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Application of optical wave microphone to gliding arc discharge

Abstract. In this paper, principle and application of a novel method of an optical wave microphone to gliding arc discharge were introduced. The
optical wave microphone is based on Fraunhofer diffraction, which can identify slight refractive index change of atmosphere after each discharges.
Simultaneous measurement of applied voltage, discharge current and optical wave microphone for an arc discharge was carried out.

Streszczenie. Przedstawiono podstawy nowej metody wykorzystujgcej mikrofon optyczny w zastosowaniu do $lizgajgcego sie wytadowania
tukowego. Metoda bazuje na dyfrakcji Fraunhofera i pozwala wyznaczy¢ zmiany wspoéfczynnika zatamania $wiatta w powietrzu po wytadowaniu
elektrycznym. Zmierzono napiecie, prad i fale optyczng wytadowania fukowego (Zastosowanie mikrofonu optycznego do Slizgajacego sie

wyfadowania fukowego).
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Introduction

Application of gliding arc discharge to gas treatment
has been progressed [1-5]. We have investigated multi-
phase gliding arc discharge systems for industrial
application. In addition, basic characteristics such as
voltage-current property, energy efficiency, optical emission
and movement of arc have been studied using single phase
gliding arc discharge system. We have also focused on
evaluation of sound or shock wave emitted after an pulsed
discharge for surface and gliding arc discharges from
practical and energetic point of view [6-11]. In this field,
conventional condenser microphones have been used to
detect sound or ultrasonic wave after discharge, however
they have limitation for detectable frequency and geometry,
which made it impossible to reveal relationship between a
discharge and sound caused by the discharge.

In this work, we introduce a new optical method of an
optical wave microphone, which is expected to substitute for
conventional condenser microphones or other optical
methods. The optical wave microphone is a unique
technique which can detect compressional wave or slight
change of density in gas medium or even in liquid medium
with a probe laser, a Fourier lens and a detector. The initial
stage of the development of the optical wave microphone
started for detection of plasma wave. However, because
this technique is based on Fraunhofer diffraction between
compressional wave and a probe laser, it is very useful to
detect not only audible sound but also ultrasonic wave or
shock wave  without disturbing propagation  of
compressional wave and electric field in case of electric
discharge. We employed this technique to gliding arc
discharge.

Experimental setup

Schematic diagrams of gliding arc discharge circuit and
optical wave microphone setup are shown in Figure 1 (a)
and (b), respectively. In Figure 1 (a), two knife edge-shaped
electrodes are made of iron and their shortest gap was 2
mm. Outlet (¢=5 mm) of a gas supply was placed at 2 cm
below the shortest gap. The gas flow rate was controlled by
a digital flow instrument. During optical wave microphone
measurement, gas flow was stopped to exclude influence of
the density change of atmosphere. High voltage (sine wave,
60 Hz) was applied between the two electrodes with a high
voltage transformer (VIC international, 120:1). The
amplitude was adjusted with a voltage slide autotransformer
(TAMABISHI, S-130-39). Applied voltage waveform during

discharge was observed with a high voltage probe
(IWATSU, HV-P60). Discharge current was measured by
clamping a current sensor (HIOKI, 9018-50).

In Figure 1 (b), the optical wave microphone system
consists of a diode laser, a Fourier lens, a beam expander,
an optical fibber and an detector. The discharge electrodes
should be placed between the diode laser and the Fourier
lens. The probe laser beam (wp=2 mm, 28 mW) was set at
3 mm apart from the electrodes and at the same height as
that of the shortest gap along parallel direction to discharge.
The two lenses after the Fourier lens, which are not
necessary, play a role of the beam expander. The
diffraction signal which was caused by interaction between
the laser beam and the discharge sound wave was
detected with the detector through the optical fiber. The use
of the optical fiber was available to reduce discharge noise.
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Fig.1. Schematic diagrams of (a) gliding arc discharge circuit and
(b) optical wave microphone setup.
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Principle of optical wave microphone

Theoretical explanation of the optical wave microphone
is as follows. When a probe laser beam crosses refractive
index change such as sound wave at (xy,), diffracted
waves are generated and propagate with and in the
penetrating beam through a Fourier optical lens and reach
the observing detector which is set at Fraunhofer diffraction
region or at the back focal plane (x;y,) of the Fourier lens.
The optical wave distribution w,,(x;y,) at the detector position
(xsyy) is shown in the next equation.
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where:
u,(x9,v9) - complex amplitude of laser at (x,,y)
T(x4,y0) - phase modulation component by refractive index
change
k; - wave number of laser
A; - wave length of laser
f - focal length of Fourier lens

When the amplitude of the laser beam and the phase
modulation component are assumed to be the following
equations,
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T(xg,0) = exp{i(¢y + Ady cos(k ,xg —@)1))}
the time dependent component of the intensity 7, is
expressed by the next equation.
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where:

- laser power
wy - beam waist of laser
k, - wave number of refractive index change
w,, - angular frequency of refractive index change
¢, - phase of refractive index change
u - normalized x-coordinate (x/wy)
wy- beam waist in the focal plane
0 - normalized wave number (k,wy/2)

Therefore, it can be interpreted that the diffracted optical
waves are heterodyne-detected by using the penetrating
optical wave as a local oscillating power. Spatial Fourier
transform is finished at the detecting plane. In this paper,
compressional wave of air generated just after one pulsed
arc discharge was detected by this method.

Results and discussion

Figure 2 shows laser beam intensity profile at the
detecting position measured by changing the fibber position
along x; axis (y=0). The beam waist at the detecting plane
Wy, WhICh is half width where the intensity of the profile is
1/€%, was approximately 2.0 mm. In the figure, the

normalized detector position u, which is defined as x/wy, is
shown along the upper axis.

In the current setup, detecting position should be
adjusted along x, axis at y keeping 0 mm because refractive
index change by an arc discharge crosses laser beam
mainly along x, direction. It is possible to decide the
optimum detector position using the equation (4)
theoretically.

Figure 3 shows theoretical curves for the normalized
wave number 6 dependence of the relationship between

amplitude of 7,. and normalized detector position u. The
most sensitive setup can be obtained at 6=0.7. This means
that selection of diameter of laser beam is important. The
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Fig.2. Laser beam intensity profile at detecting plane along x,
direction (y,=0).
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Fig.3. 0 dependence of the relationship between amplitude of 7,
and normalized x-coordinate u.
Figure 4 shows relationship between the u,, the

maximum I,. and 6. As can be noticed from this figure, the
optical wave microphone has sensitivity around 6=0.7 but
shows relatively superior sensitivity to refractive index
change with lower frequency (6<0.7) compared to that with
higher frequency if diameter of laser beam assumed to be
constant. In addition, the u,, increases with the increase of
the 6 which is attributed to the spatial Fourier transform.
However, it is clear that the u,, exists from 0.5 to 1.5 which
means that the optical wave microphone signal appears
within laser beam (see Fig.2.) that is quite different point
from other optical method. In this experiment, the detector
position was fixed at x, =1 mm (x=0.5) because frequency
component of a compression wave after an arc discharge
was unknown.

High voltage of 8 kV was applied between the

electrodes without gas flow to carry out measurement of
optical wave microphone. Because the optical wave
microphone is very sensitive to density change of
atmosphere, no gas flow is desired. The position of the
optical fiber was fixed at (x;y) = (1 mm, 0 mm). The most
sensitive frequency of this setup which is decided by the
laser beam waist is approximately 40 kHz.
Figure 5 shows an typical optical wave microphone
waveform captured simultaneously with applied voltage and
current waveforms. The generation of one arc discharge
started at 0 us when the pulsed current flowed and applied
voltage decreased drastically due to higher conductivity of
the arc between the electrodes. It is impossible to observe
in the current waveform due to the lack of the dynamic
range of the oscilloscope but slight current flow, which may
concern with ionic component, exists after the large pulsed
current until the recovery of the applied voltage. It was
obvious from the optical wave microphone waveform that a
compressional wave emitted by the generation of the arc
discharge was detected successfully by this method.
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The obtained waveform means frequency resolved
waveform of the compressional wave. The wave arrived at
the probe laser approximately 8 us delayed after the
generation of the pulsed discharge, which exhibits the
speed of the wave propagation almost corresponds to that
of sound in air. More precise measurement is required
however it is suggested that the wave should be observed
as a shock wave near the discharge after that it
degenerates to sound wave at detecting position as far as 3
mm. If we can detect shock wave, it is possible to estimate
the energy of the shock wave which is another approach to
evaluate energy of each discharges.

Figure 6 shows Fast Fourier Transform (FFT) analysis
of the optical wave microphone waveform in Figure 5. The
main frequency component of this optical wave microphone
signal analyzed by FFT was about 100 kHz. This setup is
the most sensitive to 40 kHz wave, nevertheless component
around 100 kHz was remarkable. Measurement using
smaller laser beam is needed to investigate higher
frequency component but such high frequency component
can not be detected with mechanical devices like
conventional condenser microphones.
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Fig.5. Wavetorms ot optical wave microphone, applied voltage and
discharge current for an arc discharge.

Moreover, it is impossible to characterize relationship
between generation of discharge and sound wave via
condenser microphones because it cannot be set at very
close position to high electric field and cannot follow a
sound wave during high frequent discharges.

Therefore, from above mentioned results, we propose
the optical wave microphone as one of the potential
techniques to evaluate discharge energy as well as sound
of arc.
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Fig.6. FFT analysis of the optical wave microphone waveform.

Conclusion

The principle of the optical wave microphone was
introduced with the theoretical calculation and its application
to single phase gliding arc discharge was carried out.

The compressional wave after an pulsed arc discharge
was detected successfully near the electrodes by the optical
wave microphone method. The FFT analysis showed that
the main frequency component of the obtained signal was
approximately 100 kHz which can not be detected via
conventional condenser microphones. Therefore, it was
revealed that this technique has potential to measure and
interpret compressional wave after discharge correctly,
moreover, to estimate energy of an discharge from that of
shock wave.

REFERENCES

[1] H. D. Stryczewska and G. K. Komarzyniec, Properties of gliding
arc (GA) reactors energized from AC/DC/AC power converters,
Proceedings of 2010 IEEE Region 8 International Conference
on Computational Technologies in Electrical and Electronics
Engineering, SIBIRCON-2010, 744-749.

[2] J. Diatczyk, H. D. Stryczewska and G. Komarzyniec, Modeling
of the Temperature Distribution in Arc Discharge Plasma
Reactor, Journal of Advanced Oxidation Technologies, 9
(2006), 174-177.

[3] G. Komarzyniec, J. Diatczyk and H. D. Stryczewska, Arc
plasma reactor power system with 5-limb transformer, Journal
of Advanced Oxidation Technologies, 9 (2006), 178-181.

[4] G. Komarzyniec, H. D. Stryczewska and J. Diatczyk, The
influence of power source parameters on the gliding arc
characteristics, Przeglad Elektrotechniczny, 84 (2008), 60-63.

[5] L. Yu, X. Li, X. Tu, Y. Wang, S. Lu and J. Yan, Decomposition
of Naphthalene by dc Gliding Arc Gas Discharge, Journal of
Physical Chemistry A 114 (2010), 360-368.

[6] T.Nakamiya, F. Mitsugi, S. Suyama, T. lkegami, K. Ebihara, Y.
Sonoda, Y. lwasaki, S. Aoqui, H. D. Stryczewska and J. Pawiat,
Acoustic spectra characteristics of atmospheric pressure
plasma using optical wave microphone, Przeglad
Elektrotechniczny, 87 (2011), 249-253.

[7]1 T. Nakamiya, Y. Iwasaki, F. Mitsugi, R. Kozai, T. lkegami, Y.
Sonoda and R. Tsuda, Investigation of Electric Discharge
Sound in Atmospheric Pressure Plasma Using Optical Wave
Microphone, Journal of Advanced Oxidation Technologies 14
(1) (2011), 63-70.

[8] F. Mitsugi, S. Suyama, T. Ikegami, T. Nakamiya and Y. Sonoda,
Measurement and Analysis of Surface Discharge Sound by
Optical Wave Microphone, Recent Advances in Numerical
Modelling (2009) 199-205.

[9] Y. Sonoda, S. Ochi, K. Matsuo, K. Muraoka, M. Akazaki and D.
E. Evans, Measurement of plasma-waves by the Fraunhofer-
diffracition method at two-point intersections, Japanese Journal
of applied physics 23 (1984) 1412-1413.

[10]T. Nakamiya, F. Mitsugi, S. Suyama, T. lkegami, K. Ebihara, Y.
Sonoda, Y. lwasaki, S. Aoqui, H. D. Stryczewska and J. Pawiat,
Acoustic spectra characteristics of atmospheric pressure
plasma using optical wave microphone, Przeglad
Elektrotechniczny, 87 (2011), 249-253

[11]T. Sakoda and Y. Sonoda, Visualization of sound field with
uniform phase distribution using laser beam microphone
coupled with computerized tomography method, Acoustic
Science & Technology, 29 (2008), 295-299.

Authors: dr Fumiaki Mitsugi, E-mail: mitsugi@cs.kumamoto-u.ac.jp,
prof. dr Tomoaki lkegami, Graduate School of Science and
Technology, Kumamoto University, Kurokami 2-39-1, Kumamoto
860-8555, Japan; prof. dr Shin-ichi Aoqui, Department of Computer
and Information Science, Sojo University, lkeda 4-22-1, Kumamoto
860-0082, Japan; Ms Yui Tashima, prof. dr Hiroharu Kawasaki,
Department of Electrical and Electronics Engineering, Sasebo
National College of Technology,1-1 Okisin, Sasebo 857-8171,
Japan; prof. dr Toshiyuki Nakamiya, prof. dr Yoshito Sonoda,
Graduate School of Industrial Engineering, Tokai University, 9-1-1
Toroku, Kumamoto 862-8652, Japan, prof. Henryka D.Stryczewska,
Institute of Electrical Engineering and Electrotechnologies, Lublin
University of Technology, 38A Nadbystrzycka St., 20-618 Lublin,
Poland.

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 88 NR 6/2012 107




<<
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


