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Abstract

The structure of urania and urania doped with dysprosium are studied using ab initio
calculations. The CASTEP ab initio quantum mechanical program, employing density
functional theory and ultrasoft pseudopotentials, is used. The calculations agree well with
available experimental data. Furthermore the calculations predict that Dy does not affect
significantly the crystal structure and elastic properties of the host urania. This finding is
important for Low Void Reactivity Fuel (LVRF) that is made from Dy doped urania to
enhance safety of CANDU reactors.

1. Introduction

The paper presents some preliminary results on the application of ab initio calculations to
assess changes in properties of urania (UO,) that has been doped with dysprosium. Dy doped
urania is used as a key ingredient in Low Void Reactivity Fuel (LVRF) fuel [1].

The CASTEP ab initio quantum mechanical program, employing density functional theory
[2], is commonly used to study the structure of materials. The CASTEP code uses
pseudopotentials, and it has been already demonstrated [3] that plane wave ultrasoft
pseudopotentials predict structural properties of various compounds, containing lanthanides
and actinides, in agreement with experiments.

Using the total energy minimization method [2], the equilibrium lattice constants and the
positions of atoms of pure and doped urania are calculated. The results presented here,
include calculations for urania doped with dysprosium.

The current calculations were performed for temperatures of 0 K and for idealized structures
and small unit cells. Such small unit cells are convenient to use in ab initio methods
simulations since the demand on computational resources is reduced.

2. Gadolinia- and dysprosia-doped urania

In the design of CANDU low void reactivity fuel, the central element contains urania with a
neutron absorber (dysprosium) [1]. Considerable information is available on the properties
and test irradiations of (U,Gd)O; fuel, since it is in use as a burnable-poison fuel for light-
water reactors. Gd and Dy are both lanthanide elements with atomic numbers 64 and 66 and
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atomic weights 157.25 and 162.50, respectively. One can expect that the Dy,0O3 additions to
UO,; will affect physical properties in ways that are similar to those of Gd,O; additions. In
the following section, experimental studies of the effect of Gd and Dy doping on the density
of urania are summarized. The calculated, relative densities are compared against the
experimental data to demonstrate the suitability of the CASTEP ab initio quantum mechanical
program.

2.1 Density of Gd and Dy doped urania

Some of the results discussed in this section for Gd doped urania were presented before [4].
The calculations for Dy doped urania are new, and they will be compared with the results
obtained for Gd doped urania.

The UO, fluorite crystal structure was observed for all Gd,Os concentrations (up to 12 wt.%
Gd,03) of the stoichiometric fuel (UO;) studied by Chotard et al. [S]. The lattice parameter
(a) for the "g" wt. fraction of Gd,0O3 at room temperature was:

a(g) =0.5470 — 0.0251 g (nm) (1)
and the density (100% theoretical density in kg/m’) was:
p=0.1096x10° — 0.2041x10* g — 0.27075x10° g* + 0.15355%x10° g° (2a)

In contrast, Hirai and Ishimoto [6] proposed that the density is linearly dependent on the wt.%
Gd,O; (for up to 10 wt% Gd,O3 and the same units as above):

P = (0.1096 - 0.034 2) x10°
(2b)

X-Ray diffraction (XRD) measurements of lattice parameters by Hirai and Ishimoto [6] agree
well with those of Amaya et al. [7], who used XRD to determine the crystal structure of
10 wt% Gd,0s3-doped UO;:, and to measure how the lattice parameter changed with a change
of stoichiometry, x, in UOy,. The crystal structure of the solid for all measured deviations
from stoichiometry (0 < x < 0.15) had the same UQ, fluorite structure, and a decrease in the
lattice constant, a, as a function of the deviation in stoichiometry, x, was observed :

ay = 0.5446 — 0.01186 x (nm) 3)

While there were no diffraction peaks of the M4O¢ (M=U+Gd) phase for 10 wt% Gd,Os-
doped UO,.,, the UsO9 phase was observed for pure UO,., [7].

We were not able to find in the literature any correlation for the variation of density of
(Dy,U)O; alloys with Dy concentration. Ploetz et al. [8] investigated dysprosia-diluted urania
alloys and found that, for up to 70 wt% Dy,03 the compounds had a UO, fluorite crystal
structure, but values for the stoichiometry deviation (x) were not provided. Their
measurements of density as a function of dysprosia weight percent will be used in this paper
to derive a correlation for the change in density of urania alloyed with dysprosia.

0.01186 was incorrectly printed as 0.001186 in Reference [7]
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One can assume that the change of the lattice constants of stoichiometric urania (described by
Equation 1), is the same when doping with the same atomic fraction (y = ygd = ypy, Where y is
the fraction of U atoms substituted respectively by Gd or Dy) of Dy or Gd. Therefore using
Equation 1 lattice shrinkage can be calculated for both Gd and Dy doped urania (the same for
the same atomic fraction substitution, y), and it is equal to a(y)/a(0). This shrinkage of the
lattice constants is implemented and the formulas 4a ad 4b are derived for the relative density
of dysprosium-doped or gadolinium-doped stoichiometric urania (y is the atomic fraction of
dysprosium or gadolinium) respectively. In the following derivation it is assumed that atomic
masses of U, Dy, Gd and O are: 238.029, 162.5, 157.25 and 15.999 respectively. The relative
density of dysprosium-doped stoichiometric urania is expressed by the following equation:

pyDV _ yx162.5+(1-y)x238.029 +2x15.999
Po

x (a(0)/ 3
238.029+ 2x15.999 (@(0)/a(y)

(4a)

The related formula for gadolinium doping is:

p§7 _ yx157.25+(1-y)x238.029 +2x15.999
Po 238.029 +2x15.999

x(a(0)/a(y))’ (4b)
and to show the effect of shrinkage on the relative density, the relative density of gadolinium-
doped stoichiometric urania (y is the atomic fraction of gadolinium) without the shrinkage
correction is calculated by dropping last cubic term in Equation 4b:

p§7 _ yx157.25+(1-y)x 238.029 +2x15.999 (40)
Po 238.029 +2x15.999

It is common in the reactor physics community to use weight percent of diluted metal as the
unit to characterize urania alloys therefore it is shown below how these weight percents are
related to the used above atomic fractions (y) and the weight fraction of Gd,O; (g). The Dy or
Gd wt% (Wpy or Ga) percents are defined as:

100 % x weight of DyorGd
weight of U

W Dyora = DyorGdwt% = =100%xh oG %)

where h of Dy or Gd is weight fraction respectively of Dy or Gd. The atomic fraction of
gadolinium (ygg) is calculated from the weight fraction using the following expression:

238.029x h

Y64 7157251 hgy x 238.029 ©)

and the corresponding weight percent of dysprosium (wpy), calculated for the atomic fraction
of Dy that is equal to the atomic fraction of Gd (y = ypy = yad), 1s:
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_100%x162.5x y
238.029 x (1-y)

(7)

WDy

In order to express densities, proposed by Chotard (Equation 2a) [5], Hirai and Ishimoto
(Equation 2b) [6], in weight percent of Gd the relation between the weight fraction of Gd,O;
(g) in doped urania fuel and the weight fraction of Gd (hgq) is needed:

th
= 8
£ 0,084+ 1.044xh ®)

In Figure 1, the relative density of (Dy,U)O, calculated using Equation 4a (dotted line), the
relative density of (Gd,U)O; using Equation (2a) of Chotard et al. [5] (solid line) and
Equation 2b of Hirai et al. [6] (broken line) are shown. The Hirai et al. Equation 2b predicts
slightly lower densities than those obtained by Chotard et al. (Equation 2a). Correlation 4b
(triangles) predicts relative densities of gadolinia-diluted urania in good agreement with those
predicted by Equations 2a, b. One can also see in Figure 1 that the relative density calculated
from Equation 4c (circles) is significantly lower than the relative density calculated using
Equation 4b, where the shrinkage effect (when alloying urania with gadolinium) was taken
into account. The assumption that the shrinkage due to alloying urania with Gd or Dy is the
same (for the same atomic fraction) is probably not completely valid, since the dotted curve
predicts higher relative density than the relative density (squares) obtained by Ploetz [8]. The
relative density for gadolinia-doped urania, which is predicted by the Hirai et al. correlation,
agrees well with the measured by Ploetz relative density of dysprosia-doped urania [8]. In
contrast, Equation 2a of Chotard et al. predicts far too high densities (indicated by crosses in
Figure 1) when extrapolated to higher Gd doping.
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Figure 1 Relative density of (Dy,U)O; (dotted red line) calculated using equation 4a and relative
density of (Gd,U)O; calculated using equations 2a (solid black line and black crosses for
Gd wt% > 15), 2b (broken black line), 4b (black triangles) and 4c (black spheres) as a function of the
corresponding weight percentage of dysprosium and gadolinium. The relative density of (Dy,U)O,
obtained from Reference [8] is represented by open red squares. CASTEP calculations for 25%
atomic substitution by Dy or Gd atoms are indicated by solid, red diamond and open, blue diamond

respectively.

Ab initio calculations for 25% atomic substitution by Dy (indicated by solid, red diamonds
and corresponding to 22.76 wt% Dy and 18.72 wt% Dy,03) and Gd (open, blue diamonds and
corresponding to 22.02 wt% Gd and 18.29 wt% Gd,03) also predict lower density at this
higher concentration (Figure 1). Calculations, for 25% atomic substitution, for Gd agrees
very well with Hirai et al. Equation (2b) (broken line) even though this equation was
developed for lower Gd concentration. The details of the method of calculations will be
presented in the next Section.

The gadolinia and dysprosia doped structures are usually created with oxygen vacancies (e.g.
Dy,U,0, created by mixing Dy,Os3 with UO,) but vacancies are not desirable in LVRF fuel
since they may decrease thermal conductivity.

31-June 3
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3. Crystal structure of urania and dysprosia-doped urania

The CASTEP ab initio calculations of lattice constants for various uranium oxides and
gadolinium compounds were presented in Reference [4]. In the previous calculations [3,4]
the electronic exchange-correlation potential was approximated within the Generalized
Gradient Approximation (GGA) framework [9,10].

In this section we present a comparison of the previous calculations [3, 4] of lattice constant
of urania with the new calculations where local exchange-correlation functional (LDA) is
used [11]. The calculated lattice constant of Dy doped urania, obtained using both GGA and
LDA, are shown in Table 1. The LDA calculations were performed since the available
ultrasoft pseudopotential for Dy was derived using LDA. The structure of urania and Dy
doped urania are shown in Figure 3.

Table 1
Lattice constants, spins, electronic charges (on oxygen atoms) and energies (per non-oxygen
atom) calculated using CASTEP [2].

Compound | Structure Energy Method Spin Spin Lattice Charge
per non-O (8)) (Dy) constants [nm] O)
atom [electron]
[eV]
Uo, Fm3m -30.709 GGA 1.18 0.545 -0.65
U0O, Fm3m -30.709 LDA 1.15 0.533 -0.60
DyU304 Pm3m -31.520 GGA 1.11 2.69 0.538 -0.65
DyU;0g Pm3m -33.518 LDA 1.03 2.53 0.529 -0.60
a b

Figure 3 Lattice structure of urania (a) and dysprosium-doped urania (25% atomic
substitution of U). Uranium, dysprosium and oxygen atoms are indicated by spheres, with the
radius ranging from the largest for U atoms to the smallest for O atoms.

The experimentally measured lattice constant of pure urania: 0.54582 nm [12], at 399 K
temperature and the value used by Amaya: 0.5446 nm in Eq. 3, for 10 wt% Gd,Os doped
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urania) should be reduced by about 0.002 nm due to thermal expansion before they are
compared with the value calculated at 0 K. The presented in Table 1 lattice constants for pure
urania agree well with experimental measurements and the value calculated previously,
0.5458 nm [3], with the earlier version of the same software when GGA is used. While GGA
calculations predict slightly larger lattice constant, the value predicted by LDA underestimate
it. Both framework predict lattice shrinkage when uranium is substituted by Dy.

The magnetic properties of uranium oxides were discussed in details in Reference [4].
Present calculations (Table 1) show that calculated spin values of U and Dy are slightly lower
when LDA is used. The spin moment on Dy is larger than on U due to the larger number of
unpaired f electrons. The moment on Dy is oriented in the opposite direction to the alignment
of the moment of U. The charge transfer to oxygen, which is shown in the last column of
Table 1 is slightly lower when LDA is used and it is not much affected by Dy substitution.

4. Elastic properties of UO; DyU;Os

The experimental values of elastic moduli pertain to a grain aggregate (where grains have
randomly orientated crystallographic directions) rather than to single crystals. A completely
random orientation of the grains is assumed in the computation. The formulas of Reuss [13]
and Voigt [14] are employed in these computations, which provide least upper-bound and
greatest lower-bound values for the aggregate. In particular, the approach by Voigt
corresponds to an averaging over the elastic constants (stiffness), and the following formulas
for bulk modulus (By) and shear modulus (Gy) are obtained [14]:

Bv=(A +2B)/3,Gy=(A-B+3C)/5 9)
where

3A=cy; tcatcess (10)
3B=cptc3itcn
3C =c4s+ Cs5+ Ces

and c; are elastic constants. The Reuss approach pertains to averages over the elastic moduli
(compliances), where the formula for the bulk modulus (Bgr) and shear modulus (Gr) 1s [13]:

Br = 1/(3a+ 6b), Gr = 5/(4a - 4b + 3c¢) (11)
in which,
3a:S11+822+S33 (12)
3b =823+ 831 + 812
3¢ =544 + 855 + Se6
Here s;; are the elastic moduli (they are the elements of the inverse matrix of the elastic
constants matrix with elements: c;). The final values of B and G (shown in Table 2) are

calculated as an average of Voigt and Reuss (known as Hill approach):

B:(Bv+BR)/2, G:(Gv+ GR)/Z (13)
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Having calculated the bulk and shear modulus, the Young's modulus (Y) can be evaluated for
an isotropic material as:

Y =9BG/(3B + G) (14)
Additionally Young modulus is calculated in [100] direction from the relation:
Yoo =1/ s11 (15)

The elastic constants of UO, were previously calculated using CASTEP [3] and they are
shown in Table 2 together with experimental data from Reference [15]. The calculations
demonstrate that CASTEP ab initio calculations reproduce reliably elastic properties of UOs.
The results are consistent with experimental data [15]. In this work we repeated calculations
of the elastic constants for urania using more recent version of CASTEP and using LDA
since, as described in Section 4, the ultrasoft pseudopotential for Dy was derived using LDA.

The calculations of elastic properties of UO,, DyU3Og using LDA are shown in Table 2. The
cutoff energy for elastic constants calculations of UO, using CASTEP was 420 eV (with 14
empty bands) and the Monkhorst-Pack special wave-vectors [16], based on the 8x8x8 grid,
was used. The cutoff energy for elastic constants calculations of DyU3;Og using CASTEP was
420 eV (with 23 empty bands) and the Monkhorst-Pack special wave-vectors [16], based on
the 6x6x6 grid was used. Four (default) values of strain were applied: £ 0.3 %, + 0.1%.

The calculated elastic moduli within LDA framework are slightly larger than calculated using
GGW and some of them are in better agreement with the experimental data (e.g. ¢;; ad bulk
modulus). The calculations demonstrate that addition of Dy does not influence much elastic
properties of urania.

Since in Reference [3] only elastic constants are presented, the derived moduli G, Y and G/B
are calculated using Voigt approach. As discussed in Section 1.3 and in Reference [17] the
G/B ratio, can be considered as a measure of intrinsic brittleness and values calculated (Table
2) are within the border between brittle (less than 0.4) and ductile (more than 0.5) values
found for cubic metals. The values for intrinsic brittleness for pure and doped urania are very
close and when Dy is added urania becomes slightly more brittle.
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Table 2
Elastic Properties of UO,, DyU;Og and U3Og

Property UoO, Uo, Uuo, DyU;0g
(in GPa)
Calculated Calculated | Experimental Calculated
using using CASTEP [15] using CASTEP
CASTEP [3] (LDA) (LDA)
B 170.1 229.1 208.9 229.5
G 70.3 (Gy) 104.9 110.0
G/B  |0.41 (Gy/By) 0.46 0.48
Y (Ypioop)| 185.4(Yv) | 273.0(342.9) 284.6 (366.1)
Cii 318.2 4119 (£ 1.7 389.3 427.3 (£4.0)
C12 96.0 137.7(£0.4) 118.7 130.7 (£2.8)
Ca4 43.1 87.6 (£1.2) 59.7 90.0 (+£3.5)
n 0.25 0.23

s. Conclusion

The CASTEP ab initio quantum mechanical program, employing density functional theory, is
used to calculate elastic, magnetic and structural properties of pure and dysprosium-doped
urania. The calculated values for pure urania are in good agreement with experiment.

The total energy technique is used to investigate changes in the lattice constants of
gadolinium- and dysprosium-doped urania. In agreement with the experiment, the
calculations predict shrinkage of the lattice constant of urania when doped with gadolinium or
dysprosium.

The calculations predict that the elastic properties are not much affected when 25 % of
uranium atoms are replaced by dysprosium and therefore one can expect that up to 18.72 wt%
Dy,0; additions to UO; have little impact on the elastic properties. The values for intrinsic
brittleness for pure and doped urania are very close, however, when Dy is added urania
becomes slightly more brittle.

Detailed ab initio calculations of the structure and elastic properties of pure and Dy doped
urania enhance understanding of the properties of pure and doped urania, predict structure and
properties in agreement with available experiments and may be developed as an important
tool for modeling LVREF fuel.

6. Acknowledgement

This work was supported in part by a grant from the National Sciences and Engineering
Research Council of Canada. The initial support of this work by B. Hocking, a Contract
Officer at Atomic Energy of Canada Limited, is greatly appreciated.

Page 9 of 10



30th Annual Conference of the Canadian Nuclear Society 2009 May 31 - June 3
33rd CNS/CNA Student Conference TELUS Convention Centre, Calgary, Alberta

The access to high performance supercomputers at McGill University is acknowledged. This
research has been supported in part by CLUMEQ, which is funded in part by the Canada
Foundation for Innovation, NSERC (MRS), FQRNT, and McGill University.

7. References

[1] P. Boczar, “Advanced Fuel Development in AECL”, CNS Bulletine, 24 (2003) 17-25.

[2] M.D. Segall, P.L.D. Lindan, M.J. Probert, C.J. Pickard, P.J. Hasnip, S.J. Clark and
J.D. Payne, “First-Principles Simulation: Ideas, Illustrations and the CASTEP Code”,
J. Phys. Cond. Matt., 14 (2002) 2717-2743.

[3] C.J. Pickard, B. Winkler, R.K. Chen, M.C. Payne, M.H. Lee, J.S. Lin, J.A. White,
V. Milman and D. Vanderbilt, “Structural Properties of Lanthanide and Actinide
Compounds within the Plane Wave Pseudopotential Approach”, Phys. Rev. Lett., 85
(2000) 5122-5125.

(4] B. Szpunar, J.A. Szpunar, “The Crystal Structure of Pure and Doped Urania”, CNS
6th International Conference on Simulation Methods in Nuclear Engineering,
Montreal, (2004 October 13-15), Conference Proceedings, (2004) 3C.

[5] A. Chotard, P. Melin, M. Bruet and B. Francois, “Out of Pile Physical Properties and
in Pile Thermal Conductivity of (U,Gd)O,”, Proceedings of a IAEA Technical
Committee Mtg., (1986 October), published as IWGFPT-26, (1987) 77-87.

[6] M. Hirai and S. Ishimoto, “Thermal Diffusivities and Thermal Conductivities of
U0,-Gd,05”, J. Nucl. Sci. & Technol., 28 (1991) 995-1000.

[7] M. Amaya, M. Hirai, T. Kubo and Y. Korei, “Thermal Conductivity Measurements on
10 wt% Gd»O3 Doped UO,+”, J. Nucl. Mater., 231 (1996) 29-33.

[8] G.L. Ploetz, A.T. Muccigrsso, L.M. Osika., W.R. Jacoby., “Dysprosium Oxide
ceramics”, J. Amer. Ceramic Soc., 43, (1960), 154-159.

[9] P. Perdew, Y. Wang, “Accurate and Simple Analytic Representation of the Electron-
Gas Correlation Energy”, Phys. Rev. B45 (1992) 13244-13249.

[10]  J.P. Perdew, K. Burke, M. Ernzerhof, M., "Generalized Gradient Approximation Made
Simple", Phys. Rev. Lett., 77, (1996) , 3865-3868.

[11] D.M. Ceperley, B.J. Alder, B. J. "Ground State of the Electron Gas by a Stochastic
Method", Phys. Rev. Lett., 45, (1980), 566-569.

[12] R.W.G. Wyckoff, Crystal Structures, ed. John Wiley & Sons, Inc., New York, Second
Edition, vol. 2, (1963) pp. 467.

[13] A. Reuss, “Berechnung der FlieBgrenze von Mischkristallen auf Grund der
Plastizitatsbedingung fur Einkristalle”, Z. Angew. Math. Mech. 9 (1929) 49-58.

[14] W. Voigt Lehrbuch der Krystallphysik (ed. B.G. Teubner, Leipzig) (1928), pp. 962.

[15] LJ. Fritz, J., “Elastic properties. of. UOz. at high pressure”, Appl. Phys. 47 (1976)
4353-4357.

[16] H.J. Monkhorst and J.D. Pack, Phys. Rev. B13 (1976) 5188- 5192.

[17] Electron Theory in Alloy Design, edited by D.G. Pettifor and A.H. Cottrell, (see
p. 284), Ashgate Publishing, (1992) pp. 300.

Page 10 of 10



	Abstract
	1. Introduction
	2. Gadolinia- and dysprosia-doped urania
	3. Crystal structure of urania and dysprosia-doped urania
	4. Elastic properties of UO2, DyU3O8
	5. Conclusion
	6. Acknowledgement
	7. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


