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ABSTRACT

This work represents a progress report on the CARBODISP project, examining the molecular dynamics and the
transport mechanism of '“C in irradiated nuclear graphites and, in particular, the effect of grain boundaries.

1. MOLECULAR DYNAMICS STUDY OF "*C TRANSPORT IN NUCLEAR GRAPHITE

The work in the field of modelling and simulation has been focused on the description of the
formation of the radionuclide '*C and its transport in the nuclear graphite as a result of recoil process.
In view of a potential decontamination of the irradiated graphite, the knowledge of the binding state of
the '*C-atoms and their local distributions in the graphite structure as well as the release mechanism is
of particular importance.

As nuclear material graphite is characterized by a well defined crystalline structure as given in Figure
1 (hexagonally shaped). The individual '*C-atoms are located in layers with a distance of 3.5 A which
are shifted against each other. In the case of irradiation elastic and inelastic interaction with fast
neutrons take place- in parallel to the formation of '*C by activation leading to the creation of Frenkel-
pairs (interstitials and vacancies). Due to the high cross section for this process the concentration of
the defect pairs are higher than "*C concentration by orders of magnitude. However as a consequence
of low energy for potential recombination and temperature dependent self diffusion the concentration
vacancy-interstitial takes place resulting in a reduction of the concentration (0.15 eV).

FIG. 1: Crystalline Structure of Graphite



"C is formed as a result of the activation of captured trace elements like oxygen and nitrogen existing
in nuclear graphite and particularly by activation of carbon-isotopes. The formation by activation of
BC is less than over the "N activation which is embedded in graphite during the manufacturing
process or reactor operation. The reason for the higher activation rate is the higher cross section as
depicted in Figure 2.
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FIG. 2: Cross Sections for Production of " C

2. TRANSPORT MECHANISM OF "C

The mechanism of the transport/ distribution and release of *Cinside the irradiated graphite structure
is a complex issue and is studied by the application of molecular dynamic (MD) method which allows
the simulation of the interaction mechanisms at atomistic level in the lattice structure of graphite. The
result of such a simulation is given in Figure 3, which shows the configuration and state of the
graphite lattice at end of recoil atom transport ('*C). Accordingly the '*C atom is located in an
interstitial position accompanied with a deformation of the lattice structure due to the cascade process.
For this aim the program LAMMPS was used to investigate the behaviour and the configuration of the
defects ("*C). The MD works with the solution of Newton's equation of motion for atoms and
molecules, coupled together by certain atomic interaction potentials. The transport process and the
binding of "“C were initially investigated in pure graphite with a crystalline structure under various
initial and boundary conditions; in addition, a possible effect of the grain boundaries, pores and
impurities was studied. The formation process of '“C is associated with the recoil of '*C atoms with a
kinetic energy in the range of keV (2.56 keV for the °C activation and 42 keV by '*N) leading to the
removal from the lattice site. This transfer of '*C is accompanied by various interaction and ionization
processes which result in a disorder of the lattice structure as well as in the formation of further
displacements (interstitial atoms and vacancies).



FIG. 3: Initial and Final State of Single Cascade in Perfect Lattice Structure (yellow: C14)

The MD simulation showed that at an initial energy of 10 keV, for example, the recoil atom is
displaced after the generation by a mean distance of 60-130 angstrom in the crystal structure being
influenced by the interacting potentials (see Figure 4). However the result depends on the type of the
potentials governing the interaction between the individual atoms in the short range and recoil
direction relative to the orientation of the crystal lattice.
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FIG. 4: Range of '*C Dependence on Recoil Energy and f or Different Potentials
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FIG. 5: Displacement and Energy Loss of '*C in Crystalline Graphite for 40 keV

Resulting from the symmetrical character of the individual atoms at the c-layers, the mean range and
the transport of the primary '*C is not significantly influenced by the temperature variation. This
result, however, needs to be verified by detailed modelling of the boundary conditions.



In addition, specific and stepwise energy loss of the '“C atoms taking place during the transport
process was studied as given in Figure 5 for an example of 42 keV (**C produced by '*N).
Accordingly a smooth energy loss takes place with a specific value of approx. 100 eV per atom. After
getting lower energy (5 keV), the energy loss shows a sudden drop probably caused electronic
interaction and ionization.

3. EFFECT OF GRAIN BOUNDARIES

Due to the complex manufacturing process the reactor graphite consists of polycrystalline
configuration and no specific alignment which lead partly to the formation of grain boundaries. To
answer the question of the grain boundaries on the '*C transport a polycrystalline model consisting of
individual monocrystaline grains was generated for MD simulation. For the model different
orientation and angle respectively between the individual crystalline grains were assumed as given in
Fig. 6. In this configuration the recoil '*C-Atom was started under various angles with recoil energy of
40 keV ("C by activation of '“N). Due to the fact that no particular potentials are acting at the
interface (representing the pores) the '“C atoms cross the grain boundaries and pores without any
deflection and path change. The results of the simulation have been summarized and depicted in
Figure 7 for different orientation of individual crystalline grains. Accordingly the starting '*C atom
undergoes a transport without being influenced by the adjacent boundary layers but by the orientation
of the subsequent grain layers. The figure shows that a significant accumulation of '*C in the vicinity
of grain boundaries or surfaces (pores) caused only by the stopping processes (potentials) is not
expected (Figure 7).

FIG. 6: Configuration of crystalline grains for Md simulation of the boundary effect



FIG. 7: Final states of "*C near Grain Boundaries

REFERENCES

PROBST A., "Molekular-Dynamische Untersuchung und Simulation des Transportverhaltens von C-
14 in bestrahltem Nukleargraphit"; RWTH-Aachen, Masterarbeit, Nuclear Safety Engineering (March
2013)

S. EBERT, "Entwicklung eines Verfahrens zur Tiefenprofil-Bestimmung von C-14-Kontaminationen
im Reaktorgraphit mittels Monte-Carlo-Basierter Betaspektroskopie"; RWTH-Aachen, Masterarbeit,
Nuclear Safety Engineering (January 2014)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00167
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00167
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00083
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug true
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName (VIC_Flattener_no outline)
        /PresetSelector /UseName
        /RasterVectorBalance 0.990000
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 13.322830
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [3685.040 2551.181]
>> setpagedevice


