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Strong nonlinear optical effects generally require giant optical fields interacting with the nonlinear
media. Doped graphene hosts electrically tunable plasmons with long lifetimes that interact strongly with
light. We investigate a graphene plasmonic coupler and explore two mechanisms to pursue highly effi-
cient third-harmonic generation (THG): (1) phase matching of graphene plasmons at fundamental- and
third-harmonic frequencies and (2) peak third-order nonlinear susceptibility of doped graphene. The third-
harmonic wave is mainly converted from the evanescent mode of the incident light and the THG efficiency
is found to be enhanced by over 10 orders of magnitude compared with a bare monolayer graphene. The
significantly enhanced nonlinear optical responses in the graphene plasmonic coupler make this configu-
ration an ideal platform for the development of alternative frequency generators and for signal processing
at midinfrared and terahertz frequencies.
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I. INTRODUCTION

Third-harmonic generation (THG) due to light con-
centration in nanoscale volumes has various applications
in nanomedicine [1], photocatalysis [2], and biosensing
[3]. Under illumination at frequency ω, the third-order
nonlinear susceptibility (χ(3)) induces a polarizability
P3 = ε0χ

(3)E1E1E1, with E1 being the electric field at
the fundamental frequency (FF). The overall THG con-
version efficiency depends on the overlap between the
fundamental- and third-harmonic (TH) modes. The effi-
ciency of the THG process is low due to two major
limitations, i.e., small χ(3) and phase mismatch between
the FF and the induced TH waves [4,5]. Thus, to
achieve more efficient nonlinear conversion, promising
solutions are to either enhance the electromagnetic field
intensity to compensate the small χ(3) or to overcome
the phase mismatch along the nonlinear propagation
[6–9].

Plasmonic nanostructures have been widely explored to
alleviate the small nonlinear response in the traditional
process owing to their large light enhancement at tiny geo-
metrical features. THG efficiency as high as 0.45% in the
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near-infrared regime has been achieved [10]. However, this
mechanism is not applicable in midinfrared and terahertz
frequencies. Doped graphene has been proposed as an
alternative promising candidate for nonlinear plasmons as
it sustains electrically tunable optical excitations with long
lifetimes and high-electric-field enhancement at infrared
and terahertz regimes [11,12]. Graphene plasmons actu-
ally provide higher light confinement with lower loss
compared with metallic plasmons [13,14]. For practical
applications, three major techniques have been proposed to
excite graphene plasmons [12,15,16]. Furthermore, recent
third-harmonic generation [17–21] and four-wave mixing
[22,23] have confirmed the strong nonlinear responses in
undoped, plasmons-free graphene. Specifically, graphene
exhibits an intriguing merit for THG by a resonant peak
in χ(3) at a frequency of two-thirds of its Fermi level
(EF ) [24].

We explore here the combination of phase-matching
and resonant three-photon transition in a graphene plas-
monic coupler to achieve highly efficient THG. Under a
phase-matching condition (PMC), the FF and TH waves
propagate with the same phase velocity, and accordingly,
the TH-signal energy accumulates continuously along its
propagation. PMC can be realized by purely modulat-
ing the surrounding dielectric permittivity of the graphene
plasmonic coupler. This procedure also helps in tuning the
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resonant peak χ(3) of doped graphene to further enhance
the THG conversion.

II. PLASMONIC COUPLER STRUCTURE

Figure 1(a) illustrates the three-dimensional (3D)
configuration of the proposed graphene plasmonic coupler
where the FF beam at ω incidents from the left graphene
nanoribbon [labeled a in Fig. 1(b)] and a TH wave at 3ω is
generated from the other side [labeled b in Fig. 1(b)]. The
two-dimensional (2D) cross section is shown in Fig. 1(b).
During the third-order nonlinear process, the excited pump
plasmons in a nanoribbon act as the nonlinear transformer
that converts the guided-evanescent-mode energy to the
stimulated TH mode in nanoribbon b. Graphene sections
with a fixed Fermi level of EF 0 = 1 eV are taken as back-
ground states possessing little contribution to the THG.
ε1 = 2 and ε2 = 1 are the permittivities of the nondis-
persive silica substrate and the surrounding air. ε3 is to
be determined to obtain the PMC. The fixed background
Fermi level of 1 eV aims to increase the evanescent mode
component, while the small distance C of 2 nm between
the two graphene nanoribbons enables a strong coupling
between the two propagating modes, thus increasing the
pump-harmonic-mode overlap for efficient THG.

III. RESULTS AND DISCUSSION

We use coupled-mode theory [25] to model the power
transfer between the FF and TH waves. The nonlin-
ear polarizability is modeled as a source term. Only the
Kerr nonlinearity is considered and the THG conversion
efficiency is evaluated by η = PTH/P0. PTH stands for
the highest produced TH power and P0 stands for the
initial FF power. The propagation distance required to
reach the maximum TH power is taken as the interac-
tion length. Under phase-matching and lossless conditions,
the generated TH intensity I 3 in a bulk sample from
an incident beam with irradiance I 1 can be described

by: I3 = (3ω)2(2π)4

n3n3
1c4 |χ(3)|2I 3

1 L2ρ2 [26]. n1 and n3 are the

refractive indices of the nonlinear matter at FF and TH
frequencies, L is the interaction length, and ρ is the pump-
harmonic spatial overlap. This TH intensity expression
indicates the crucial roles of third-order nonlinear suscep-
tibility and pump-harmonic spatial overlap for efficient
THG.

To characterize the THG conversion with plasmonic
wave propagation along the graphene coupler, we investi-
gate two main properties. First, the PMC, which represents
the ideal state where the FF power continuously trans-
fers to the TH power. Second, the peak χ(3) of the doped
graphene. We use COMSOL to obtain the effective mode
index and the corresponding mode profiles at FF and
TH plasmonic waves, respectively (see Appendix A). The
complex permittivity of graphene is modeled by the Kubo
formula, which accounts for the intraband and interband
electron transitions [27,28]. The nonlinear conductivity
(which is 17 orders of magnitude smaller than the lin-
ear conductivity) is not considered during the calculation.
For a single graphene sheet surrounded by two dielec-
tric media with permittivities of ε1 and ε2, the dispersion
relation of the guided surface plasmons is modeled by
[29] ε1√

β2−ε1ω2/c2
+ ε2√

β2−ε2ω2/c2
= j σ(ω)

ωε0
, where β is the

propagation constant of the guided mode, ω is the angu-
lar frequency, c is the free-space light speed, σ (ω) is
the graphene conductivity, and ε0 is the vacuum permit-
tivity. The effective mode index is defined as Re(β)/k0,
where k0 is the corresponding wavenumber in free space.
Modifying the permittivity of the surrounding dielectric
medium will change the plasmonic wavevector. This sug-
gests phase matching between the FF and TH plasmonic
modes in the graphene plasmonic coupler through tuning
the surrounding permittivity.

For a thin graphene layer, since the thickness (0.5 nm)
is much smaller than the light wavelength, the accumu-
lated phase mismatch normal to the film plane is negligible
and the requirement of a matched wavevector normal

(a) (b)

FIG. 1. The configuration of the graphene plasmonic coupler. (a) 3D schematic illustration. FF wave at a frequency of ω (red arrow)
illuminating from the left-side nanoribbon is converted to a TH wave at a frequency of 3ω (blue arrow) in the right side. (b) 2D structure
consisting of graphene nanoribbons with different doping levels sandwiched between dielectric media with relative permittivities of
ε1, ε2, and ε3. The corresponding chemical doping levels are EF 0, EF 1, and EF 2. W = 8 nm, C = 2 nm, and EF 0 = 1 eV are fixed.

014049-2



PHASE-MATCHING AND PEAK NONLINEARITY . . . PHYS. REV. APPLIED 11, 014049 (2019)

to the film is unnecessary. For propagating THG along
the graphene film, perfect phase matching is essential to
ensure the continuous increment of the generated harmonic
power. The Fermi levels of the two graphene nanorib-
bons are set to be EF 1 = EF 2 = 0.5 eV at first. The FF
wavelength is fixed to be λ1 = 6 µm during the calculation.
Quantitative analysis of the phase-matching-assisted THG
is presented in Fig. 2. The excited graphene plasmons
provide a strongly localized and highly enhanced electro-
magnetic field. Ideally, we would like to use fundamental
modes for both the FF and the TH waves, simply because
of the high field enhancement. However, the dramatically
localized field impairs pump-harmonic spatial overlap due
to the lack of an evanescent mode component. It hence
needs to equilibrate the field enhancement and mode local-
ization to boost the pump-harmonic spatial overlap, and
therefore, permit efficient THG. We thus examine three dif-
ferent PMC pairs with different guided-mode orders [two
fundamental (0th) modes pair, first-order (1st) FF and 0th
TH modes pair, and 0th FF and 1st TH modes pair].

The electromagnetic field profiles of the plasmonic
modes in Fig. 2 emphasize the high level of nanoscale

localization. As shown in Figs. 2(a), 2(b), 2(d), 2(e), 2(g)
and 2(h), the higher-order mode possesses lower inten-
sity enhancement and a larger evanescent mode compo-
nent. Figures 2(c), 2(f), and 2(i) depict the effective mode
index at FF and TH waves and the corresponding THG
conversion efficiency as a function of ε3. The effective
mode index tendencies reflect the achievability of PMC for
different FF and TH modes pairs. The trade-off between the
field enhancement and the evanescent mode component for
FF and TH waves results in a larger pump-harmonic spatial
overlap and a higher corresponding THG efficiency for the
0th FF and 0th TH modes pair as shown in Fig. 2(c). We
study the mode-order effect here to emphasize modulating
the coupling strength (determined by the pump-harmonic
spatial overlap) between the FF and TH modes by con-
trolling the guided mode order. Concurrently, different
higher-order modes can phase match the pump wave to the
third-harmonic wave, although most of them are unavail-
able for THG due to the small-field enhancement and the
poor pump-harmonic spatial overlap. Figures 2(f) and 2(i)
reveal that the THG efficiencies of the 1st TH and 0th FF
PMC pair and the 0th FF and 1st TH PMC pair exceed

(a)

(b)

(d)

(e)

(g)

(c)

(f)

(i)

(h)

FIG. 2. THG assisted by PMC with
stimulated plasmons producing high
electric field enhancement. Electric field
profiles of Ez in the x-y plane under
PMC pairs between (a) 0th FF and (b)
0th TH modes, (d) 1st FF and (e) 0th TH
modes, and (g) 0th FF and (h) 1st TH
modes. (c),(f),(i) Effective mode index
(neff) at FF and TH and the THG conver-
sion efficiency (η) for the correspond-
ing three PMC pairs as a function of
the dielectric permittivity ε3. Black: FF
mode, red: TH mode, and blue: conver-
sion efficiency.
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(a) (b) (c)

FIG. 3. THG conversion efficiency over the propagation distance under PMC (black, left y axis) and non-PMC (blue, right y axis)
conditions for (a) 0th FF and 0th TH modes pair, (b) 1st FF and 0th TH modes pair, and (c) 0th FF and 1st TH modes pair.

three orders of magnitude compared to the value in free-
standing graphene (η = 1.9 × 10−14, calculated with light
normally incident on the extended graphene film). A rel-
atively noticeable increment of 104-fold is achieved for
the PMC pair between 0th FF and 0th TH, where the
conversion efficiency goes up to 1.265 × 10−10. The three
different PMC pairs produce identical results, showing that
PMC can greatly enhance the THG strength. Carefully
controlling the guided mode order is necessary as well to
optimize the third-order nonlinear process.

PMC represents the ideal state where the FF power con-
tinuously transfers to the TH power. Figure 3 depicts the
THG conversion efficiency over the propagation distance
along the graphene plasmonic coupler. For non-PMC con-
ditions, the ε3 value for the different mode pairs is set to
be half of the corresponding value at which the PMC is
satisfied. Due to the phase mismatch, the build-up conti-
nuity of the TH power is limited to the coherence length,
over which a phase difference of π accumulates between
the FF and the TH waves. With PMC, the FF and TH
waves can propagate with the same phase velocity, and
accordingly, the TH signal energy is able to accumulate

FIG. 4. Total (black line), real (Re, red line) and imaginary
(Im, blue line) parts of the graphene χ(3) at 6 µm under different
doping levels.

continuously along its propagation as depicted by the
black lines in Fig. 3. More than two (four) orders of
magnitude improvement in the conversion efficiency is
achieved for the 1st FF and 0th TH modes pair (0th FF
and 1st TH modes pair), and over six orders of magnitude
improvement for the 0th FF and 0th TH modes pair. This
is due to the greatly increased effective nonlinear inter-
action length under PMC and the light energy from the
pump wave is continuously transformed to the signal’s
third harmonic. The peak THG conversion efficiency is
caused by the interplay between the propagation loss and
the converted third-harmonic power (per unit length). The
intrinsic graphene layer is considered as the primary source
of loss due to the interband absorption and intraband tran-
sition. No Landau damping is considered. The plasmon
damping induced by the interband excitation can be greatly
suppressed when the Fermi energy is larger than the plas-
mon energy. We only consider the loss due to intraband
transitions during the calculation.

In addition to PMC, another nontrivial aspect of the
graphene plasmonic coupler is the peak graphene χ(3).
An analytical formalism of χ(3) for doped graphene

FIG. 5. THG conversion efficiency along the propagation dis-
tance for 0th FF and 0th TH (black line), 1st FF and 0th TH (red
line), and 0th FF and 1st TH (blue line) PMC pairs.
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(a) (b) FIG. 6. Normalized THG conversion
efficiency of left-peak χ(3) case at PMC
for 0th FF and 0th TH as a function of
(a) background graphene Fermi level EF 0
with fixed C = 2 nm, and (b) separation C
at EF 0 = 1 eV.

based on the Genkin-Mednis nonlinear conductivity the-
ory has been reported [24], indicating the dependence of
the graphene χ(3) magnitude on the carrier concentration
and the working frequency (see Appendix B). Graphene
possesses a resonant peak in χ(3) when the light frequency
equals two-thirds of the Fermi level. Peak graphene χ(3)

can be pursued when the Fermi level is set to be 0.31 eV
for the FF wavelength fixed at 6 µm. We study three peak
χ(3) cases in the plasmonic coupler for efficient THG con-
version: left-peak χ(3) case (EF 1 = 0.31 eV, EF 2 = 0.5 eV),
right-peak χ(3) case (EF 1 = 0.5 eV, EF 2 = 0.4 eV), and
two-peak χ(3) case (EF 1 = 0.31 eV, EF 2 = 0.4 eV). The real
and imaginary χ(3) values with different graphene doping
levels are depicted in Fig. 4. For the right-peak and two-
peak χ(3) cases, the Fermi level of nanoribbon b is set to be
0.4 eV, because when EF 2 is set to be 0.31 eV, it becomes
difficult to stimulate TH plasmons in nanoribbon b and
it is unlikely to realize PMC by only tuning ε3. For the
left-peak χ(3) case, THG efficiency at a level of 10−4 is
achieved between the 0th FF and the 0th TH, as shown in
Fig. 5. Compared with the pure PMC conditions in Fig. 2,
EF 2 and the surrounding dielectric of nanoribbon b are kept
unchanged. On the other hand, the electric field enhance-
ment of the FF wave is further increased for different
PMC pairs because the lower Fermi level value corre-
sponds to a smaller wavevector for graphene plasmons.
Due to the trade-off between field enhancement and mode
localization, the pump-harmonic-mode overlap reaches its
maximum value under two fundamental modes pair. The
obtained highest conversion efficiency of 6.3051 × 10−4

is more than 10 orders of magnitude larger than that in
a freestanding monolayer graphene. THG efficiencies of
2.8787 × 10−5 and 9.2154 × 10−7 are achieved for the
other two PMC pairs. These smaller THG efficiencies
result from the smaller FF and TH field enhancements.

For the right-peak χ(3) case (see details in Fig. S1 [33]),
the highest conversion of 2.1576 × 10−10 is provided by
the 1st FF and 0th TH PMC pair. Even though nanorib-
bon b is the main interaction nonlinear matter and its χ(3)

is larger compared with the left-peak χ(3) case, it is still
difficult to achieve a higher THG efficiency. The electric
field distribution for the three different PMC pairs shows
reduced evanescent mode components, which leads to very

small pump-harmonic spatial overlap. For the two-peak
χ(3) case (see details in Fig. S2 [33]), the plasmonic
coupler offers higher nonlinearity, while it suffers from a
large propagating loss and strong nonlinear phase modu-
lations. The nonlinear interaction length is reduced to less
than 20 nm. Although the pump-harmonic spatial overlap
is noticeable in this case, the generated TH power drops
too quickly to obtain an efficient THG.

Considering the practical availability, we provide the
background Fermi level EF 0 and the separation C depen-
dences of the THG conversion at PMC in Fig. 6. As shown
in Fig. 6(a), although a 60% decrement of the THG effi-
ciency is induced when decreasing the background Fermi
level to 0.6 eV, the corresponding conversion efficiency is
still over nine orders of magnitude larger than that from
bare graphene. Further decreasing the background Fermi
level to be less than 0.6 eV makes it difficult to obtain
PMC by only tuning the permittivity of the top cladded
layer. Since PMC guarantees the continuous transforma-
tion of the pump power to the third-harmonic power, we
recommend doping the background graphene to 0.6 eV or
larger. From Fig. 6(b), the THG efficiency at a separation
of 8 nm is decreased to 0.82% of that from the coupler
at a separation of 2 nm due to the weakening of the cou-
pling strength. Even so, the THG efficiency is seven orders
of magnitude higher than that from a bare monolayer
graphene. Therefore, our proposed graphene plasmonic
coupler is suitable for efficient THG in practical appli-
cations. Note that the quantum size and nonlocal effects
as well as the temperature dependence of the graphene
conductivity are not included in our current calculations.
These effects may change the quantitative values of the
results we obtain, while the idea of using phase matching
and peak third-order nonlinear susceptibility still remains
valid. Further investigations of the quantum effects and
temperature dependence are beyond the scope of this work.
We will leave these investigations to our future study.

IV. CONCLUSION

In conclusion, the combination of PMC and peak third-
order nonlinear susceptibility provided by the graphene
plasmonic coupler leads to a significantly enhanced THG.
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A THG efficiency as high as 6.3051 × 10−4 is achieved,
possessing more than 10 orders of magnitude higher than
that of a bare monolayer graphene. The plasmonic modes
at FF and TH modes provide high field enhancement, and
the PMC ensures the continuous transformation of the FF
power to the TH power. The peak χ(3) of doped graphene
offers intense nonlinearity and thereby a remarkable non-
linear response. Our calculation represents a theoretical
evidence of extraordinary THG from a nanoscale graphene
plasmonic coupler structure at the midinfrared regime,
which ensures further exploration of tunable subwave-
length nonlinear coherent sources and ultra-compact signal
processing in midinfrared and terahertz spectral regimes.
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APPENDIX A: COMSOL SIMULATION

Finite-element-method calculations for fundamental-
and third-harmonic mode profiles and their mode indices
based on commercial COMSOL multiphysics are performed.
Graphene is modeled as a thin layer with a thickness
of 0.5 nm by a dielectric function of 1 + iσ(ω)/(ωε0tg),
where σ(ω) is the linear graphene surface conductiv-
ity described by the Kubo formula, ω is the light fre-
quency, and tg is the graphene layer thickness (0.5 nm).
Drude-like form conductivity of σ(ω) = ie2EF /[π�2(ω +
iτ−1)], where –e is the electron charge, � is the reduced
Planck’s constant, and τ is the carrier relaxation time
is used due to the high doping level. We set the car-
rier relaxation time to τ = 0.1 ps during the calculation
according to the measured, impurity limited dc mobility
μ ≈ 10 000 cm2 V−1 s−1 [30–32]. A larger relaxation time
(i.e., lower degrees of propagation loss) can be used to
further enhance the harmonic generation efficiency.

APPENDIX B: PEAK THIRD-ORDER NONLINEAR
SUSCEPTIBILIY OF GRAPHENE

The static limit (ω → 0) of the THG susceptibil-
ity of graphene can be described as χ(3)(0) = 1.65
e2(hυF)2/[πε0dg(2EF)5] [24], where υF = 106 m s−1 is the
graphene Fermi velocity, ε0 is the vacuum permittivity, and
dg = 0.5 nm is the effective thickness of the graphene layer.

For a nonzero ω, χ(3) of graphene can be obtained by

χ(3)(−3ω : ω, ω, ω)

= χ(3)(0)

⎧
⎪⎪⎨

⎪⎪⎩

[
10
11

F1
inter(Z) + 40

33
F1

comb(Z)

]

+iδ
[

10
11

F2
inter(Z) + 40

33
F2

comb(Z)

]

⎫
⎪⎪⎬

⎪⎪⎭

.

The dimensionless functions Finter(Z) and Fcomb(Z) are
used to describe the Fermi level and frequency depen-
dence of the nonlinear optical process. Z = �ω/EF and
δ = ��/EF represent the photon energy and the broaden-
ing parameter normalized to the Fermi level. Table SI [33]
shows the values of all parameters involved to calculate
χ(3)(−3ω; ω, ω, ω) at different Fermi levels.
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graphene at infrared frequencies, Phys. Rev. B 80, 245435
(2009).

[30] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Electric field effect in atomically thin carbon films, Science
306, 666 (2004).

[31] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A.
Firsov, Two-dimensional gas of massless Dirac fermions in
graphene, Nature 438, 197 (2005).

[32] F. H. Koppens, D. E. Chang, and F. J. Garcia de Abajo,
Graphene plasmonics: A platform for strong light–matter
interactions, Nano Lett. 11, 3370 (2011).

[33] See the Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.11.014049 for parame-
ters involved in the calculation of the χ(3) of graphene at
different Fermi levels, and the electric field profiles in the
x-y plane under different PMC pairs for the right-peak χ(3)

and two-peak χ(3) cases.

014049-7

https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1103/PhysRevLett.111.247401
https://doi.org/10.1103/PhysRevB.84.045432
https://doi.org/10.1038/nature11253
https://doi.org/10.1038/srep00737
https://doi.org/10.1103/PhysRevB.87.121406
https://doi.org/10.1103/PhysRevX.3.021014
https://doi.org/10.1088/1367-2630/16/5/053014
https://doi.org/10.1103/PhysRevB.91.235320
https://doi.org/10.1103/PhysRevB.93.085403
https://doi.org/10.1103/PhysRevLett.105.097401
https://doi.org/10.1038/nphoton.2012.147
https://doi.org/10.1016/j.physleta.2015.10.044
https://doi.org/10.1109/5.104225
https://doi.org/10.1103/PhysRevLett.96.256802
https://doi.org/10.1103/PhysRevB.73.125411
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nature04233
https://doi.org/10.1021/nl201771h
http://link.aps.org/supplemental/10.1103/PhysRevApplied.11.014049

	I. INTRODUCTION
	II. PLASMONIC COUPLER STRUCTURE
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: COMSOL SIMULATION
	B. APPENDIX B: PEAK THIRD-ORDER NONLINEAR SUSCEPTIBILIY OF GRAPHENE
	. 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


