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Abstract. Configuration control studies of Heliotron J (a low shear helical-axis heliotron having 4 periods, 
ι(a)/2π = 0.3-0.8, R~1.2 m, a=0.1~0.2 m and Bo≤1.5 T) have been carried out with an emphasis on the 
confinement improvement by the bumpy field which should play a key role in the neoclassical optimization of 
the helical-axis heliotron. Measurements of the enhancement factor (HISS04) of the experimental global energy 
confinement time (τE

exp) with regard to the recent international stellarator scaling law (τE
ISS04) have been made 

for 0.3-MW, 70-GHz on-axis ECH plasmas by changing the bumpiness (εb) under the basically similar average 
magnetic axis position (Rax), minor plasma radius (a) and edge rotational transform (ι(a)/2π) conditions. The 
experimental analysis suggests that the reduction of the “effective helical ripple”, εeff, may introduce a beneficial 
effect on the improvement of HISS04 not only in the L-mode but also in the transient phase of the H-mode. The 
related bumpiness modification studies are also discussed. 
 
1. Introduction 
 
The confinement studies of Heliotron J in these two years have focused on five important 
topics of the configuration control studies of low-β helical-axis heliotron plasmas based on 
the edge rotational transform (ι(a)/2π) control and the bumpiness (εb) control with regard to: 
(i) thermal confinement, (ii) fast ion confinement, (iii) bootstrap and electron cyclotron (EC) 
driven current control, (iv) edge/SOL plasma properties and (v) divertor plasma dynamics. 
This paper presents the new experimental results obtained after the previous 20th IAEA 
Conference [1] with special reference to thermal confinement and related studies. The 
companion papers in this conference deal with other topics related to the ion cyclotron range 
of frequency (ICRF) heating [2], bootstrap and EC driven currents [3] and divertor plasma 
dynamics [4]. 
 
One of the objectives of the confinement studies of Heliotron J is to extend the understanding 
of neoclassical transport of the 3-D plasmas and the related role of configuration parameters 
such as bumpiness in transport reduction and/or toroidal current control of the omnigeneous 
optimization scenario of a helical-axis heliotron. Although there are dimensional constraints 
that follow from invariance principles, studying plasma transport in terms of the non-
dimensional field geometry parameters (R/a, ι/2π, ι’/2π, εt, εh, εb, εeff, …) is a natural way to 
extract the key physics issues of developing the optimized helical-axis heliotron, where εt is 
the toroidicity defined as εt =B10/B00, εh is the helicity defined as εh =B14/B00,  εb is the 
bumpiness defined as εb =B04/B00, εeff  is the “effective helical ripple”, where Bmn is the 
Fourier component of B in the Boozer coordinates. Global confinement studies have shown  
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the beneficial role of ι/2π on global energy confinement time as indicated by the international 
stellarator scaling law such as ISS95 [5] and ISS04 [6]. As reported in Ref. [1], the 
experimental ι(a)/2π dependence of the enhancement factor of the global energy confinement 
time HISS95(=τE

exp/τE
ISS95) over the L-mode confinement has shown that the specific 

configurations exist where high-quality H-modes(1.3< HISS95 <1.8) are attained. The ι(a)/2π 
ranges for these configurations are near values that are slightly less than those of the major 
natural resonances of Heliotron J, i.e. n/m=4/8,4/7 and 12/22. With this in mind, as a next step 
of investigation, scans have been performed on Heliotron J with the bumpiness εb whilst the 
ι/2π value (ι(a)/2π=0.56) was almost kept constant. Here the toroidicity εt, the helicity εh and 
the rotational transform ι/2π also remained almost fixed. Furthermore, the flexibility of 
Heliotron J operation allows the average magnetic axis position almost fixed for the central 
heating of ECH under the similar plasma volume conditions.  
 
It is thought that the use of L-mode plasmas should help minimize the influence the edge 
features on global confinement, allowing a more direct study of the genuine influence of the 
bumpiness εb (or the “effective helical ripple”, εeff) on core energy transport. A better 
understanding of the L-mode transport dependence on εb (or εeff ) may open ways of 
improving the confinement quality of H-mode. ECH plasma is considered to be well suited to 
study the εb (or εeff ) control dependence of τE

exp in Heliotron J since it can avoid the 
complications of beam ion orbit loss. 
 
2. Experimental Set-up 
 
Heliotron J is a medium-sized helical-axis heliotron device with major radius R=1.2 m, 
average plasma minor radius a = 0.1-0.2 m and magnetic field strength on its magnetic axis B0 
<1.5 T [7]. Its coil set can provide flexibility toward the configuration control of a helical-axis 
heliotron plasma [8]. The basic configuration of Heliotron J is achieved by the helical field 
coil, the two types of eight toroidal field coils and the main vertical field coil. The helical 
field coil is wound on the torus with the coil winding law of θ = π + (M/L)φ - α sin {(M/L)φ}, 
where θ and φ are the poloidal and toroidal angles, respectively; M and L are the pitch 
number and the pole number of the helical coil, respectively, and are given in Heliotron J as 
M=4 and L=1; α is the pitch modulation factor of the helical coil and is given as α= -0.4. This 
highly negative α was chosen to ensure both the good particle confinement and the edge 
magnetic well. For the configurations with negative α, the major part of the deeply trapped 
particles are expected to be located at the straight section of the confinement region in which 
the ∇B drift of trapped particles is reduced. The radial build-up of the bumpy component in 
the Boozer coordinates in Heliotron J is also expected to play another important role in the 
confinement improvement, which produces a poloidal ∇B drift that improves the confinement 
of trapped particles. In addition, it is expected that even a small radial electric field improves 
the collisionless orbit confinement of bulk particles since the ∇B drift at the straight section is 
slow. The two types of eight toroidal field coils, located successively in the toroidal direction 
with different coil currents, can change the degree of the relevant bumpiness.  
 
The details of ECH system are described in Ref. [9]. The injected power is up to 0.4 MW, and 
the pulse length is up to 0.1 s in the experiment. The Gaussian beam diameter of the second 
harmonic X-mode is 120 mm at the magnetic axis, which is about half of the plasma diameter 
on the equatorial plane. The ECH power absorption efficiency was estimated by using 
TRECE code [10] while taking into account the assumed 30% multireflection effects. As for 
the details of ICRF/NBI system, see Ref. [2, 13]. The diagnostics such as microwave 
interferometer, diamagnetic loop, visible light monitor, Hα/Dα emission detector, AXUV 
diode, Langmuir probes located in SOL, soft X-ray detectors, ECE monitors and so on are 
used to study the confinement characteristics of the plasma. 



3 

3. Experimental Results and Discussion 3. Experimental Results and Discussion 
  
AS for the edge ι(a)/2π control, MHD properties also vary with the change 
value [11]. The close approach of the ι(a)/2π value to the major natural re
susceptible to MHD activity. For ι(a)/2π~0.49, the amplitudes of the magnetic
m/n=2/1 with the frequency~15 kHz were observed to increase when the p
increased beyond the threshold current of about 2 kA, suggesting the appearan

inside the plasma. In this case, no drastic 
confinement was observed while th
amplitude increased with an increase 
0.5%. The experiment showed the 
m/n=5/3 near the ι(a)/2π∼0.6 and ot
(unknown) modes with a change of ι(a)
the detailed properties are now under inve

AS for the edge ι(a)/2π control, MHD properties also vary with the change 
value [11]. The close approach of the ι(a)/2π value to the major natural re
susceptible to MHD activity. For ι(a)/2π~0.49, the amplitudes of the magnetic
m/n=2/1 with the frequency~15 kHz were observed to increase when the p
increased beyond the threshold current of about 2 kA, suggesting the appearan

inside the plasma. In this case, no drastic 
confinement was observed while th
amplitude increased with an increase 
0.5%. The experiment showed the 
m/n=5/3 near the ι(a)/2π∼0.6 and ot
(unknown) modes with a change of ι(a)
the detailed properties are now under inve
  

FIG.1   Bumpiness (B04/B00), 
toroidicity (B10/B00) and 
helicity(B14/B00) as a function of 
radius (r/a). 

FIG.2  Rotational transform ι/2π 
for the high-εb, medium-εb, and 
low-εb configurations as a f
of radius (r/a). 
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bumpiness is, as a feature of its concep
align the mod-Bmin contours with the 
surfaces. In Heliotron E (helical heliotro
to ensure the compatibility betwee
optimization based on the inward magn
and the global magnetic well. On th
Heliotron J (helical-axis heliotron) has a
of flexibility that enables us to ensure this

by using the bumpiness control which
independently of the magnetic axis shift.
Ref. [12] with model magnetic field and
calculations, the existence of closed mod
necessitates a certain range of εb/εh, dep
Bmin value or the particle energy. The valu
be more negative as the ratio of εt/εh i
allowing to align the bottom of the magnet
In order to extract the key physics ingredie
drift optimization for the improvement of t
edge transport in L- and H-modes, th
configurations were studied: (1) εb=0.01 
(2) εb=0.06 (medium bumpy), and (3) 
bumpy) under the basically similar ave
axis position (Rax), average minor rad
rotational transform (ι(a)/2π) condition
bumpiness was chosen at the 2a/3 

B04(2a/3)/B00(2a/3). See Figs. 1 and 2. The coil currents for the toroidal coils
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for low bumpy, the current ratio is TA/TB=5/3, (2) for medium bumpy, TA/T
for high bumpy, TA/TB=5/1. As shown in Fig. 3 in the medium-εb case, dep
density evolution, ECH plasma gradually develops into H-mode at densities h
threshold density, followed by radiation collapse in a time scale of  τE
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FIG. 4  Volume normalized plasma energy 
as a function of density for high-εb, 
medium-εb and low-εb ECH plasmas under 
the almost constant ECH power. 

FIG.3  Time evolutions of the medium-
εb ECH plasma parameters. 

FIG. 5  Time evolutions of the high-εb 
ECH plasma parameters. 

bumpiness is found to affect the detailed 
nature of H-mode transition and the resulting 
confinement quality. Figure 4 shows the 
volume normalized plasma energy attained as 
a function of density, suggesting that the 
medium-εb plasmas show better confinement 
than those of the high-εb and low-εb plasmas. 
For high-εb plasma as shown in Fig. 5, only a 
weak (or slow) L-H transition was observed 
at this ECH power level. This indicates that 
the configuration modified with the 
bumpiness affects the threshold nature of H-
mode. For low-εb plasma as shown in Fig.6, 
the dithering transitions showed only a 
modest improvement of plasma energy 
content Wp as a result of density rise. With 
regard to the L-H transition, the neoclassical 
poloidal viscous damping rate coefficients 
Cp=<(ep ·∇B/B)2> as a function of radius in 
the collisional regime which is relevant to the 
L-H transition in ECH plasmas are shown in 
Fig.7. Since the differences in Cp between 
the three configurations considered here are 
almost negligible, much more work will be necessary before comparison of the calculated 
poloidal viscous damping rate coefficient (Cp) with the L-H transition characteristics of 
Heliotron J in a similar way as in the case of the edge iota control studies [1]. 
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FIG. 6  Time evolutions of the low-εb
ECH plasma parameters. 

FIG.8  Edge and SOL plasma para
a function of the distance from the L
ECH-only low density plasma. 

 

FIG. 7  Calculated neoclassical poloidal 
viscous damping rate coefficient Cp as a 
function of radius r (m) for high-εb, 
medium-εb and low-εb configurations.  
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FIG.12  Ion temperature 
increase as a function of NBI 
injection power under the 
constant density of  ⎯ne=2.5 x 
1019 m-3 for the high- εb, medium-
 εb and low-εb configurations..  

FIG.11 Time evolutions of plasma parameters in the 
stage-injection of NBI (CO and CO+CTR) in the 
medium-εb configuration. 

FIG. 9 Calculated “effective” helical ripple 
εeff as a function of radius for high-εb, 
medium-εb and low-εb configurations. 

FIG. 10  Confinement enhancement factor, 
HISS04, with regard to the ISS04 scaling as a 
function of εeff at r/a=2/3 for ECH plasmas 
with the bumpiness modified configurations. 

 
As for the bulk plasma confinement, the reduction of the neoclassical transport depends on 
the appropriate choice of εb [8]. Here, the "effective helical ripple", εeff, in the 1/ν 
collisionless regime was calculated by the Monte Carlo technique for the three configurations 
considered here. The results1) from the DCOM code showed that the medium-εb configuration 
provides a greater degree of neoclassical optimization in the 1/ν collisionless regime as 
shown in Fig. 9. Figure 10 shows the relationship between the ratio of the global energy 
confinement time τE

exp to the international stellarator scaling law (τE
ISS04) and the calculated 

“effective helical ripple”, εeff , at r/a=2/3  for 0.3-MW, 70-GHz on-axis ECH plasmas, where 
Rax~1.20 m, ι/2π(a)~0.56 are nearly kept the same and τE

exp=Wp/(Pabs-dWp/dt); Wp is the 
diamagnetic plasma energy; Pabs is the ECH absorption power estimated using TRECE code 
under the condition of single-pass absorption modified by the assumed 30% 

1) The results (εeff ) were recently revised and a factor of two larger than before. 
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multi-reflection effects. It may be suggested that the reduction of εeff  introduc
effect on the confinement of ECH in the L- and the transient H-mode phases. H
the large data scatter and inherent error bars, further studies are necessary to
more statistical and physical trends of anomalous confinement by accumulatin
data and by measuring the turbulence structure including the plasma electr
flow, etc.  
 
As a final observation, it should be commented here that the experimen
between the bumpiness dependence of thermal confinement and that o
confinement produces a question. As for NBI heating, an example of plasma p
stage-injection mode of NBI is shown in Fig.11. In this case, the target deute
NBI(H0) was produced only by short-pulse ECH, and then NBI-only plasma w
the stage-injection mode, where NBI injection power (PNB) in the 1st stage is 3
that in the 2nd stage is 990 kW(CO+CTR). In the 2nd stage, the ion temperature
the neutral particle analyzer (NPA) reaches about 0.4 keV at ⎯ne =2x1019m-3. I
the complicated NBI heating situations for the configuration control studies,
ion temperature only for the CO injection mode was measured by changing
under the conditions of the constant density of⎯ne =2.5x1019m-3, as shown 
results suggest that the high-εb configuration provides better ion heatin
compared with that of the medium-εb or low-εb configuration. At these dens
through loss of beam ions is predicted to be on the order of 10-30% of i
depending on the injection angle of each ion source of the beam line. The io
charge-exchange loss depend on the bumpiness; the Helios code results pre
high loss rate, however, the detailed estimations of the change of NBI absorp
the change of bumpiness still remain as a future work due to the complicati
loss. On the other hand, as shown in Ref. [13], measurements of the charge
neutral particle flux (at the toroidal angle 12 degree of the neutral particle ana
views the passing orbits) just after the neutral beam (NB) turn-off have revea
flux decay time improves with an increase in bumpiness, indicating the effect
improvement of helically trapped or toroidally trapped fast ions in the high-ε
ICRF minority (H) heating to the ECH target plasma (D), the formation and
high energy ions were studied with special regard to the bumpiness modificati
the same central resonance conditions by adjusting the ICRF freque
experiments, it was suggested that the tail ion temperature increases with
bumpiness εb under the same density (⎯ne =0.4x1019m-3) and RF injection p
conditions [2]. 
 
Therefore, to determine what effect in the global energy confinement – ig
electric field, turbulent plasma flow shear, etc. - makes up this apparent differe
an interesting light on the different properties of thermal and energetic ion con
helical-axis heliotron. 

 
 
4. Summary 
 
Heliotron J experiments have progressed toward its research mission 
exploration of an optimized helical-axis heliotron. The main experimen
concerned with thermal confinement, fast ion confinement, MHD, plasma 
edge/SOL plasma properties and divertor plasma dynamics. Magnetic config
studies were performed with special regard to vacuum edge iota control 
control for low-β plasma confinement. With regard to edge iota control [1]
characteristics have been studied on the basis of their threshold (or boundar
density, power, plasma-wall interactions, etc. However, the observed H-mo
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transient in a time scale of τE while the steady-state phase is not yet 
experimental efforts toward this direction is necessary. Bumpiness contro
clarified the important role of bumpiness in the effective control of plasma c
ion confinement [2], bulk plasma confinement and edge/SOL plasma characteri
measurements of bulk plasma energy confinement of ECH plasmas, it may be
the lower εeff configuration provides better thermal confinement. On the other h
ion confinement in NBI and ICRF heating, the experiment suggests that the
configuration provides more favourable fast ion confinement than that of the m
bumpy configuration studied here. Further studies are necessary to determi
(including the plasma flow and/or edge/SOL plasma behaviour) makes up thi
“effective helical ripple” (εeff) dependence or bumpiness dependence be
confinement and fast ion confinement. This is an important task that should b
the Heliotron J experiments. 
 
 
Acknowledgement 
 
The authors wish to thank Dr. V. Tribaldos at CIEMAT, Dr. S. Murak
University and CHS/LHD teams at the National Institute for Fusion Science (N
theoretical and experimental contributions and helpful discussions. This wor
with the support and under the auspices of Kyoto University 21st century CO
well as the NIFS Collaborative Research Program (NIFS04KUHL005 and NIFS
010). 
 
 
References 
 
[1]SANO, F., et al.,20th IAEA Fusion Energy Conference, Vilamoura, 
November 2004, IAEA-CN-116/EX/9-2. SANO., F., et al., Nucl. Fusion 45(200
[2]OKADA, H., et al., in this conference (EX/P6-1). 
[3]NAGASAKI, K., et al., in this conference (EX/P6-14). 
[4]MIZUUCHI, T., et al., in this conference (EX/P4-18). 
[5]STROTH, U., et al., Nucl. Fusion 36(1996)1063. 
[6]YAMADA, H., et al., Nucl. Fusion 45(2005)1684. 
[7]OBIKI,T., et al., Nucl. Fusion 41(2001)833. 
[8]WAKATANI, M., et al., Nucl. Fusion 40(2000)569. 
[9]SHIDARA, H., et al., Fusion Science and Technology, Vol. 45, Jan. 2004, p.
[10]TRIBALDOS, V., et al., J. Plasma Fusion Res. 78(2002)996. 
[11]YAMAMOTO, S., et al., in 15th International Stellarator Workshop, Mad
7, 2005, Paper P2-27. 
[12]YOKOYAMA, M., et al., Nucl. Fusion 40(2000)261. 
[13]KOBAYASHI, S., et al., 20th IAEA Fusion Energy Conference, Vilamoura
1-6 November 2004, IAEA-CN-116/EX/P4-41.  
 
 
 
 
  
  
EX/5-5Ra
achieved. The 
l studies have 
urrent [3], fast 
stics. From the 
 suggested that 
and, as for fast 
 higher bumpy 

edium or low 
ne what effect 
s difference of  
tween thermal 
e continued in 

ami at Kyoto 
IFS) for their 

k is performed 
E Program as 
04KUHL001-

Portugal, 1-6 
5)1557. 

41. 

rid, October 3-

, Portugal,  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


