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Abstract: Photonics offers unique capabilities for quantum

information processing (QIP) such as room-temperature

operation, the scalability of nanophotonics, and access to

ultrabroad bandwidths and consequently ultrafast opera-

tion. Ultrashort pulse sources of quantumstates in nanopho-

tonics are an important building block for achieving scal-

able ultrafast QIP; however, their demonstrations so far

have been sparse. Here, we demonstrate a femtosec-

ond biphoton source in dispersion-engineered periodically

poled lithiumniobate nanophotonics.Wemeasure 17 THz of

bandwidth for the source centered at 2.09 μm, correspond-
ing to a few optical cycles, with a brightness of 8.8 GHz/mW.

Our results open new paths toward realization of ultrafast

nanophotonic QIP.

Keywords: quantum; ultrafast; dispersion engineering;

time multiplexing

1 Introduction

Since the first observations of the quantum nature of light,

considerable efforts have gone into building systems for
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gaining a quantum advantage over purely classical tech-

nologies to benefit a variety of fields including sensing,

metrology, communication, and computation [1]–[3]. While

many physical platforms have been studied to exploit quan-

tum phenomenon, photonics stands out as it offers several

benefits including room temperature operation and scala-

bility. Integrated photonics [4], [5] allows the realization of

many devices in a chipscale footprint, paving the way for

the development of large-scale integrated systems for QIP

at room temperature [6], [7].

In recent years, thin-film lithium niobate (TFLN) has

emerged as a favorable platform for the development of

entangled photon sources given its high 𝜒 (2). Additionally,

dispersion engineering enables the generation of broad-

band entangled photon pairs with short coherence times.

Broadband operation is important in a variety of quantum

applications as it leads to improved sensitivity in optical

coherence tomography [8], greater spectral coverage for

quantum spectroscopy [9], [10], sharp temporal behavior

for atomic state control [11], and lithographic resolution

exceeding the classical diffraction limit [12]. Wavelength-

multiplexing schemes [13], [14] as well as high-dimensional

entanglement protocols from quantum networks [13], [15]

can also make good use of broadband sources.

There have been many successful demonstrations of

broadband biphoton sources in TFLN [16]–[18]. However,

these devices are still limited to the telecom wavelength

range. Moreover, they have been demonstrated in the

continuous-wave (CW) regime and have been unsuitable

for ultrafast operation given their dispersive properties.

Operation in the ultrafast regime requires near-zero group-

velocity dispersion (GVD) conditions for both the pump and

signal wavelengths, as well as near-zero group-velocity mis-

match (GVM) between the pumpand signal. Ultrashort pulse

sources of quantum states of light are particularly impor-

tant because of opportunities in time-division multiplexing

and the enhancement of nonlinear interactions as a result

of increased peak power. By time-divisionmultiplexingwith

well-defined nanosecond time bins, large-scale quantum

states are realized using fiber-based systems [19], [20]. Their

extension to the ultrafast femtosecond time bins can enable
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the generation and manipulation of similarly large-scale

quantum states in integrated photonics [21]. Stronger non-

linear interactions as a result of temporal confinement are

also an important step toward all-optical non-Gaussian sates

and operations [22], [23]. While our implementation cur-

rently relies on a table-top mode-locked laser, significant

progress has been made in integrating short pulse sources

on chip, especially in LN nanophotonics, with a 4.8-ps 10-

GHz chip-scale mode-locked laser demonstrated in [24] and

a chip-scale electro-optic comb sourcewith a 520-fs duration

and a 30-GHz repetition rate demonstrated in [25].

Dispersion engineering in TFLN using the waveguide

geometry provides new opportunities for classical and

quantum ultrafast photonics beyond broadband CW oper-

ation. Particularly, achieving near-zero group-velocity mis-

match between the signal and pump along with zero

group-velocity dispersion at the signal and pump wave-

lengths simultaneously has enabled record-breaking gain-

bandwidth products [26], ultralow-energy ultrafast all-

optical switching [27], and the on-chip generation and mea-

surement of broadband squeezed states [28]. Unlike the pre-

vious nanophotonic biphoton sources [29]–[37], we utilize a

near-zero dispersion regime for the realization of ultrashort

pulse photon pairs in nanophotonics. Operating in the 2-μm
band in lithium niobate is particularly advantageous as it

yields better fabrication tolerances compared with similar

geometries for the 1550-nm band [38], and low GVD for both

pump and signal simultaneously as well as the ability to

match their group velocities and create strong temporal

confinement for generated photon pairs [39].

Biphoton sources beyond the telecommunication band

are also important for quantum key distribution (QKD)

applications. For instance, recent work on free-space QKD

at 1550 nm hasmade a compelling case for moving to longer

wavelengths to avoid limitations caused by solar irradi-

ance [40], which decreases at longer wavelengths [41]. Inte-

grated photonics platforms can also benefit from operation

at longer wavelengths because of lower scattering losses

[42] and more efficient high-speed modulators [43], [44].

Classical and quantum networks are becoming practical

in the 2-μm window given the progress on sources [45],

[46], as well as low-dispersion and low-nonlinearity pho-

tonic crystal fibers [47], [48], and high-speed detectors [49].

Along with thulium/holmium amplifiers offering 40 THz of

gain bandwidth [50], these technologies can facilitate the

construction of wide area classical and quantum networks

in the mid-IR. Quantum effects and secure communica-

tions have also been successfully demonstrated in the 2-μm
band with Hong–Ou–Mandel visibility of 88.1 % measured

in bulk PPLN by [33] and polarization-based quantum key

distribution implemented by [51] with a key rate of 0.254

bits/pair.

In this work, we present the first ultrafast bipho-

ton source in nanophotonic PPLN capable of supporting
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Figure 1: A diagram of the source operation. Femtosecond pump pulses are injected into a dispersion-engineered periodically polled lithium niobate

(PPLN) waveguide to produce an ultrafast photon pair via type-0 spontaneous parametric down-conversion (SPDC). (a) An illustration of the spon-

taneous parametric down conversion (SPDC) process used to generate photon pairs. (b) 2-photon microscopy image of the polled region

and an SEM of a representative device. (c) The theoretical and measured SPDC spectra.
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ultrashort pulse propagation at both the pump and sig-

nal/idler wavelengths (Figure 1). Our source covers 17 THz

of 3-dB bandwidth centered at 2.09 μm and produces a 165-

fs biphoton wavepacket at the output. Through 2 and 3-

fold coincidence counting experiments, we demonstrate a

coincidence-to-accidentals ratio (CAR) of 945, a pair gener-

ation rate of 8.8 GHz/mW or 440 kHz/mW/GHz, and a her-

alded g(2)
H
(0) of 0.027, all of which are state-of-the-art for

thiswavelength range in nanophotonics. Combinedwith the

recent advances in ultrafast lithium niobate nanophotonics

[25]–[28], and the wide variety of high-performance compo-

nents [5], our source demonstrates a practical path toward

ultrafast on-chip QIP.

2 Device design and fabrication

Our source is designed for type-0 degenerate spontaneous

parametric down-conversion (SPDC) while also optimizing

the dispersion parameters for short-pulse propagation. To

enjoy the benefits of short pulse operation, the group-

velocity dispersion at both the pump and signal wave-

lengths must be minimized to maintain the temporal con-

finement of the pulses as they propagate along the length

of the waveguide. Our waveguide design also minimizes

the group-velocity mismatch between the pump and sig-

nal/idler wavelengths to minimize the temporal interaction

windowof the pump and generated photon pairs [52], allow-

ing for the creation of an ultrashort signal/idlerwavepacket.

This short wavepacket can facilitate strong nonlinear inter-

actions given the peak power enhancement and enable the

use of time bins shorter than 1 ps for clock speeds exceeding

1 THz. We target our waveguide design for conversion from

a pump centered at 1.045 μm to a degenerate signal/idler

pair at 2.09 μm. The dispersion curves for our design are

presented in Figure 2. We achieve a GVD of 135 fs2∕mm and

60 fs2∕mm for the pump and signal/idler, respectively, and a

GVMof 33 fs∕mm. For comparison, bulk lithiumniobate has

a GVD of 246 fs2∕mm for pump light, a GVD of −56 fs2∕mm
for signal/idler photons, and a GVM of 115 fs∕mm.

Our near-zero GVM and GVD regime of operation leads

to a broad spectrum of signal/idler pairs as shown in

Figure 1 with a 3-dB bandwidth of 17 THz. For a 5-mm

long device, we achieve a maximum temporal length for

the signal/idler wavepacket of 165 fs. The duration of this

wavepacket can be estimated from the temporal overlap

of the pump pulse with the vacuum modes into which the

waveguide phase-matching and dispersion permit SPDC. As

the pump propagates down the waveguide and walks off

in time from the 2 μm vacuum field, a large number of

time-delayed vacuum modes within the walk-off window
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Figure 2: Modal and dispersive properties. (a) The quasi-TE waveguide

mode for pump light at 1.045 μm. Arrows at the top right denote the
ordinary and extraordinary material axes. (b) The quasi-TE waveguide

mode for signal light at 2.09 μm. (c) Dispersion profile for the pump
wavelength. (d) Dispersion profile for the signal wavelength. (e) Group-

velocity mismatch at different signal wavelengths relative to 1.045 μm.

can experience the creation of a photon pair. The total

wavepacket duration is approximated from the pump pulse

duration and the total walk-off time resulting from the GVM

using Eq. 27(a) from [53]. Shorter gain windows, the gain

being responsible for pair generation, for similar devices

have been demonstrated in [54]. The temporal length of

the photon pair can be directly measured using tech-

niques developed in [55] and [56]. Substantial GVD at either

the pump or signal/idler frequencies will also temporally
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broaden generated photon pairs either by increasing the

effective temporal gain window or by dispersing photon

pairs after their creation [57]. For 700-nm thick lithium-

niobate on insulator (LNOI), achieving a large enough GVD

necessary for the GVD to be the primary contribution to

the temporal length of the photon pairs is generally difficult

without resorting to extremely narrow waveguide geome-

tries or deep etch depths. Therefore, our focus is on min-

imizing the GVM as this is the dominant contribution from

thewaveguide geometry to our temporal length. There exist

other geometries for LNOI that also experience low GVM

and GVD thanks to the relaxed fabrication tolerances and

flatter dispersion curves around 1 and 2 μm [26], [39].

We calculate the waveguide dispersion by first measur-

ing the width and etch depth via atomic force microscopy

and then simulating the exact geometry with a mode-solver

to find the effective refractive index, group-velocity, and

second-order dispersion. In addition to temporal confine-

ment, the waveguide geometry spatially confines both the

pump and signal/idler modes to the fundamental quasi-TE

mode, providing a large mode overlap to increase the pair

generation rate. The mode profiles are plotted in Figure 2A

and B.

While not the focus of our work, many recent works

on photon-pair sources focus on using dispersion or pol-

ing domain engineering to minimize the number of tempo-

ral field-orthogonal modes [58] present in the output pairs

[59]–[63]. The structure and occupancy of these modes can

be found by performing a Bloch–Messiah decomposition

on the joint-spectral intensity (JSI) of the signal and idler

photons [64]. The JSI itself is estimated by the product of the

energy conservation of the pump and the phasematching of

the waveguide as a function of the signal and idler frequen-

cies. A more detailed discussion of this process is presented

in the Supplementary. In the context of SPDC, minimization

of the mode number is equivalent to removing the spectral

correlations from the photon pairs. This creates indis-

tinguishable photons, which are especially important for

applications where multiple independent biphoton sources

are combined [65]–[68] as this indistinguishably leads to

a stronger interference of single photons from different

sources. Single-mode operation for the degenerate type-0

case without the use of filtering has remained elusive due

to constraints stemming from the shape of the phasematch-

ing function as well as an inherent inability to satisfy the

group-velocity criteria used in [59], [69].We estimate amode

number of 16 from the decomposition of the JSI. For an ideal

experiment with perfectly achromatic optics and detectors,

this mode number will not limit the performance in CAR,

generation rate, or heralded g(2)
H
(0) of our source. In practice,

the SNSPDs used for single photon detection experience a

sharp fall-off in efficiency for increasingwavelength as does

the transmissivity of the SMF-28 fibers leading up to them.

We, therefore, perform all SNSPD measurements through

a 48-nm bandpass filter centered at 2.09 μm to limit the

impact of achromatic detection on our measurements. This

reduces our mode number to 3. Using this filter during

measurement prevents us from directly observing the total

brightness of the source. Therefore, using a technique sim-

ilar to [29], we calculate the total brightness by computing

the ratio of the measured SPDC spectrum and the filter pass

band. Multiplying the measured brightness by this ratio

gives the total brightness.

We fabricate our devices using commercially available

thin-film lithium niobate on silica wafers from NANOLN,

with a 700-nm thick X-cut thin-film on 4.7-μm thick SiO2. We

start by using electron beam lithography to pattern poling

electrodes deposited viametal evaporation. After poling, we

lithographically define and etch waveguides with dry Ar+
plasma. The inset of Figure 1B shows a 2-photonmicroscopy

image of the poled region before etching as well as an SEM

image of the waveguide facet at the edge of the chip.

3 Experimental setup

The experimental setup used to characterize our biphoton

source is shown in Figure 3. A 75-fs 250-MHz mode-locked

laser centered at 1.045 μm is directed through a motorized

half-wave plate (HWP) and polarizing beam splitter (PBS)

combination used to digitally control the input power to the

experiment. Laser light is then collected and focused onto

the input facet of the waveguide via a reflective objective to

minimize dispersion. Inside the waveguide, photons from

the pump are split into signal/idler pairs via degenerate

type-0 SPDC. Light from the output facet is collected with a

lensed PM-2000 fiber from OZ Optics. This fiber is directed

into freespace with a reflective coupler and passed through

one 1,330-nm long pass filter, three 1,500-nm long pass filters,

and a 48-nm bandpass filter centered at 2.09 μm to provide

150 dB of pump rejection. The photon pairs are then coupled

back into fiber and passed through a series of fiber-coupled

50/50 splitters to performHanbury Brown–Twiss (HBT) and

heralded g(2)
H
(0) experiments for measuring the CAR, pair

generation rate, and single photon behavior.

4 Measurement and data

processing

To assess the CAR and on-chip pair generation rate, an

HBT experiment (Figure 3B) is performed by passing photon
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Figure 3: Experimental setup. (a) The experimental setup used to characterize the source. MLL is a 250-MHz 75-fs mode-locked laser centered at

1.045 μm. HWP is a half-wave plate. PBS is a polarizing beam splitter. VND is a variable neutral density filter. Obj is a reflective objective. FC is a free-

space to fiber coupler. LP is a low-pass filter. BP is a band-pass filter. SNSPDs are superconducting nanowire single photon detectors. 50/50 are

balanced fiber beamsplitters. H, S, and I denote the heralding, signal, and idler channels, respectively. (b) Measurement setup for performing

the Hanbury Brown–Twiss (HBT) experiment. (c) Measurement setup for determining g(2)
H
(0). The SEM image inset is of a representative device [26].

pairs from the chip into a 50/50 beamsplitter and looking for

coincidences at the output ports using a pair of supercon-

ducting nanowire single photon detectors (SNSPDs) from

IDQuantique. True coincidences are created by entangled

pairs of photons hitting the detectors at the same time,

whereas accidentals are created by two photons from unre-

lated SNSPD processes causing coincidences. This is a mea-

surement of the signal-to-noise ratio (SNR) of the detection

system as the ratio of true to accidental coincidences is

determined by the losses in the signal path, the dark count

rates for the SNSPDs, and multiphoton generation events.

Figure 4A shows a coincidence histogram collected by the

time-to-digital converter recording events from the SNSPDs.

The central peak at 0 ns is a result of both true and acciden-

tal coincidences, while side peaks are caused by accidentals.

For a continuous-wave pump, accidental counts are spread

evenly across the delay histogram. For the pulsed case,

accidentals counts are localized to multiples of the pump

repetition time (4 ns in our case for our 250-MHz repetition

rate). The CAR is defined as

CAR = Rsi − Racc
Racc

(1)

where Rsi is the total coincidence peak count rate and Racc
is the accidental peak count rate. Error bars are calculated

via the standard deviation of CAR calculated from different

accidentals peaks. The timing jitter in the SNSPD measure-

ment is limited by the jitter of the electronics (100 ps), result-

ing in coincidence and accidentals peaks, which are much

wider than the temporal width of the biphotons themselves.

Figure 4B shows the count rates at the signal and idler detec-

tors as a function of the on-chip pump power. By combining

individual detector count rates with the coincidence count

rates, the pair generation rate on-chip and detection effi-

ciency for the signal and idler paths can be calculated from

fitting the simplified linear model:

Rs = 𝜖P𝜂s + Rds (2)

Ri = 𝜖P𝜂i + Rdi (3)

Rsi =
1

2
𝜖P𝜂s𝜂i (4)

where Rs,i,si are the signal, idler, and coincidence count

rates, respectively. P is the pump power in mW, 𝜖 is the

generation rate in pairs per mW, 𝜂s,i are the losses for the

signal and idler paths including detector efficiency, and Rds,i
is the dark count for the signal and idler detectors. The

factor of
1

2
in Eq.(4) is the result of a lack of determinis-

tic signal/idler separation in our experiment as they are

degenerate in wavelength and polarization. This model is

valid for small values of P where the pair generation rate

is directly proportional to the input power for SPDC. To

compute on-chip power for rate normalization, wemeasure

the input loss by subtracting measurements of the output

lensed fiber and throughput losses. The output loss for the

lensed fiber is calculated by fitting the parametric gener-

ation output power versus pump power as detailed in the

Supplementary. Using this method, we calculate an output

coupling loss of 9 dB from the chip to lensed fiber. The losses
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Figure 4: Raw SNSPD data (a) Example histogram from an HBT

experiment taken at 11 μW of on-chip pump power. The main

coincidence peak, caused by the detection of a signal/idler pair from

the same generation event, is centered at 0-ns delay, while accidentals

peaks, caused by signal and idler photons created from consecutive and

hence uncorrelated generation events, are present to the left and right at

±4 ns. (b) Count rates for the signal and idler channels compared with
the fitted linear model.

for additional components are measured with a 2 μm diode

laser. We measure 5 dB from the freespace filter, 3 dB from

the transition from SM-2000 to SMF-28 fiber, and 6 dB from

the SNSPD’s detection efficiency for a total of 23 dB. This

agrees well with the measured total system efficiency of 25

± 2 dB from fitting experimental data to equations (2)–(4).

Figure 5A displays the measured CAR values versus the

on-chip pump power, which has been fitted with a model

provided by [33]. At high pump powers, the CAR is limited

by noise induced from multiphoton events generated by a

strong pump pulse. As the pump power is lowered, the CAR

increases until themaximumSNR is achieved. The CAR then

decreases at lower pump powers due to a loss of signal
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Figure 5: Processed SNSPD data. (a) Coincidence-to-accidentals ratio

(CAR) as a function of on-chip pump power. The fitted model is taken

from [33]. (b) On-chip pair generation rate as a function of on-chip pump

power. This is the rate of pair generation at the output of the poled

region of the waveguide. Pump input coupling losses are calculated

based on a parametric gain measurement detailed in the

Supplementary.

altogether from the reduced pair generation rate. We mea-

sure a maximum CAR of 945 ± 475 at a pump power of

100 nW. The large variance is a result of the lack of promi-

nent accidental peaks at low pump powers. The theoretical

model used to fit the CAR versus power curve depends

only on the pair generation rate, detector dark count rates,

and system losses. A perfectly achromatic detection sys-

tem would measure a higher CAR in the absence of the

filter due to the higher observed pair generation rate. This

is not the case for our system as our SNSPDs and fibers

suffer higher losses at longer wavelengths and, therefore,

a bandpass filter in the measurement path increases our

measured CAR by limiting the spectral dependence of the

measurement efficiency to help satisfy the assumptions of
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the model. Figure 5B displays the measured on-chip pair

generation rate as a function of the on-chip power. This

is the rate at which generated photon pairs exit the poled

region of the waveguide before incurring detection losses.

We measure a slope of 8.8 ± 2.3 GHz/mW over the entire

SPDC spectrum. Using our filter bandwidth, this normalizes

to a pair-generation rate of 440 ± 115 kHz/mW/GHz.

In many applications requiring single photons, bipho-

ton sources are used as a heralded source of single photons

where the idler is detected to infer the presence of a single

photon on the signal channel. To assess the performance of

our biphoton source as a heralded single photon source, we

measure g(2)
H
(0) (Figure 3C). The heralded g(2)

H
(0) is defined

as

g(2)
H
(0) = RHSIRH

RHSRHI
= PHSI

PHSPHI
(5)

where RH,S,I are the 2 and 3-fold coincidence rates of the

heralding, signal, and idler detectors, respectively. PH,S,I
represent the probability for any given laser pulse to pro-

duce a click at the subscripted detectors [70]. Figure 6

shows the measured g(2)
H
(0) as a function of the on-chip

pump power. As the pump power decreases, g(2)
H
(0) initially

drops as fewer and fewer multiphoton events are observed.

At very low pump powers, SNR is lost due to low count

rates, causing g(2)
H
(0) to rise again. We report a minimum

g(2)
H
(0) of 0.027 ± 0.0084 at a pump power of 3.5 μW on

chip, showing that we can reliably herald single photons

from our device using the measurement setup. This per-

formance is competitive with state-of-the-art mid and near-

IR sources (see Table 1 in the Supplementary). The CAR and

g(2)
H
(0) performance are maximized at two different pump

powers because the g(2)
H
(0) measurement uses 3 detectors

(as opposed to 2 for CAR) and is, therefore, more susceptible

to system losses, necessitating a higher power to maximize

the system SNR. Increasing overall system losses would also

103 104 105

Pump power (nW)

10-2

10-1

g H(2
) (0

)

gH
(2)(0)

Figure 6: Heralded g(2)
H
(0) of our source as a function of on-chip pump

power.

shift the maximum CAR to a higher power as these losses

translate to a lower overall signal.

5 Comparison and discussion

Figure 7 compares a variety of different IR pair sources

with our work. We include 1,550-nm sources to demon-

strate that not only does our device have state-of-the-art

performance at 2 μm, but it is also competitive with state-

of-the-art devices for standard telecommunications bands.

This allows for a more fair comparison of pair generation

rate as most reported 2-μm sources utilize the 𝜒 (3) instead

of the 𝜒 (2) nonlinearity, which has a normalized pair gen-

eration rate relative to mW2 of pump power instead of

mW. Table 1 in the Supplementary goes into greater detail

by normalizing the efficiency with the device length and

bandwidth for an apples-to-apples comparison. Looking at

the last pair generation rate column (Hz∕mW∕cm2∕GHz),
we see that our rate measurements agree well with other

devices reported in literature except for one recent demon-

stration, which exceeds the normalized pair generation

of all other listed sources by an order of magnitude [18].

It should be noted that the pair generation rate will
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Figure 7: A comparison plot of relevant photon pair sources. Horizontal

error bars represent the reported source bandwidth. Data for efficiency,

wavelength, and bandwidth are taken from [16], [18], [30], [71] are PPLN

ridge waveguides, similar to our device. [17], [72], [73] are larger (>1-μm
tall) PPLN waveguides. [33] is a bulk PPLN crystal. [36] is a bulk AlGaS2

crystal. [32] is a nanophotonic AlN ring resonator. [74] is a bulk LBO

crystal. [75] is an InGaP ring resonator.
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intrinsically be lower at 2 μm compared to 1,550 nm as a

result of the 𝜆−4 dependence [39]. In the lower portion of

the table which lists 2-μm sources, we see that our source

exceeds the CAR, pair generation rate, and heralded g(2)
H
(0)

of the other recent 2-μm demonstrations in bulk crystals.

We attribute this namely to the use of nanophotonic TFLN,

which is responsible for the stronger nonlinear interactions

given the device length, mode confinement, and dispersion

engineering.

6 Conclusions

We have demonstrated a dispersion engineered broadband

biphoton source with a record breaking CAR, pair gener-

ation rate, and heralded g(2)
H
(0) in the 2-μm window. The

near-zero GVM and GVD operation of our source allows

for use of ultrashort pulses, a crucial resource for realiz-

ing large-scale quantum information processing systems as

the temporal confinement of these pulses can be used to

both enhance the strength of nonlinear interactions as well

as create well-defined time bins for temporal multiplex-

ing of quantum gates beyond 1-THz clock speeds. Reduced

solar irradiance near 2-μm combined with technological

advancements in transmission and detection in the mid-

IR make our source an ideal candidate for both freespace

and fiber-based quantum key distribution. Future workwill

revolve around characterizing the quantum interference,

temporal width, and entanglement properties of the source

through Houng–Ou–Mandel (HOM) and Franson interfer-

ometry. We plan to improve outcoupling losses via both

on-chip adiabatic couplers for pump rejection and the use

of an inverse tapered waveguide for better mode matching

with a lensed fiber. Using in-house adiabatic coupler designs

and state-of-the-art inverse tapers [76], we can lower the

output coupling losses to 0.32 dB and filter losses to 3 dB for

a total detection loss of 9.32 dB.

Acknowledgment: Device nanofabrication was performed

at the Kavli Nanoscience Institute (KNI) at Caltech.

Research funding: The authors gratefully acknowledge

support from ARO grant no. W911NF-23-1-0048, NSF grant

no. 1846273 and 1918549, AFOSR award FA9550-23-1-0755,

the center for sensing to intelligence at Caltech, NASA/JPL

and DARPA (D23AP00158). The authors wish to thank NTT

Research for their financial support.

Author contributions: All authors have accepted responsi-

bility for the entire content of thismanuscript and approved

its submission.

Conflict of interest: L.L. and A.M. are involved in devel-

oping photonic integrated nonlinear circuits at PINC Tech-

nologies Inc. L.L. and A.M. have an equity interest in PINC

Technologies Inc. The other authors declare that they have

no conflict of interest.

Informed consent: Informed consent was obtained from all

individuals included in this study.

Ethical approval: The conducted research is not related to

either human or animals use.

Data availability: Data sets used in this paper are available

from the corresponding author upon request.

References

[1] C. L. Degen, F. Reinhard, and P. Cappellaro, “Quantum sensing,”

Rev. Mod. Phys., vol. 89, no. 3, 2017, Art. no. 035002..

[2] N. Gisin and R. Thew, “Quantum communication,” Nat. Photonics,

vol. 1, no. 3, pp. 165−171, 2007..
[3] H. Mark, et al., Quantum Computing: Progress and Prospects,

Washington, DC, The National Academies Press, 2019.

[4] S. Y. Siew, et al., “Review of silicon photonics technology and

platform development,” J. Lightwave Technol., vol. 39, no. 13,

pp. 4374−4389, 2021..
[5] D. Zhu, et al., “Integrated photonics on thin-film lithium

niobate,” Adv. Opt. Photonics, vol. 13, no. 2, pp. 242−352,
2021..

[6] J. Wang, F. Sciarrino, A. Laing, and M. G. Thompson, “Integrated

photonic quantum technologies,” Nat. Photonics, vol. 14, no. 5,

pp. 273−284, 2020..
[7] E. Pelucchi, et al., “The potential and global outlook of integrated

photonics for quantum technologies,” Nat. Rev. Phys., vol. 4, no. 3,

pp. 194−208, 2022..
[8] A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M.

C. Teich, “Quantum-optical coherence tomography with dispersion

cancellation,” Phys. Rev. A, vol. 65, no. 5, 2002, Art. no. 053817..

[9] B. P. Hickam, M. He, N. Harper, S. Szoke, and S. K. Cushing,

“Single-photon scattering can account for the discrepancies

among entangled two-photon measurement techniques,” J. Phys.

Chem. Lett., vol. 13, no. 22, pp. 4934−4940, 2022..
[10] R. Whittaker, et al., “Absorption spectroscopy at the ultimate

quantum limit from single-photon states,” New J. Phys., vol. 19,

no. 2, 2017, Art. no. 023013..

[11] B. Dayan, A. Pe’Er, A. A. Friesem, and Y. Silberberg, “Two photon

absorption and coherent control with broadband down-converted

light,” Phys. Rev. Lett., vol. 93, no. 2, 2004, Art. no. 023005..

[12] E. Pavel, et al., “Quantum optical lithography from 1 nm resolution

to pattern transfer on silicon wafer,” Opt. Laser Technol., vol. 60, pp.

80−84, 2014..
[13] S. Wengerowsky, S. K. Joshi, F. Steinlechner, H. Hübel, and R. Ursin,

“An entanglement-based wavelength-multiplexed quantum

communication network,” Nature, vol. 564, no. 7735, pp. 225−228,
2018..

[14] J. Pseiner, L. Achatz, L. Bulla, M. Bohmann, and R. Ursin,

“Experimental wavelength-multiplexed entanglement-based

quantum cryptography,” Quantum Sci. Technol., vol. 6, no. 3, 2021,

Art. no. 035013..



J. Williams et al.: Ultrashort pulse biphoton source in lithium niobate nanophotonics — 3543

[15] S.-H. Wei, et al., “Towards real-world quantum networks: a

review,” Laser Photonics Rev., vol. 16, no. 3, 2022, Art. no. 2100219..

[16] U. A. Javid, J. Ling, J. Staffa, M. Li, Y. He, and Q. Lin,

“Ultrabroadband entangled photons on a nanophotonic chip,”

Phys. Rev. Lett., vol. 127, no. 18, 2021, Art. no. 183601..

[17] Y. Zhang, et al., “Scalable, fiber-compatible

lithium-niobate-on-insulator micro-waveguides for efficient

nonlinear photonics,” Optica, vol. 10, no. 6, pp. 688−693, 2023..
[18] G.-T. Xue, et al., “Ultrabright multiplexed energy-time-entangled

photon generation from lithium niobate on insulator chip,” Phys.

Rev. Appl., vol. 15, no. 6, 2021, Art. no. 064059..

[19] W. Asavanant, et al., “Generation of time-domain-multiplexed

two-dimensional cluster state,” Science, vol. 366, no. 6463,

pp. 373−376, 2019..
[20] M. V. Larsen, X. Guo, C. R. Breum, J. S. Neergaard-Nielsen, and U. L.

Andersen, “Deterministic generation of a two-dimensional cluster

state,” Science, vol. 366, no. 6463, pp. 369−372, 2019..
[21] R. M. Gray, et al., “40-Pulse time-multiplexed nanophotonic optical

parametric oscillator,” in CLEO: Science and Innovations, Optica

Publishing Group, 2023, pp. SW3L−4.
[22] R. Yanagimoto, R. Nehra, R. Hamerly, E. Ng, A. Marandi, and H.

Mabuchi, “Quantum nondemolition measurements with optical

parametric amplifiers for ultrafast universal quantum information

processing,” PRX Quantum, vol. 4, no. 1, 2023, Art. no. 010333..

[23] T. Onodera, et al., “Nonlinear quantum behavior of

ultrashort-pulse optical parametric oscillators,” Phys. Rev. A,

vol. 105, no. 3, 2022, Art. no. 033508..

[24] Q. Guo, et al., “Ultrafast mode-locked laser in nanophotonic

lithium niobate,” Science, vol. 382, no. 6671, pp. 708−713, 2023..
[25] M. Yu, et al., “Integrated femtosecond pulse generator on thin-film

lithium niobate,” Nature, vol. 612, no. 7939, pp. 252−258, 2022..
[26] L. Ledezma, R. Sekine, Q. Guo, R. Nehra, S. Jahani, and A. Marandi,

“Intense optical parametric amplification in dispersion-engineered

nanophotonic lithium niobate waveguides,” Optica, vol. 9, no. 3,

pp. 303−308, 2022..
[27] Q. Guo, et al., “Femtojoule femtosecond all-optical switching in

lithium niobate nanophotonics,” Nat. Photonics, vol. 16, no. 9,

pp. 625−631, 2022..
[28] R. Nehra, et al., “Few-cycle vacuum squeezing in nanophotonics,”

Science, vol. 377, no. 6612, pp. 1333−1337, 2022..
[29] T. J. Steiner, et al., “Ultrabright entangled-photon-pair generation

from an Al Ga As-On-insulator microring resonator,” PRX Quantum,

vol. 2, no. 1, 2021, Art. no. 010337..

[30] J. Zhao, C. Ma, M. Rüsing, and S. Mookherjea, “High quality

entangled photon pair generation in periodically poled thin-film

lithium niobate waveguides,” Phys. Rev. Lett., vol. 124, no. 16, 2020,

Art. no. 163603..

[31] B. S. Elkus, et al., “Generation of broadband correlated

photon-pairs in short thin-film lithium-niobate waveguides,” Opt.

Express, vol. 27, no. 26, pp. 38521−38531, 2019..
[32] X. Guo, C.-L. Zou, C. Schuck, H. Jung, R. Cheng, and H. X. Tang,

“Parametric down-conversion photon-pair source on a

nanophotonic chip,” Light: Sci. Appl., vol. 6, no. 5, p. e16249, 2017..

[33] S. Prabhakar, et al., “Two-photon quantum interference and

entanglement at 2.1 μm,” Sci. Adv., vol. 6, no. 13, 2020, Art. no.
eaay5195..

[34] S. Signorini, et al., “A silicon source of heralded single photons at 2

μm,” APL Photonics, vol. 6, no. 12, 2021, Art. no. 126103..

[35] M. Sanna, D. Rizzotti, S. Signorini, and L. Pavesi, “An integrated

entangled photons source for mid-infrared ghost spectroscopy,”

in Quantum Sensing and Nano Electronics and Photonics XVIII,

vol. 12009, SPIE, 2022, pp. 143−151.
[36] M. Kumar, P. Kumar, A. Vega, M. A. Weissflog, T. Pertsch, and F.

Setzpfandt, “Mid-infrared photon pair generation in AgGaS2,”

Appl. Phys. Lett., vol. 119, no. 24, 2021, Art. no. 244001..

[37] L. M. Rosenfeld, et al., “Mid-infrared quantum optics in silicon,”

Opt. Express, vol. 28, no. 25, pp. 37092−37102, 2020..
[38] P. S. Kuo, “Towards noncritical phasematching in thin-film lithium

niobate waveguides,” in Nonlinear Frequency Generation and

Conversion: Materials and Devices XXI, vol. 11985, SPIE, 2022,

pp. 60−67.
[39] M. Jankowski, J. Mishra, and M. M. Fejer, “Dispersion-engineered

nanophotonics: a flexible tool for nonclassical light,” J. Phys.:

Photonics, vol. 3, no. 4, 2021, Art. no. 042005..

[40] S.-K. Liao, et al., “Long-distance free-space quantum key

distribution in daylight towards inter-satellite communication,”

Nat. Photonics, vol. 11, no. 8, pp. 509−513, 2017..
[41] ASTM Authour Group, Standard Solar Constant and Zero Air Mass

Solar Spectral Irradiance Tables, West Conshohocken PA, ASTM

International, 20202.

[42] D. E. Hagan and A. P. Knights, “Mechanisms for optical loss in SOI

waveguides for mid-infrared wavelengths around 2 μm,” J. Opt.,
vol. 19, no. 2, 2016, Art. no. 025801..

[43] W. Cao, et al., “High-speed silicon modulators for the 2 μm
wavelength band,” Optica, vol. 5, no. 9, pp. 1055−1062, 2018..

[44] M. U. Sadiq, et al., “40 Gb/s WDM transmission over 1.15-km

HC-PBGF using an InP-based Mach-Zehnder modulator at 2 μm,” J.
Lightwave Technol., vol. 34, no. 8, pp. 1706−1711, 2016..

[45] R. Phelan, et al., “High power narrow linewidth discrete mode laser

diode integrated with a curved semiconductor optical amplifier

emitting at 2051 nm,” Appl. Opt., vol. 57, no. 22, pp. E1−E5,
2018..

[46] C.-A. Yang, et al., “High-power, high-spectral-purity GaSb-based

laterally coupled distributed feedback lasers with metal gratings

emitting at 2 μm,” Appl. Phys. Lett., vol. 114, no. 2, pp. 1−5, 2019..
[47] E. Agrell, et al., “Roadmap of optical communications,” J. Opt.,

vol. 18, no. 6, 2016, Art. no. 063002..

[48] D. J. Richardson, “New optical fibres for high-capacity optical

communications,” Philos. Trans. R. Soc., A, vol. 374, no. 2062, 2016,

Art. no. 20140441..

[49] N. Ye, et al., “InGaAs surface normal photodiode for 2μm optical

communication systems,” IEEE Photonics Technol. Lett., vol. 27,

no. 14, pp. 1469−1472, 2015..
[50] Z. Li, A. M. Heidt, J. M. O. Daniel, Y. Jung, S. U. Alam, and D. J.

Richardson, “Thulium-doped fiber amplifier for optical

communications at 2 μm,” Opt. Express, vol. 21, no. 8,
pp. 9289−9297, 2013..

[51] A. C. Dada, et al., “Near-maximal two-photon entanglement for

optical quantum communication at 2.1 μm,” Phys. Rev. Appl., vol. 16,
no. 5, p. L051005, 2021..

[52] A. Vanselow, P. Kaufmann, H. M. Chrzanowski, and S. Ramelow,

“Ultra-broadband SPDC for spectrally far separated photon pairs,”

Opt. Lett., vol. 44, no. 19, pp. 4638−4641, 2019..
[53] W. Wasilewski, A. I. Lvovsky, K. Banaszek, and C. Radzewicz,

“Pulsed squeezed light: Simultaneous squeezing of multiple

modes,” Phys. Rev. A, vol. 73, no. 6, 2006, Art. no. 063819..



3544 — J. Williams et al.: Ultrashort pulse biphoton source in lithium niobate nanophotonics

[54] G. H. Li, et al., “All-optical ultrafast ReLU function for

energy-efficient nanophotonic deep learning,” Nanophotonics,

vol. 12, no. 5, pp. 847−855, 2022..
[55] S. Sensarn, G. Y. Yin, and S. E. Harris, “Generation and compression

of chirped biphotons,” Phys. Rev. Lett., vol. 104, no. 25, 2010, Art. no.

253602..

[56] M. V. Chekhova, et al., “Broadband bright twin beams and their

upconversion,” Opt. Lett., vol. 43, no. 3, pp. 375−378, 2018..
[57] F. Roeder, et al., “Measurement of ultrashort bi-photon correlation

times with an integrated two-colour broadband SU

(1, 1)-interferometer,” 2023, arXiv preprint arXiv:2310.04293.

[58] B. Brecht, D. V. Reddy, C. Silberhorn, and M. Raymer, “Photon

temporal modes: a complete framework for quantum information

science,” Phys. Rev. X , vol. 5, no. 4, 2015, Art. no. 041017..

[59] C. J. Xin, et al., “Spectrally separable photon-pair generation in

dispersion engineered thin-film lithium niobate,” Opt. Lett., vol. 47,

no. 11, pp. 2830−2833, 2022..
[60] P. B. Dixon, J. H. Shapiro, and F. N. C. Wong, “Spectral engineering

by Gaussian phase-matching for quantum photonics,” Opt. Express,

vol. 21, no. 5, pp. 5879−5890, 2013..
[61] H.-S. Zhong, et al., “Quantum computational advantage using

photons,” Science, vol. 370, no. 6523, pp. 1460−1463, 2020..
[62] P. J. Mosley, et al., “Heralded generation of ultrafast single photons

in pure quantum states,” Phys. Rev. Lett., vol. 100, no. 13, 2008,

Art. no. 133601..

[63] F. Graffitti, P. Barrow, M. Proietti, D. Kundys, and A. Fedrizzi,

“Independent high-purity photons created in domain-engineered

crystals,” Optica, vol. 5, no. 5, pp. 514−517, 2018..
[64] M. Houde and N. Quesada, “Waveguided sources of consistent,

single-temporal-mode squeezed light: The good, the bad, and the

ugly,” AVS Quantum Sci., vol. 5, no. 1, pp. 1−15, 2023..
[65] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling, and G. J.

Milburn, “Linear optical quantum computing with photonic

qubits,” Rev. Mod. Phys., vol. 79, no. 1, p. 135, 2007..

[66] P. C. Humphreys, et al., “Linear optical quantum computing in a

single spatial mode,” Phys. Rev. Lett., vol. 111, no. 15, 2013,

Art. no. 150501..

[67] H.-J. Briegel, W. Dür, J. I. Cirac, and P. Zoller, “Quantum repeaters:

the role of imperfect local operations in quantum

communication,” Phys. Rev. Lett., vol. 81, no. 26, p. 5932,

1998..

[68] J. B. Spring, et al., “Boson sampling on a photonic chip,” Science,

vol. 339, no. 6121, pp. 798−801, 2013..
[69] W. P. Grice, A. B. U’Ren, and I. A. Walmsley, “Eliminating frequency

and space-time correlations in multiphoton states,” Phys. Rev. A,

vol. 64, no. 6, 2001, Art. no. 063815..

[70] S. Signorini and L. Pavesi, “On-chip heralded single photon

sources,” AVS Quantum Sci., vol. 2, no. 4, pp. 1−26, 2020..
[71] M. Bock, A. Lenhard, C. Chunnilall, and C. Becher, “Highly efficient

heralded single-photon source for telecom wavelengths based on

a PPLN waveguide,” Opt. Express, vol. 24, no. 21, pp. 23992−24001,
2016..

[72] A. Yoshizawa, R. Kaji, and H. Tsuchida, “Generation of

polarisation-entangled photon pairs at 1550 nm using two PPLN

waveguides,” Electron. Lett., vol. 39, no. 7, p. 1, 2003.

[73] S. Mori, J. Söderholm, N. Namekata, and S. Inoue, “On the

distribution of 1550-nm photon pairs efficiently generated using a

periodically poled lithium niobate waveguide,” Opt. Commun.,

vol. 264, no. 1, pp. 156−162, 2006..
[74] T.-G. Noh, et al., “Noncollinear correlated photon pair source in the

1550 nm telecommunication band,” Opt. Express, vol. 14, no. 7,

pp. 2805−2810, 2006..
[75] M. Zhao and K. Fang, “InGaP quantum nanophotonic integrated

circuits with 1.5% nonlinearity-to-loss ratio,” Optica, vol. 9, no. 2,

pp. 258−263, 2022..
[76] N. Yao, et al., “Efficient light coupling between an ultra-low loss

lithium niobate waveguide and an adiabatically tapered single

mode optical fiber,” Opt. Express, vol. 28, no. 8, pp. 12416−12423,
2020..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2024-0054).

https://doi.org/10.1515/nanoph-2024-0054

	1 Introduction
	2 Device design and fabrication
	3 Experimental setup
	4 Measurement and data processing
	5 Comparison and discussion
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


