle and coincidence) at
a range of operating temperatures, pump powers, and phatsting schemes. The results
show a versatile device with a tunable down-conversion Wadttl, together with high spectral
brightness and high purity. We have also separated the pipativ contribution from single-
photon fluorescence for both type-0 and type-ll SPDC. Thiglsiphoton fluorescence may
result from defects in the PPKTP crystal such as gray trackind/or color center forma-
tion [6,[44], although a definitive answer is not possiblehat moment. A waveguide made
from a hydrothermally-grown KTP crystal may produce fewabfescence photons than the
flux-grown one that we investigated, which can potentiaigfd/a photon-pair source with even
higher purity. Improving collection efficiencies (incluj both free-space and fiber-coupling
optics) will boost the collected photon-pair rate, and tthesusable brightness of the source.



The source may also be further spectrally engineered td gidhctorable state. We believe
such a versatile source is a promising candidate for futatlegrated photonic circuitry and
chip-scale quantum devices.
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