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Modeling and simulations of entanglement-based quantum-networking protocols commonly assume
perfect entangled states. Some investigations have been performed, which show how imperfections
cause the efficiency of the protocols to rapidly deteriorate. For polarization-entangled states created by
spontaneous-parametric down-conversion (SPDC), the fundamentals of phase matching lead to a trade-
off problem for the optimal properties of the state. We present a SPDC method, which circumvents the
trade-off problem and allows one to obtain degeneracy, indistinguishability, and heralded-single-photon
spectral purity greater than 99% for any target SPDC wavelength in the visible and near-infrared spec-
trum. Therefore, our method can, in principle, generate polarization-entangled states that are optimal for
polarization-entanglement-based quantum-networking protocols.
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L. INTRODUCTION

Quantum networking over long distances is an increas-
ingly active area of research in the quantum optics commu-
nity. A driving force is the vision of a global-scale quantum
internet that will provide fundamentally new internet tech-
nology by enabling quantum communication between any
two points on Earth [1-4]. In this context, entanglement-
based protocols such as quantum teleportation [5] and
entanglement swapping [6] are now considered quantum-
networking primitives that may one day enable distributed
quantum computing [7], blind quantum computing [8],
and quantum-enhanced sensing [9,10] to name just a few
applications. Practical implementations of any global-scale
quantum-networking protocol will likely demand very
high rates of entanglement consumption at distant network
nodes.

Unless large quantities of entanglement can be estab-
lished and stored for later use, very high rates of entangle-
ment distribution will likely be required. For global scales,
the exponential loss in optical fiber prompts one to con-
sider long-distance free-space links [2,3], which suffer only
a quadratic loss due to geometric aperture-to-aperture cou-
pling when the channel is described by the Friis equation
[11]. In both cases, entanglement swapping and teleporta-
tion are used to distribute entanglement and information
through the network, respectively. For polarization-based
qubits [12—17], the efficiency of distribution in the quan-
tum network is hinged upon the efficiency of Bell-state
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measurements at intermediate nodes [18—20]. Therefore,
ideally one uses perfect Bell states and even small devi-
ations can quickly reduce the efficiency of distribution
in a large network. This is because the probability P of
successfully establishing entanglement between the distant
quantum nodes goes as p'', where p is the success prob-
ability of each entanglement swapping operation and N
is the number of quantum repeaters in the chain. Practi-
cally, this implies one needs N identical entangled pho-
ton sources each having high polarization entanglement
visibility, high heralded-single-photon purity, and indis-
tinguishability in all degrees of freedom necessary for
high interference visibility between photons from adjacent
sources.

Quantum signal wavelength considerations further
expand the networking trade space. In the context of
city-scale optical fiber-based networks, entanglement dis-
tribution can be conveniently established at telecom wave-
lengths, where optical fibers are less lossy and conven-
tional polarization entanglement sources are intrinsically
closer to ideal Bell states [20]. In the context of free-space
networking, the optimal wavelength for quantum commu-
nication is an enduring problem [21-25]. For global-scale
distances, the geometric aperture-to-aperture coupling can
be approximated by the Friis equation and reveals a
1/A? dependence [11,26]. Therefore, shorter wavelengths
seem to have the advantage, especially in the case of
space-space links. On the other hand, space-to-Earth links
include effects caused by the turbulent atmosphere and
the Fried spatial-coherence equation reveals that the per-
ceived turbulence is stronger at shorter wavelengths [27].
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Example of a quantum-networking architecture where entanglement is distributed to two QComm terminals. Space-based

photon sources (PSs) and Bell measurements (BMs) swap entanglement and transmit an entangled state to two ground transceivers via
space-to-Earth downlinks. The ground transceiver may either directly transmit photons to the QComm terminals or perform wavelength
transduction if necessary. Once entanglement is shared at the two terminals, qubits can be teleported from one terminal to the other for
distributed and blind quantum computing, as an example. The schematic helps to illustrate the wavelength problem for global-scale
quantum networking, that is, each link has a different optimal wavelength, which can be further complicated if quantum memories are

to be used at intermediate and/or end nodes.

An analysis that carefully models these competing phe-
nomenon has shown that certain shorter target wavelengths
can provide a significant advantage over long wavelengths
depending on atmospheric conditions and system parame-
ters [25]. The problem is that traditional sources of high-
quality polarization-entangled qubits are in general diffi-
cult to develop and especially hard to achieve at arbitrary
target wavelengths.

The most common method for generating polarization-
entangled photon pairs is spontaneous-parametric down-
conversion (SPDC), where a pump photon spontaneously
decays into a pair of lower-energy photons, commonly
referred to as the signal and the idler [12,13,28]. Typ-
ically, SPDC generates photon pairs that are strongly
spatially and spectrally entangled, and consequently have
low heralded-single-photon purity. The brute-force tech-
nique of tight spatial and spectral filtering can improve the
heralded-single-photon spectral purity, but this comes at
the expense of greatly reducing pair production [29,30].
Therefore, it is unclear how this can be used to improve
entanglement distribution rates.

A more graceful approach involves engineering the
SPDC crystal to create photon pairs with ideal properties,
thereby eliminating the need for spectral filtering. How-
ever, there are trade-offs with this approach as well. For
example, to achieve high heralded-single-photon spectral
purity one can engineer the group velocities of the pump,

signal, and idler photons to obey the so-called group-
velocity-matching (GVM) conditions, but this is possible
only at certain wavelength combinations [31]. Therefore,
high heralded-single-photon spectral purity often comes at
the expense of forfeiting degeneracy and indistinguishabil-
ity. Conversely, one may design a source to achieve degen-
eracy and indistinguishability, but this commonly comes
at the expense of lower heralded-single-photon spectral
purity. One can use aperiodic poling and domain engi-
neering strategies to increase the heralded-single-photon
spectral purity by removing certain spectral correlations,
but only up to a limit when the GVM conditions are not
satisfied [31-35]. This trade-off problem can be detrimen-
tal to entanglement distribution protocols depending on the
application and channel conditions.

Consider a networking architecture including space-
space, space-Earth, and terrestrial links; for example,
an entanglement swapping link between two QComm
terminals mediated by space-based sources and ground
transceivers (see Fig. 1). As stated previously, conven-
tional polarization entangled sources near 1550 nm are
intrinsically closer to ideal Bell states. Therefore, net-
work links based on fiber communication are immune to
the trade-off problem [see Fig. 1(c)]. This along with the
wavelength dependence of atmospheric transmission and
sky radiance has encouraged some to conclude that 1550
nm is the optimal wavelength for free-space networking.
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However, a rigorous analysis has shown that shorter wave-
lengths can significantly outperform longer wavelengths
over atmospheric channels [25]. There is an even stronger
case for space-space links where there are no atmo-
spheric effects and the 1/A? dependence of the geometric
aperture-to-aperture coupling is the dominant phenomenon
[see Fig. 1(a)]. Therefore, we question whether degen-
erate operation at 1550 nm is a desirable choice. One
can also consider nondegenerate sources in free-space
entanglement-swapping links. For example, one can per-
form swapping through a satellite constellation by alter-
nating the wavelengths of the Bell measurements in the
chain, but this introduces alternating link efficiencies. Con-
sider the convenient wavelength combination in potas-
sium titanyl phosphate (KTP), which intrinsically yields
high heralded-single-photon spectral purity for down-
conversion to 532 and 1550 nm. Examining the architec-
ture in Ref. [36], one will find that even in the best-case
scenario the 1550-nm link would be approximately 10
db less efficient than the 532-nm link due to geometric
aperture-to-aperture coupling loss using 10-cm apertures.
This inefficiency is compounded as the number of neces-
sary links grows. For space-Earth links [see Fig. 1(b)], the
entangled state will traverse the Earth’s atmosphere and it
therefore seems natural to choose wavelengths degenerate
at an optimal wavelength [25]. Altogether, this suggests
that degeneracy at a shorter wavelength should be con-
sidered for the space-space and space-to-Earth links in
Figs. 1(a) and 1(b). This would require wavelength trans-
duction at the ground transceiver to convert to 1550 nm
for telecom transmission, but this may already be the case
in order to utilize quantum memory. Thus, we see that
the wavelength and heralded-single-photon spectral purity
trade-off issue is a very relevant problem, which is directly
impeding the development of high rate quantum networks.

We present a method using SPDC and sum-frequency
conversion in tandem to create degenerate, indistinguish-
able, and polarization-entangled photon pairs over a large
range of target down-conversion wavelengths. Further-
more, we show our scheme in principal can achieve
ultrahigh heralded-single-photon spectral purity (> 99%)
over much of the visible and near-infrared (NIR) spec-
trum by selecting the optimal pump and crystal phase-
matching bandwidths and the optimal crystal phase-
matching configuration. This is accomplished with broad
spectral filtering and even without spectral filtering for
the case of aperiodic poling and domain engineering.
Thus, our frequency-converted SPDC scheme provides
the opportunity to realize the ideal entangled photon
source, which is so commonly assumed in the theoreti-
cal descriptions of quantum protocols, e.g., entanglement
swapping and teleportation. For more details, see Refs.
[18] and [19] for a description of the effect of spec-
tral purity on quantum teleportation and entanglement
swapping.

The paper is organized as follows. In Sec. II we briefly
review SPDC theory, emphasizing the constraints on the
heralded-single-photon spectral purity. In Sec. 111 we intro-
duce our frequency-converted SPDC (FC-SPDC) scheme,
and we discuss how its properties can be chosen to achieve
ultrahigh heralded-single-photon spectral purity. In Sec.
IV we present a scheme for creating optimal polarization
entanglement. In Sec. V we present an optimization pro-
cess using the nonlinear crystals KTP, and lithium niobate
(LN), and investigate performance over a wide range of
target down-conversion wavelengths. Thus, we show how
one can configure our scheme to obtain degeneracy, indis-
tinguishability, and heralded-single-photon spectral purity
greater than 99% for any target wavelength in the visible
and the NIR.

II. PURITY CONSTRAINTS OF TRADITIONAL
BIPHOTON SOURCES

In this section we briefly review the theory of SPDC
and discuss the constraints on the heralded-single-photon
spectral purity [28,31,37,38]. In SPDC, photons from a
high-powered pump beam spontaneously decay into pairs
of photons, which often are strongly spectrally entangled.
This spectral entanglement means heralding with one of
the pair projects the other photon into a mixed-spectral
state. This is a problem for protocols involving the inter-
ference of photons from independent sources because the
mixedness of the states degrades the interference visibility.
We now briefly show how one can calculate the state and
investigate its heralded-single-photon spectral purity.

The SPDC state |Wsppc) can be written as the unitary
evolution of the operator Usppc on the vacuum state |0)

|[Wsppc) = Usppc [0) . (D

We expand Usppc to first order and ignore the vacuum
contribution, thus keeping only the so-called biphoton term

Usppc = //fJSA(a)s»wz’)&_j(ws)a;:(wi)dwsdwi, 2)

where 21; (ws) and Zz,t (w;) are the creation operators for the
signal and the idler photons at the frequencies w; and w;
and with the polarizations j and k, respectively, and fjsa is
the joint spectral amplitude (JSA)

fJSA (a)S7 wi) = a(ws + a)i)q)(wS7 wi)a (3)

where « is the pump-envelope function (PEF) and & is
the phase-matching function (PMF). The PEF contains the
spectral distribution of the pump and enforces energy con-
servation, that is, w, = w, + w;, where w, is the frequency
of the pump photon. For a Fourier-transform-limited pulse
the PEF can be modeled by an antidiagonal Gaussian,
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where the FWHM spectral width Aw is equal to 0.44/ At
and At is the FWHM pulse duration [for an example see
Fig. 5(a)]. The PMF is given by

L2 /
P(w,0) = / g(z)e Bk@@)z g, @
—L)2

where g(z) is the poling structure function, Ak is the phase
mismatch, and L is the length of the nonlinear crystal.
The poling structure function g(z) can be 1 depending
on the orientation of the ferroelectric domain at z. When
2(z) alternates periodically, the resulting PMF is a sinc
function. The sidebands of the sinc function can induce
spectral correlations in |Wsppc). These spectral correla-
tions typically persist even for optimal GVM conditions,
thus limiting the heralded-single-photon spectral purity.
Alternately, using domain-engineering strategies, g(z) can
be engineered to remove the sidebands and generate a
Gaussian PMF [31,33-35] [see Fig. 5(c) for an example
of a Gaussian PMF]. The phase mismatch Ak encodes the
crystal properties and enforces momentum conservation
according to

2nm

Ak:kp_ks_ki_Ts

®)

where k; = n;(w;) w;/c is the wave number for the j =
(»,s,i) wave, A is the poling period for quasi-phase-
matching, and m is the phase-matching order.

A convenient measure of the spectral entanglement
comes by means of the Schmidt decomposition of
Srisa(ws, ;) [35,39]. When the JSA is discretized over w;
and w; one can write a matrix component as

[ﬁSA]qr = Z Amuqmvmr, (6)

where the Schmidt coefficients 1, satisfy the normaliza-
tion condition ) )\fn = 1, and u,,; and v,,; are the Schmidt
vectors. The Schmidt number K = ", 1/A% is an indi-
cator of spectral entanglement, that is, |Wsppc) exhibits
a high degree of spectral entanglement when K >> 1.
Conveniently, the heralded-single-photon spectral purity,
which we refer to simply as the purity P, is [31]

P=1/K, (7)

and thus one can see how spectral entanglement degrades
purity. The purity P is also related to the frequency-space
orientation of the JSA, that is, the purity P is smallest when
the function fjsa is oriented along the diagonal or antidi-
agonal. Conversely, when K = 1, spectral entanglement
vanishes, the purity P is unity, and the JSA is oriented
horizontally, vertically, or circularly with no sidebands.
When the bandwidth of the PEF « is greater or equal to

the bandwidth of the PMF ®, the orientation of the JSA is
dominated by the orientation of ®, which in turn is deter-
mined by the orientation of Ak(ws, w;). Approximating Eq.
(5) to first order in w and setting Ak = 0, one finds that the
JSA is oriented along the line

ks
Awsa (8)

where

Aw; = w; — wj,

. dk
kj__

)

- _
dw Wj =Wj

and w; is the central frequency of the j = (p,s,7) photon.
The group velocity V, of the photons are equal to V; =
1/k;. From Egs. (8) and (9) one can find that the GVM
conditions for a vertical, horizontal, or circular JSA are
k; =k, k; =k, or k; = (k] + k,)/2, respectively [31,40].
These are sometimes further categorized as asymmetric
GVM (AGVM) for the horizontal and the vertical condi-
tions [40], and as symmetric GVM (SGVM) for the circu-
lar condition. One should notice for the AGVM conditions
the o bandwidth must be larger than the ® bandwidth, oth-
erwise the JSA is oriented along « (antidiagonal) instead of
along & (horizontal or vertical). Similarly, the bandwidths
of o and ® must be precisely matched for the SGVM
condition.

Another relevant quantity is the spectral indistinguisha-
bility 7, which we calculate from fjsa:

_ I/ fJSA(ws,wi)ﬁgA(ws,wi)dwsdw;

1 )
ff(ﬁSA(wsa wi))zdwsdwi

(10)

where fJST A 1s the conjugate transpose of fjsa.

Figure 2 shows the GVM conditions in wavelength
space for type 2 SPDC phase matching in KTP, and LN. By
type 2 SPDC phase matching we are referring to the pump,
signal, and idler photons polarized along the fast, fast, and
slow axis of the nonlinear crystal, respectively. Assuming
Gaussian PMFs, the red, black, and blue curves trace out
unit-purity states with vertically, circularly, and horizon-
tally oriented fjsa, respectively. The markers indicate states
that are degenerate. Since the states along the red and the
blue curves have AGVM conditions, their fjsa are elliptical
and the signal and idler photons are distinguishable, even
for the degenerate states. In fact, the only states simul-
taneously possessing high purity, indistinguishability, and
degeneracy are the states at approximately 1550 nm, and
approximately 3500 nm, indicated by the black markers.

In other nonlinear crystals the situation is similar,
namely, states with high purity, indistinguishability, and
degeneracy occur only at a single wavelength, typically
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FIG. 2. Group-velocity-matching conditions for type 2 phase
matching in KTP, LN, and MgLN, which reveal the trade-
off problems we resolve in this work. The red, black, and
blue curves trace out unit spectral purity states with vertically,
circularly, and horizontally oriented joint spectral amplitudes,
respectively. Intersection with the gray line across the diagonal
indicates degeneracy conditions for the signal and idler wave-
lengths A, and A;, respectively. One should notice the only states
that are simultaneously degenerate, indistinguishable, and have
high purity are at approximately 1550 nm, and approximately
3500 nm, indicated by the black stars.

in the IR [41]. In Refs. [42—44] the authors locate these
states in the isomorphs of KTP, potassium dideuterium
phosphate, and beta barium borate, adding to the list of
wavelengths at which these states can be obtained. How-
ever, there is still a broad range of degeneracy wavelengths
that cannot be achieved, and thus there is a trade-off;
one must sacrifice high purity for the sake of degeneracy
and indistinguishability, or one must sacrifice degener-
acy and indistinguishability for the sake of high purity.
Making matters worse, when phase-matching in bulk or
quasi-phase-matching in periodically poled (PP) nonlin-
ear crystals, the sinc sidebands of & limit the purity to
the low 80s and 90s for SGVM and AGVM conditions,
respectively. To illustrate this we plot the purity for degen-
erate PPKTP for both Gaussian and sinc phase matching.
In Fig. 3 one can see that the sinc (solid red) curve is
limited to just above 80% whereas the Gaussian (solid
black) curve approaches unit purity at long degeneracy
wavelengths Ageg [31,45].

The brute-force method to overcome these trade-offs
is to use tight spectral filtering, but this comes at the
expense of greatly reducing the brightness of the source
and the heralding efficiency [29,30]. In Fig. 3, the black
and red dashed curves are the probability that both down-
conversion photons pass through top-hat filters that are
narrow enough to increase the purity to 99%:

PO = | faul*/ | fisal’s (1)
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FIG. 3. Degenerate PPKTP when using Gaussian (black) and

sinc (red) phase matching, the heralded-single-photon spectral
purity (solid, P(;), and the probability that both photons of a
pair make it through identical top-hat filters that are just narrow
enough to increase the purity to 99% (dashed, Pégth), where G
and S refer to Gaussian and sinc phase matching, respectively.

where fg; is the filtered JSA for conventional SPDC and i
indicates either Gaussian or sinc phase matching, respec-
tively. One can see that at short wavelengths very narrow
filtering is required to obtain high purity. In fact, below 800
nm only a few percent of the total down-converted photon
flux makes it through the filters. This is the trade-off when
using tight spectral filtering, which may limit the rate of
entanglement distribution of a quantum network.

In the next section we present how our FC-SPDC
scheme can circumvent the trade-offs discussed in this
section. In effect, it is a more elegant spectral filtering
strategy that relies on the overlap of the phase-matching
functions and pump envelope functions involved in the
interaction. The conversion efficiency of this process is dis-
cussed in comparison to the brute-force spectral-filtering
method, particularly in the context of P&)th and maintain-
ing heralding efficiency. Furthermore, efficiencies related
to transverse spatial mode overlap are also discussed.

III. FREQUENCY-CONVERTED SPDC

In this section we derive the output of our FC-SPDC
scheme and discuss how it can generate photon pairs with
high purity, and high indistinguishability. The basis of our
scheme is to divide the nonlinear crystal into two regions
where the poling structure and phase-matching conditions
are first configured for SPDC and then sum-frequency con-
version (SFC) [see Fig. 4(a)]. Within the SPDC region, the
phase matching is tuned such that a photon from a pump
pulse decays into a nondegenerate signal and idler photon
pair. The idler photon then couples with an escort photon
in the SFC region. In a SFC process a photon at frequency
w, from a high-powered pump, often called the escort,
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FIG. 4. (a) Depiction of our frequency-converted SPDC pro-
cess, which can resolve the wavelength-purity trade-offs dis-
cussed in Sec. II and thereby establish ultrahigh purity over a
large spectral range. The nonlinear crystal is divided into two
regions, where one region is poled for SPDC phase matching
and the other for SFC phase matching. The pulsed pump (blue)
drives nondegenerate SPDC in the SPDC region. The idler pho-
tons from SPDC (red) are then frequency converted in the SFC
region into the signal mode (green) by means of the temporally-
coherent-high-power pulsed escort beam (brown). In (b) we give
the energy diagram of the sequential SPDC and SFC processes;
the idler (w;) and escort photons (w,) are combined to generate
the frequency-converted photon (wgc), which has the same fre-
quency as the signal photon (w;). In Fig. 5 we show how this
process can achieve ultrahigh purity.

combines with a photon at frequency wi, and generates
a higher-energy photon at the sum frequency, which we
simply call the frequency-converted photon wgc [46,47].
Our technique is to phase match the SFC region to estab-
lish degeneracy by converting the idler photon wy, = w;
to the signal frequency, thus wgc = w;. We assume the
high-powered escort pulses are engineered to be tempo-
rally synchronized with the pulsed pump, and thus the
escort pulses arrive on average in the SFC region at the
same time as the idler photons (see Sec. IV and Fig. 6
for details.) This ensures efficient SFC of escort and idler
photons into the same frequency mode as the signal pho-
ton. Next, we derive the output state of the device | W)
and show how it can be engineered to have high purity
and indistinguishability over a wide range of degeneracy
wavelengths Ageg.

Analogous to SPDC, SFC can be modeled with the
unitary operator [47]

Usrc = / / fica(@in, @rc)a(win)a! (wpc)dwndwrc,
(12)

where [ and m are the polarizations of the input photon wy,,
which is the idler photon in our scheme, and the frequency-
converted photon wgc, respectively. The spectral correla-
tions between the input and frequency-converted photon

are characterized by the joint conversion amplitude (JCA)

JSica(@in, wrc) = B(wrc — win) ¥ (win, wrc), (13)

where 8 is the escort envelope function (EEF) and W is the
PMF for SFC. One should note that energy conservation
requires the EEF 8 to be diagonal rather than antidiagonal.
Therefore, o and § are always orthogonal. The output state
of the device is

|Wout) = UsecUsppc |0) . (14)

In our scheme the SPDC idler photon is frequency con-
verted, and thus we have the relation

(i) () |0) = 8(a; — )8y [0).  (15)

Substituting Egs. (3), (13), and (15) into Eq. (14) and
integrating over wiy:

[Wour) Z/feff(a)m ch)flfn(ws)fl;t (wrc)dwrcdwy [0), (16)
where we define the effective JSA
Jer(wy, wpc) = /fJCA(wi, wrc)fisa(ws, w)dw;, — (17)

which describes the spectral relationship of the two entan-
gled photons leaving the device; the signal photon from the
SPDC process and the frequency-converted photon from
the SFC process.

As discussed in Sec. II, the purity P and the indistin-
guishability / of a biphoton state can be calculated from
the shape of the JSA fjsa (w5, w;). Based on Eq. (3), one
can see that ultimately the shape of the JSA is determined
by the orientation of the PMF & and the bandwidths of
both the PEF « and the PMF &. Since the orientation
of & is fixed for a given interaction, the bandwidths of
o« and @ are the only free parameters that can be used
to tune the state. The lack of tunability in general pre-
vents the engineering of pure and indistinguishable output
states at arbitrary Aqeo. Therefore, these sources are often
designed with o« and @ of comparable bandwidths. This
is in contrast to our FC-SPDC scheme, which has more
tunability as a consequence of the phenomenon contribut-
ing to the effective JSA f.. Based on Eq. (17), one can
see that there are now four available bandwidth parame-
ters; the bandwidths associated with the PMFs ® and ¥
and the envelope functions « and B. Consequently, the
problem becomes a four-parameter-optimization problem
where one attempts to judiciously choose bandwidths that
establish a two-dimensional (2D) Gaussian effective JSA.
We show in Sec. V that this is in general possible when
one selects the optimal phase-matching configuration from
Table I at the degeneracy wavelength A4, of interest.
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FIG. 5. Wavelength-space depiction of the FC-SPDC pro-
cesses, which are depicted in Fig. 4, using the phase-matching
configuration II from Table I at the degeneracy wavelength
Adeg = 780 nm. (a), (b) Antidiagonal PEF « and diagonal EEF
B represent energy conservation for the SPDC and SFC pro-
cesses, respectively. (c¢), (d) PMFs ® and ¥ encode the crystal
properties and momentum conservation. (e) JSA fisa = o x &
characterizes the spectral properties of the SPDC process. (f)
JCA fijca = B x ¥ characterizes the spectral properties of the
SFC process. (g) Effective JSA given by the matrix product
ferr = fica X fisa characterizes the output state.

As an example of this optimization process, Fig. 5 illus-
trates how to create a circular effective JSA at Agep =
780 nm. In this case, we utilize FC-SPDC in KTP with
Gaussian phase matching according to the phase-matching
configuration II in Table I. The left and right columns show
the individual SPDC and SFC processes, respectively. Fig-
ures 5(a), 5(c), and 5(e) give the PEF «, PMF &, and JSA
fisa for the SPDC process. Therefore, the left column is an
illustration of Eq. (3), that is, fjsa is the scalar product of
o and ®. Similarly, Figs. 5(b), 5(d), and 5(f) are the EEF
B, PMF W, and JCA fjca for the SFC process, where fjca

is the scalar product of 8 and W as stated in Eq. (13). The
effective JSA f. is shown in Fig. 5(g). Considering Eq.
(17) in discretized form, f.¢ becomes the matrix product of
Jica [Fig. 5(f)] and fisa [Fig. 5(e)].

The purity P and the indistinguishablity / are unity
for this example, because at this Aq4e; and phase-matching
configuration the orientations of ® and W reside within
favorable regions of the parameter space. Consequently,
one can easily identify bandwidth parameters that result in
a circular Gaussian f.¢. However, for certain orientations
of ® and W this is not possible. Therefore, we establish an
optimization procedure that selects bandwidths that maxi-
mize the quantity n = P x I. Accordingly, our method is
to search all the possible phase-matching configurations
(listed in Table 1) and to select the configuration with the
largest n for the A4, of interest. We discuss this further in
Sec. V.

IV. ENTANGLED FREQUENCY-CONVERTED
SPDC SOURCE

In this section we discuss a method to generate polar-
ization entanglement using our FC-SPDC process and a
Sagnac interferometer. The entanglement is ideal in the
sense that there are no detrimental frequency-polarization
correlations [48,49].

A schematic of our method is shown in Fig. 6. The pre-
liminary step is to generate temporally synchronized escort
and pump pulsed beams that will separately drive the SFC
and SPDC processes, respectively. A configuration that
accomplishes this is shown in the upper (Mach-Zehnder)
portion of Fig. 6. A high-powered pulsed laser configured
at the escort frequency w, is divided at the polarizing beam
splitter PBS1. The beam in the upper path is frequency
doubled in a nonlinear second-harmonic generation (SHG)
crystal, generating the pump beam at frequency w, = 2w,.
The linear polarizations of the pump beam and the escort
beam (lower path) are set to 45° by the half-wave plates
HWP1 and HWP2. Lastly, the pump and escort beams are
recombined at the PBS2. By deriving the escort and the
pump beams from the same high-powered pulsed laser, the
temporal offset between the escort and pump pulses can be
tuned and held fixed so that the idler photons created in the
SPDC region arrive on average in the center of the SFC
region at the same time as the escort pulses.

For the next step, the escort and pump beams enter the
Sagnac loop at the polarizing beam splitter PBS2 and are
each equally divided into clockwise and counterclockwise
traveling pulses [14,50]. Centered in the loop is the nonlin-
ear crystal, which is symmetrized with respect to the center
of the loop so that identical frequency-conversion pro-
cesses occur for both propagation directions. To achieve
this symmetry we place the SPDC region of the crystal
between two identical SFC regions. Due to the quasi-
phase-matching, the pump and the escort pulses interact
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FIG. 6. Configuration for generating polarization entangle-
ment using our FC-SPDC scheme. A Mach-Zehnder interfer-
ometer prepares the pump and escort pulses: the laser, which is
configured at the escort pump frequency, is split at the polariz-
ing beam splitter (PBS1), in the upper path the second-harmonic
generation (SHG) crystal generates the pump beam, the polariza-
tions of the beams are rotated to 45° with the half-wave plates
(HWP1 and HWP2), and the beams are recombined at polarizing
beam splitter PBS2. The two-region nonlinear crystal depicted in
Fig. 4(a) is modified to contain a SPDC region placed between
two SFC regions, making the crystal symmetric about the cen-
ter. This three-region crystal is placed at the center of a Sagnac
interferometer integrated with a half-wave plate (HWP3) to gen-
erate identical frequency-converted SPDC photons in both the
clockwise and counterclockwise directions. As a result the output
modes of the polarizing beam splitter (PBS2) are reflected at the
dichroic mirrors (DMs), and thus the reflected modes a and b are
polarization entangled. A detection at }; in a “Veto” mode allows
one to maintain high heralding efficiency by detecting when the
SFC process failed and vetoing that pulse.

almost exclusively within the SPDC region and the SFC
region, respectively. Therefore, unwanted nonlinear inter-
actions are suppressed. Spurious nonlinear interactions that
persist should generate photons outside the wavelength
band of interest, and thus should be easy to filter out.

Utilizing a Sagnac loop to generate polarization entan-
glement requires the frequency-converted photon and the
signal photon to have orthogonal polarizations, otherwise
they will not separate at PBS2 into different spatial modes.
Furthermore, the inclusion of the half-wave plate HWP3
ensures that the signal photons always exit PBS2 into
the same mode regardless of the propagation direction.
Similarly, the frequency-converted photons always exit
PBS2 into the other mode. In this way the output state
at spatial modes a and b has no frequency-polarization
correlations. We call this ideal polarization entanglement,
because any distinguishing spectral information contained
in the output state has no effect on the quality of the
polarization entanglement. The following frequency rela-
tionships result from our scheme:

wp = 2w,, wrc = ws, and w; =

Wy
5 (18)

At the end of Sec. II we note that our scheme can be inter-
preted as a more elegant filtering strategy. This should be
evident from the the expression for the effective JSA in
Eq. (17) and the progression leading to the circular effec-
tive JSA in Fig. 5. A consequence of this filtering effect is
the SFC conversion efficiency, which can be defined as the
ratio of the joint spectral intensities (JSIs)

Neony = | forrl* /| fisal*. (19)

The conversion efficiency can be low for certain wave-
length configurations, but in most cases it is not as sig-
nificant as the attenuation that would be observed with
conventional filtering (see Fig. 9). Furthermore, whereas
conventional filtering can significantly decrease heralding
efficiency, our method can maintain high heralding effi-
ciency by detecting unconverted idler photons and using
this information to “Veto” a pulse in which a degenerate-
entangled pair was not created (see red dashed lines labeled
“Veto” in Fig. 6). In practice there will be other contribu-
tions to the conversion efficiency. One such contribution
is the incomplete conversion that occurs when the escort
pump power is too low [46,47]. This would be accounted
for by a prefactor in Eq. (19). However, since our scheme
allows independent control of the escort beam, this con-
tribution to the efficiency is ignored. Other inefficiencies
could be introduced, for example, by limited transverse
spatial mode overlap, which we discuss in the following
paragraph.

The well-known problems related to spatial and
transverse-spatial mode optimization inherent to conven-
tional SPDC in crystals are likewise inherent to our
method. Utilizing a bulk crystal, one must consider how to
optimize beam overlap including how to focus the pump
beam in order to maximize certain measures [51]. This
issue is compounded in our scheme due to the three phase-
matching regions, but conventional solutions still apply.
The main difference is that one must consider the challenge
of focusing the pump at the center of the SPDC region
and the escort at the center of the SFC regions. Likewise,
the transverse-spatial-mode overlap optimization must be
performed for both the SPDC and SFC regions [38,52].
Common to both methods, one must ask what perfor-
mance measure to optimize for and how this relates to
beam parameters. For example, if one were to couple spa-
tial modes a and b (see Fig. 6) into single-mode fibers,
then the beam parameters for optimal pair rate will likely
be very different than the optimal parameters for herald-
ing efficiency [53]. This is a result of the higher-order
transverse-spatial-mode structure of the SPDC photons.
The other option is to use a nonlinear waveguide approach,
which can give up to a 50x improvement in down-
conversion rate [54]. However, the waveguides can also
support SPDC in higher-order transverse-spatial modes
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due to the disparate wavelengths of the pump and down-
converted photons, and due to imperfections in waveguide
manufacturing. Additionally, the problem can be com-
pounded because the modes of the waveguide may have
poor transverse-spatial mode overlap with the assumed
fiber modes [55,56]. Therefore, a similar optimization
problem is required. Ideally, one would couple all the
wavelengths into their respective fundamental waveguide
mode and have strong overlap with single mode fiber, thus
minimizing detrimental transverse spatial mode effects.
Ultimately, the issue of transverse-spatial-mode optimiza-
tion is application specific, and thus reserved for future
work.

V. SIMULATION RESULTS

In this section we present results that demonstrate the
utility of FC-SPDC scheme. Keeping the crystal temper-
ature constant at 20°C, we span a large parameter space
in which we find the best performance possible with KTP,
and LN. For each A4s, we also consider the effects of both
periodic poling and domain engineering, which result in
sinc PMFs or ideal Gaussian PMFs, respectively. Recall
from Secs. III and IV that the idler photon is frequency
converted in the SFC region, and to establish polarization
entanglement in the Sagnac configuration the frequency-
converted photon must be orthogonal to the signal photon.
These requirements limit the possible phase-matching con-
figurations to those labeled I through VIII in Table I, where
x, v, and z represent photons polarized along the respective
crystolographic axis (X, Y, Z), and SPDC and SFC indicate
the nonlinear process. For the case of the uniaxial crystal
LN only the configurations I through IV are relevant. Fur-
thermore, the indices of refraction n, and n. become the
ordinary and extraordinary indices, respectively. The pho-
tons involved in the SPDC and SFC processes are labeled
from left to right: pump — idler 4 signal and escort +
idler — frequency converted, respectively.

TABLE 1. The phase-matching configurations where x, y, z
are photons polarized along the respective crystolographic axis
(X,Y,Z). The columns for SPDC are pump — idler + signal,
and the columns for SFC are escort + idler — frequency con-
verted. For the nonlinear crystal LN n, and n. are the ordinary
and extraordinary refractive indices, respectively.

Conf. Num. SPDC SFC

I y—=>y+z z4+y—y
I y—>z+y z4+z—>z
I z—>z+4z y+z—y
v z—>y+y y+y—z
A\ X—>x4+z Z4+x—>x
VI xX—>z+x z+z—>z
VII z—>z+z X+z—>x
VIII z—>x+x X+x—>z

The results we present proceed as follows. For each Ageg,
we choose the configuration in Table I that maximizes
n = P x I. We also evaluate our periodically poled source
configuration in terms of heralding efficiency H after filter-
ing the minimum necessary to remove the sinc sidebands
from fegr:

_ Pboth
- _’

H
Paj

(20)

where Ppog, is defined in Eq. (11), and P;; is the condi-
tional probability of detecting one photon with unit detec-
tion efficiency provided that the second of the pair passed
through a filter and was detected in the other mode. For ref-
erence, we compare these metrics to those of an equivalent
conventional degenerate SPDC photon source. The simula-
tions utilizing KTP use the Sellmeier equations from Refs.
[57,58], and the simulations utilizing LN use the Sellmeier
equations from Ref. [59].

First, we present the results of our FC-SPDC scheme
as a function of Age, using KTP (see Fig. 7). The met-
rics P, I, and H are shown in Figs. 7(a)-7(c), respectively.
The optimal bandwidth parameters are shown in Fig. 7(d),
the range of allowable output bandwidths are shown in
Fig. 7(e), and the required poling period is shown in
Fig. 7(f). The optimal phase-matching configuration for
periodic poling and sinc phase matching is indicated by
the Roman numeral I through VIII (see Table I) and the
boundaries of each configuration by the vertical, gray lines.
The green curves labeled G correspond to the FC-SPDC
scheme with Gaussian phase matching, the blue curves
labeled S correspond the FC-SPDC scheme with sinc phase
matching, and red curves labeled D in Figs. 7(a)-7(c) cor-
respond to conventional degenerate SPDC with sinc phase
matching. We apply the constraint

Imm<L <3cm (21)

on the individual lengths of the SPDC and SFC regions of
the nonlinear crystal. The lower and upper bounds of Eq.
(21) define the upper and lower boundaries (black curves)
in Fig. 7(e), respectively.

Figure 7(a) shows that our FC-SPDC scheme achieves
P > 96.5% when using sinc phase matching (blue)
for 466 nm < Ageg < 1500 nm. Except for the region
530 nm < Ageg < 560 nm where P > 96.5%, the scheme
achieves P > 99% when using ideal Gaussian phase
matching (green) [see Fig. 12(a) in Appendix A 2 for more
resolution of our FC SPDC results]. For comparison, the
degenerate SPDC process has P approaching unity (after
filtering away the sinc sidebands) as Ageg — 1550 nm,
but it quickly diverges from unity as Aqe; decreases. The
degenerate SPDC curve terminates below 710 nm because
KTP begins to absorb at the pump wavelength (this is dis-
cussed further at the end of this section). Figure 7(b) shows
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The results of the frequency-converted SPDC optimization for the nonlinear crystal KTP. The figure includes the (a) purity,

the (b) indistinguishability, and (c) the heralding efficiency for frequency-converted SPDC with Gaussian G and sinc S phase matching,

FIG. 7.

, escort (0,), SPDC phase-matching bandwidth (o), and SFC phase-matching bandwidth

(o) normalized to the output bandwidth of the device, the (e) achievable output bandwidths, and the (f) poling period for the SPDC
and SFG regions of the crystal. The optimal phase-matching configurations at each output wavelength (A4.g) are labeled by Roman

and for conventional-degenerate SPDC D with sinc phase matching (the curves S and D are filtered just enough to remove the sidebands
numerals corresponding to the rows in Table I. The boundaries are indicated by the vertical gray dashed lines.

from the JSA), the (d) optimal pump (0},)
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I is close to 100% except for several regions where the
phase-matching angles become unfavorable and / drops
as low as 91%. Figure 7(c) gives the heralding efficiency
H for the case of sinc phase matching and filtering just
enough to suppress the sidebands without truncating the
central lobe of fi. Our scheme allows one to indepen-
dently increase the escort power in an effort to approach
near unit conversion efficiency of the overlapping spec-
tral regions [46], and thus conversion efficiency has been
neglected in the present analysis. A detailed analysis of
the effect of nonunit conversion efficiency on the heralding
efficiency and other quantities is reserved for future work.
Considering the metrics together, we see for 466 nm <
Adeg < 1500 nm one can simultaneously achieve ultrahigh
purity P and indistinguishability /, while maintaining high
heralding efficiency H and using broad spectral filters.
Figure 7(d) shows the bandwidth parameter optimiza-
tion, where o, 0y, 0., and oy, are the normalized band-
widths of «, @, 8, and W, respectively, which are nor-
malized to the target output bandwidth of the source. We

force the following constrains on the bandwidth optimiza-
tion algorithm to ensure the algorithm searches over a
realistic parameter space: 0, < 20,, 0, < 20,, 0y < 20y,
oy < 204, and o,, 04, 0., and oy to be less than 6 and
greater than 0.1. In addition, we require the temporal dura-
tion ¢ of the pump and escort beams to be 5 fs < §¢ < 1 ns.
Figure 7(e) shows the available target output bandwidths
(shaded gray region) where we assert these constraints and
Eq. (21). Figure 7(f) shows the required poling period for
quasi-phase-matching of the SPDC process (black) and
the SFC process (red) with the phase-matching config-
uration indicated by I through VIII (see Table I). The
peak at Ageg ~ 514 nm in the black curve indicates the
nondegenerate SPDC process is almost phase matched at
this )\deg-

Similarly, Fig. 8 shows the result of the optimization
when using the nonlinear crystal LN. Figures 8(a)-8(c)
indicate our FC-SPDC scheme can achieve P > 95.5%,
I > 95%, and H > 97% for 534 nm < Agee < 1600 nm
when using sinc phase matching [see Fig. 12(b) in
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Appendix A2 for more resolution]. If one can achieve
perfect Gaussian phase matching, P increases to 100%,
I increases to greater than 98%, and H = 100% because
there are no sidebands and therefore no required filtering.
The simulations are similar when using the nonlinear crys-
tal magnesium oxide doped lithium niobate (MgLN), and
the reader is referred to the LN simulations if wanting to
use MgLN.

Another benefit of our FC-SPDC scheme is the ability to
create polarization entangled photons at A4c, below what is
possible when using conventional degenerate SPDC pro-
cesses. This is because the KTP and LN absorb below
Adeg A~ 355 nm [60] and Ag4eg ~ 400 nm [61], respectively.
Degenerate SPDC obeys the relationship Age, = 24,, and
thus when using KTP and LN the lower limit for SPDC
iS Adeg A 710 nm and Agee =~ 800 nm, respectively. Our
FC-SPDC source obeys Ageg = 44, /3, and therefore the
lower limit is Ageg &~ 466 nm for KTP and Ag4eg ~ 534 nm
for LN. Consequently, if one desires to operate in the
short-wavelength region of the visible spectrum that, for
example, is optimal for free-space quantum communica-
tion [25], our FC-SPDC scheme is a viable option whereas
conventional-degenerate SPDC is not.

Since our scheme is analogous to a filtering strategy, the
conversion efficiency is analogous to the probability that
both photons are transmitted through a spectral filter (see
P& and P, in Fig. 3). In fact, noting Egs. (11) and (19),
one will see they are mathematically identical. In Fig. 9 we
plot the conversion efficiency 7¢ony given in Eq. (19) (black
curve) and the conventional filtering efficiency Pégth given
in Eq. (11) (gray curve). For KTP [Figs. 9(a) and 9(c)],
one can see that 7.0y 18 considerably larger than Pé?th for
most of the wavelength range except for a narrow region
near 1000 nm and near 1400 nm where conventional phase
matching becomes intrinsically pure. For LN [Figs. 9(b)
and 9(d)], one can see 1coqy 1S considerably larger for most
regions and in this case the conventional filtering efficiency
ngth plateaus near 5%. Other inefficiencies related to spa-
tial and transverse-spatial mode overlap are inherent to
both methods, but are neglected here.

VI. CONCLUSION

In this paper we present a technique to generate ultra-
high purity, indistinguishable, degenerate, polarization
entangled photon pairs over a large visible and NIR spec-
tral range. The technique uses a single nonlinear crystal
segmented into three phase-matching regions. The central
region is quasi-phase-matched for nondegenerate SPDC
and the leading and trailing regions are identically quasi-
phase-matched for SFC. The idler photon from an SPDC
event is frequency converted into the same frequency
mode as the signal photon by means of a high-energy
pulsed escort beam. Therefore, we call this two-step
process frequency-converted SPDC. Furthermore, the

crystal is placed at the center of a Sagnac interferometer
to generate frequency-uncorrelated polarization entangle-
ment between the output modes of the interferometer.

We show, by carefully selecting the lengths of the
SPDC and SFC regions, the phase-matching configura-
tion (listed in Table I), and the nonlinear crystal KTP, or
LN, it is possible to achieve heralded-single-photon spec-
tral purity exceeding 99%, indistingishability above 95%,
and heralding efficiency above 94% for all degenerate
operating wavelengths between approximately 466 and
1600 nm. This scheme is also a good source of high-quality
polarization-entangled photon pairs below approximately
equal to 710 nm, which is difficult to achieve by means
of conventional-degenerate SPDC due to absorption of the
pump. Considering these metrics, our FC-SPDC scheme
is an example of an ideal source for a polarization-based
quantum network. However, further work is required to
model the brightness of FC SPDC and the transverse-
spatial-mode structure.
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APPENDIX A

Here we collect complementary figures that are too
numerous for the main text, which includes analysis of
KTP and LN. In Appendix A 1 we present the results
of the optimization procedure when using Gaussian phase
matching for both KTP and and LN. In Appendix A 2 we
decrease the scale of the purity plots in order to give more
resolution of the performance of our scheme.
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are indicated by the vertical gray dashed lines.
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Results of the optimization when using the nonlinear
crystal LN and Gaussian phase matching including (a) the opti-
mal pump (o,), escort (o.), SPDC phase-matching bandwidth
(0,), and SPC phase-matching bandwidth (o, ) normalized to the
target output SPDC bandwidth, the (b) achievable output SPDC
bandwidths, and the (c) poling period for the SPDC and SFG
regions of the crystal. The optimal phase-matching configura-
tions at each output wavelength (A4e) are labeled by Roman
numerals corresponding to the rows in Table I. The boundaries
are indicated by the vertical gray dashed lines.
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FIG. 12. Reduced-range view of the purity of our FC-SPDC scheme for (a) KTP and (b) LN, corresponding to Figs. 7(a), and 8(a),

respectively.

1. Optimization for Gaussian PMF

In the main text we present the optimization parameters
for the case of phase matching without domain engi-
neering, which leads to a sinc PMF. Due to the added
complication of domain engineering, we reserve the opti-
mization parameters for Gaussian phase matching to the
Appendix and discuss them now. Figures 10(a)-10(c)
show the bandwidth parameters (o0,, 0y, 0., and oy,), the
range of available output bandwidths of the source, and
the poling period, respectively, when using KTP. Simi-
larly, Figs. 11(a)-11(c) show the parameters when using
LN. The metrics P, I, and H that result from these
optimal parameters are plotted as the green curves in
Figs. 6(a)-6(c) and Figs. 7(a)-7(c) when using KTP and
LN, respectively.

2. Reduced-range view

The physics of conventional-degenerate phase matching
required a large range of values on the y axis because the
purity and indistinguishability can be so low. In Fig. 12
we reduce the range to show more resolution of our results
from Figs. 7(a) and 8(a). The green curves (G) and blue
curves (S) indicate Gaussian and sinc phase matching, and
the Roman numerals I through VIII indicate the optimal
phase-matching configuration from Table I. The vertical,
gray lines mark the boundary of each phase-matching
configuration.

[1] S. Wehner, D. Elkouss, and R. Hanson, Quantum inter-
net: A vision for the road ahead, Science 362, eaam9288
(2018).

[2] M. Aspelmeyer, T. Jennewein, M. Pfennigbauer, W.
R. Leeb, and A. Zeilinger, Long-distance quantum

communication with entangled photons using satellites,
IEEE J. Sel. Top. Quantum Electron. 9, 1541 (2003).

[3] K. Boone, J.-P. Bourgoin, E. Meyer-Scott, K. Heshami, T.
Jennewein, and C. Simon, Entanglement over global dis-
tances via quantum repeaters with satellite links, Phys. Rev.
A 91, 052325 (2015).

[4] R. Van Meter, Quantum Networking (John Wiley & Sons,
Hoboken, New Jersey, U.S., 2014).

[5] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres,
and W. K. Wootters, Teleporting an Unknown Quantum
State via Dual Classical and Einstein-Podolsky-Rosen
Channels, Phys. Rev. Lett. 70, 1895 (1993).

[6] M. Zukowski, A. Zeilinger, M. A. Horne, and A. K. Ekert,
“Event-Ready-Detectors” Bell Experiment via Entangle-
ment Swapping, Phys. Rev. Lett. 71, 4287 (1993).

[71 D. Cuomo, M. Caleffi, and A. S. Cacciapuoti, Towards a
distributed quantum computing ecosystem, IET Quantum
Commun. 1, 3 (2020).

[8] S. Barz, E. Kashefi, A. Broadbent, J. F. Fitzsimons, A.
Zeilinger, and P. Walther, Demonstration of blind quantum
computing, Science 335, 303 (2012).

[9] D. Gottesman, T. Jennewein, and S. Croke, Longer-
Baseline Telescopes using Quantum Repeaters, Phys. Rev.
Lett. 109, 070503 (2012).

[10] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum
sensing, Rev. Mod. Phys. 89, 035002 (2017).

[11] H. T. Friis, Introduction to radio and radio antennas, IEEE
Spectr. 8, 55 (1971).

[12] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A.
V. Sergienko, and Y. Shih, New High-Intensity Source of
Polarization-Entangled Photon Pairs, Phys. Rev. Lett. 75,
4337 (1995).

[13] P. G. Kwiat, E. Waks, A. G. White, . Appelbaum, and P.
H. Eberhard, Ultrabright source of polarization-entangled
photons, Phys. Rev. A 60, R773 (1999).

[14] B.-S. Shiand and A. Tomita, Generation of a pulsed polar-
ization entangled photon pair using a sagnac interferometer,
Phys. Rev. A 69, 013803 (2004).

[15] R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H.
Weier, T. Scheidl, M. Lindenthal, B. Blauensteiner,

064014-15


https://doi.org/10.1126/science.aam9288
https://doi.org/10.1109/JSTQE.2003.820918
https://doi.org/10.1103/PhysRevA.91.052325
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.71.4287
https://doi.org/10.1049/iet-qtc.2020.0002
https://doi.org/10.1126/science.1214707
https://doi.org/10.1103/PhysRevLett.109.070503
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1109/MSPEC.1971.5218045
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1103/PhysRevA.60.R773
https://doi.org/10.1103/PhysRevA.69.013803

RANDY LAFLER and R. NICHOLAS LANNING

PHYS. REV. APPLIED 17, 064014 (2022)

T. Jennewein, J. Perdigues, and P. Trojek, et al.,
Entanglement-based quantum communication over 144
km, Nat. Phys. 3, 481 (2007).

[16] T. Honjo, S. Nam, H. Takesue, Q. Zhang, H. Kamada, Y.
Nishida, O. Tadanaga, M. Asobe, B. Baek, and R. Had-
field, et al., in Quantum Electronics and Laser Science
Conference (Optical Society of America, 2008) p. QWBI.

[17] R. Rangarajan, M. Goggin, and P. Kwiat, Optimizing type-
I polarization-entangled photons, Opt. Express 17, 18920
(2009).

[18] T. S. Humbleand and W. P. Grice, Spectral effects in
quantum teleportation, Phys. Rev. A 75, 022307 (2007).

[19] T.S. Humbleand and W. P. Grice, Effects of spectral entan-
glement in polarization-entanglement swapping and type-I
fusion gates, Phys. Rev. A 77, 022312 (2008).

[20] R.-B. Jin, M. Takeoka, U. Takagi, R. Shimizu, and M.
Sasaki, Highly efficient entanglement swapping and tele-
portation at telecom wavelength, Sci. Rep. 5, 1 (2015).

[21] W. T. Buttler, R. J. Hughes, S. K. Lamoreaux, G. L. Mor-
gan, J. E. Nordholt, and C. G. Peterson, Daylight Quantum
Key Distribution Over 1.6 km, Phys. Rev. Lett. 84, 5652
(2000).

[22] M. T. Gruneisen, M. B. Flanagan, B. A. Sickmiller, J. P.
Black, K. E. Stoltenberg, and A. W. Duchane, Modeling
daytime sky access for a satellite quantum key distribution
downlink, Opt. Express 23, 23924 (2015).

[23] P. Arteaga-Diaz, A. Ocampos-Guillén, and V. Fernandez, in
2019 21st International Conference on Transparent Optical
Networks (ICTON) (IEEE, 2019), p. 1.

[24] M. T. Gruneisen, M. L. Eickhoff, S. C. Newey, K. E.
Stoltenberg, J. F. Morris, M. Bareian, M. A. Harris, D. W.
Oesch, M. D. Oliker, and M. B. Flanagan, et al., Adaptive-
Optics-Enabled Quantum Communication: A Technique
for Daytime Space-to-Earth Links, Phys. Rev. Appl. 16,
014067 (2021).

[25] R. N. Lanning, M. A. Harris, D. W. Oesch, M. D. Oliker,
and M. T. Gruneisen, Quantum Communication over Atmo-
spheric Channels: A Framework for Optimizing Wave-
length and Filtering, Phys. Rev. Appl. 16, 044027 (2021).

[26] S. B. Alexander, Optical communication receiver design,
37 (IET, 1997) Chap. 2, p. 37.

[27] D. L. Fried, Limiting resolution looking down through the
atmosphere, JOSA 56, 1380 (1966).

[28] W. P. Griceand and I. A. Walmsley, Spectral information
and distinguishability in type-ii down-conversion with a
broadband pump, Phys. Rev. A 56, 1627 (1997).

[29] P.J. Mosley, J. S. Lundeen, B. J. Smith, P. Wasylczyk, A. B.
U’Ren, C. Silberhorn, and I. A. Walmsley, Heralded Gen-
eration of Ultrafast Single Photons in Pure Quantum States,
Phys. Rev. Lett. 100, 133601 (2008).

[30] E. Meyer-Scott, N. Montaut, J. Tiedau, L. Sansoni, H.
Herrmann, T. J. Bartley, and C. Silberhorn, Limits on the
heralding efficiencies and spectral purities of spectrally fil-
tered single photons from photon-pair sources, Phys. Rev.
A 95, 061803 (2017).

[31] A. B. U’Ren, C. Silberhorn, R. Erdmann, K. Banaszek, W.
P. Grice, I. A. Walmsley, and M. G. Raymer, Generation of
pure-state single-photon wavepackets by conditional prepa-
ration based on spontaneous parametric downconversion,
(2006), arXiv preprint ArXiv:quant-ph/0611019.

[32] P. B. Dixon, J. H. Shapiro, and F. N. Wong, Spectral
engineering by Gaussian phase-matching for quantum pho-
tonics, Opt. Express 21, 5879 (2013).

[33] J. Tambasco, A. Boes, L. Helt, M. Steel, and A. Mitchell,
Domain engineering algorithm for practical and effective
photon sources, Opt. Express 24, 19616 (2016).

[34] F. Graffitti, D. Kundys, D. T. Reid, A. M. Branczyk,
and A. Fedrizzi, Pure down-conversion photons through
sub-coherence-length domain engineering, Quantum Sci.
Technol. 2, 035001 (2017).

[35] F. Graffitti, J. Kelly-Massicotte, A. Fedrizzi, and A.
M. Branczyk, Design considerations for high-purity her-
alded single-photon sources, Phys. Rev. A 98, 053811
(2018).

[36] S. Khatri, A. J. Brady, R. A. Desporte, M. P. Bart, and J.
P. Dowling, Spooky action at a global distance: Analysis
of space-based entanglement distribution for the quantum
internet, npj Quantum Inf. 7, 1 (2021).

[37] T. E. Kellerand and M. H. Rubin, Theory of two-photon
entanglement for spontaneous parametric down-conversion
driven by a narrow pump pulse, Phys. Rev. A 56, 1534
(1997).

[38] Z. Yang, M. Liscidini, and J. Sipe, Spontaneous parametric
down-conversion in waveguides: A backward heisenberg
picture approach, Phys. Rev. A 77, 033808 (2008).

[39] K. Zielnicki, K. Garay-Palmett, D. Cruz-Delgado, H. Cruz-
Ramirez, M. F. O’Boyle, B. Fang, V. O. Lorenz, A.
B. U’Ren, and P. G. Kwiat, Joint spectral characteri-
zation of photon-pair sources, J. Mod. Opt. 65, 1141
(2018).

[40] F. Kaneda, K. Garay-Palmett, A. B. U’Ren, and P. G.
Kwiat, Heralded single-photon source utilizing highly non-
degenerate, spectrally factorable spontaneous parametric
downconversion, Opt. Express 24, 10733 (2016).

[41] F. Laudenbach, H. Hiibel, M. Hentschel, P. Walther, and
A. Poppe, Modelling parametric down-conversion yield-
ing spectrally pure photon pairs, Opt. Express 24, 2712
(2016).

[42] R.-B. Jin, P. Zhao, P. Deng, and Q.-L. Wu, Spectrally Pure
States at Telecommunications Wavelengths from Periodi-
cally Poled M TiO XO4 (M = K, Rb, Cs; X = P, As)
Crystals, Phys. Rev. Appl. 6, 064017 (2016).

[43] R.-B. Jin, N. Cai, Y. Huang, X.-Y. Hao, S. Wang, F. Li, H.-
Z. Song, Q. Zhou, and R. Shimizu, Theoretical Investiga-
tion of a Spectrally Pure-State Generation from Isomorphs
of KDP Crystal at Near-Infrared and Telecom Wavelengths,
Phys. Rev. Appl. 11, 034067 (2019).

[44] R.-B. Jin, W.-H. Cai, C. Ding, F. Mei, G.-W. Deng, R.
Shimizu, and Q. Zhou, Spectrally uncorrelated biphotons
generated from “the family of BBO crystal”, Quantum Eng.
2, 38 (2020).

[45] R.-B.Jin, R. Shimizu, K. Wakui, H. Benichi, and M. Sasaki,
Widely tunable single photon source with high purity at
telecom wavelength, Opt. Express 21, 10659 (2013).

[46] B. Brecht, A. Eckstein, A. Christ, H. Suche, and C.
Silberhorn, From quantum pulse gate to quantum pulse
shaper—engineered frequency conversion in nonlinear opti-
cal waveguides, New J. Phys. 13, 065029 (2011).

[47] A. Christ, B. Brecht, W. Mauerer, and C. Silberhorn, Theory
of quantum frequency conversion and type-II parametric

064014-16


https://doi.org/10.1038/nphys629
https://doi.org/10.1364/OE.17.018920
https://doi.org/10.1103/PhysRevA.75.022307
https://doi.org/10.1103/PhysRevA.77.022312
https://doi.org/10.1038/srep09333
https://doi.org/10.1103/PhysRevLett.84.5652
https://doi.org/10.1364/OE.23.023924
https://doi.org/10.1103/PhysRevApplied.16.014067
https://doi.org/10.1103/PhysRevApplied.16.044027
https://doi.org/10.1364/JOSA.56.001380
https://doi.org/10.1103/PhysRevA.56.1627
https://doi.org/10.1103/PhysRevLett.100.133601
https://doi.org/10.1103/PhysRevA.95.061803
https://arxiv.org/abs/quant-ph/0611019
https://doi.org/10.1364/OE.21.005879
https://doi.org/10.1364/OE.24.019616
https://doi.org/10.1088/2058-9565/aa78d4
https://doi.org/10.1103/PhysRevA.98.053811
https://doi.org/10.1038/s41534-020-00327-5
https://doi.org/10.1103/PhysRevA.56.1534
https://doi.org/10.1103/PhysRevA.77.033808
https://doi.org/10.1080/09500340.2018.1437228
https://doi.org/10.1364/OE.24.010733
https://doi.org/10.1364/OE.24.002712
https://doi.org/10.1103/PhysRevApplied.6.064017
https://doi.org/10.1103/PhysRevApplied.11.034067
https://doi.org/10.1002/que2.38
https://doi.org/10.1364/OE.21.010659
https://doi.org/10.1088/1367-2630/13/6/065029

OPTIMAL POLARIZATION-ENTANGLEMENT SOURCE...

PHYS. REV. APPLIED 17, 064014 (2022)

down-conversion in the high-gain regime, New J. Phys. 15,
053038 (2013).

[48] H. S. Poh, C. Y. Lum, I. Marcikic, A. Lamas-Linares,
and C. Kurtsiefer, Joint spectrum mapping of polarization
entanglement in spontaneous parametric down-conversion,
Phys. Rev. A 75, 043816 (2007).

[49] H. S. Poh, J. Lim, I. Marcikic, A. Lamas-Linares, and C.
Kurtsiefer, Eliminating spectral distinguishability in ultra-
fast spontaneous parametric down-conversion, Phys. Rev.
A 80, 043815 (2009).

[50] A. Predojevi¢, S. Grabher, and G. Weihs, Pulsed sagnac
source of polarization entangled photon pairs, Opt. Express
20, 25022 (2012).

[51] R. S. Bennink, Optimal collinear gaussian beams for spon-
taneous parametric down-conversion, Phys. Rev. A 81,
053805 (2010).

[52] R. N. Lanning, Z. Xiao, M. Zhang, I. Novikova, E.
E. Mikhailov, and J. P. Dowling, Quantized nonlinear
gaussian-beam dynamics: Tailoring multimode squeezed-
light generation, Phys. Rev. A 98, 00 (2018).

[53] A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, and A.
Zeilinger, A wavelength-tunable fiber-coupled source of
narrowband entangled photons, Opt. Express 15, 15377
(2007).

[54] M. Fiorentino, S. M. Spillane, R. G. Beausoleil, T. D.
Roberts, P. Battle, and M. W. Munro, Spontaneous paramet-
ric down-conversion in periodically poled KTP waveguides
and bulk crystals, Opt. Express 15, 7479 (2007).

[55] A. Christ, K. Laiho, A. Eckstein, T. Lauckner, P. J. Mosley,
and C. Silberhorn, Spatial modes in waveguided parametric
down-conversion, Phys. Rev. A 80, 033829 (2009).

[56] P. J. Mosley, A. Christ, A. Eckstein, and C. Silberhorn,
Direct Measurement of the Spatial-Spectral Structure of
Waveguided Parametric Down-Conversion, Phys. Rev. Lett
103, 233901 (2009).

[57] K. Katoand and E. Takaoka, Sellmeier and thermo-optic
dispersion formulas for KTP, Appl. Opt. 41, 5040 (2002).

[58] S. Emanueliand and A. Arie, Temperature-dependent dis-
persion equations for KTiOPO4 and KTiOAsOy4, Appl. Opt.
42, 6661 (2003).

[59] D.E. Zelmon, D. L. Small, and D. Jundt, Infrared corrected
sellmeier coefficients for congruently grown lithium nio-
bate and 5 mol.% magnesium oxide—doped lithium niobate,
JOSA B 14, 3319 (1997).

[60] The KTP transparency region is taken from https://www.
unitedcrystals.com/KTPProp.html.

[61] The LN transparency region is taken from https://www.
unitedcrystals.com/LiNbO3Prop.html.

064014-17


https://doi.org/10.1088/1367-2630/15/5/053038
https://doi.org/10.1103/PhysRevA.75.043816
https://doi.org/10.1103/PhysRevA.80.043815
https://doi.org/10.1364/OE.20.025022
https://doi.org/10.1103/PhysRevA.81.053805
https://doi.org/10.1103/PhysRevA.98.043824
https://doi.org/10.1364/OE.15.015377
https://doi.org/10.1364/OE.15.007479
https://doi.org/10.1103/PhysRevA.80.033829
https://doi.org/10.1103/PhysRevLett.103.233901
https://doi.org/10.1364/AO.41.005040
https://doi.org/10.1364/AO.42.006661
https://doi.org/10.1364/JOSAB.14.003319
https://www.unitedcrystals.com/KTPProp.html
https://www.unitedcrystals.com/LiNbO3Prop.html

	I. INTRODUCTION
	II. PURITY CONSTRAINTS OF TRADITIONAL BIPHOTON SOURCES
	III. FREQUENCY-CONVERTED SPDC
	IV. ENTANGLED FREQUENCY-CONVERTED SPDC SOURCE
	V. SIMULATION RESULTS
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A 
	1. Optimization for Gaussian PMF
	2. Reduced-range view

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /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 /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /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
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


