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Itoga T., Hagiwara M., Oishi T., Kamada S., and Baba M.

Cyclotron and Radioisotope Center, Tohoku University

The International Fusion Materials Irradiation Facility (IFMIF) project has been
proposed to establish an accelerator-based D-Li neutron source designed to produce an
intense fast neutron field for high fluence irradiation test of the fusion reactor candidate
materials").

To establish the database required for the design and post-analysis of IFMIF, we
have been conducting systematic experiments on the neutron emission spectrum and

radioactivity accumulation in IFMIF structural elements from 2001%.

In the previous
reports (2001, 2002, 2003), the results on lithium target for 25, 40 MeV deuterons and on
carbon and aluminum targets for 40 MeV deuterons were reported. The experiments were
carried out at the No.5 target room in CYRIC using the AVF cyclotron (K=110 MeV), a
beam swinger system, the TOF method” employed stack target” was used to enable
measurements of neutron spectrum and activation cross section concurrently.

In the last year, we have carried out new experiments for 40 MeV deuterons with
extended techniques and obtained new results for
1) neutron emission spectrum from a thick Fe, Ta target and
2) activation cross-sections of the "“Fe(d, X)SICr, 52Mn, 56.57- 38 reactions.

The experimental method was almost the same with these in previous experimentss).
Twenty thin targets of iron (2.0 mm thicknesses) and thirty thin targets of tantalum (1.5 mm
thicknesses) with natural composition were prepared and stacked to stop the incident beam
in the targets to measure not only neutron spectra from a thick Fe and Ta target but also
excitation functions of the "*Fe(d, x)51Cr, 52Mn, 56.57.38 reactions concurrently.

The neutron spectra were measured for almost entire range (0.5-50 MeV) of

secondary neutrons at seven laboratory angles between 0- and 110-deg with the two-gain
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time-of-flight (TOF) method” using a beam swinger system. The results are shown in
Fig.1. Figure 2 shows the comparison with the results of previous experiments™®. The
data clarified secondary neutron production spectra for the whole energy range. The lower
energy limit is approximately 0.5 MeV and both spectra show almost same features. Such
data are very few and will be useful for the model development of the neutron emission.
The main peaks due to deuteron break-up reaction are observed around 15 MeV having
strong angular dependence similar with previous results of Li(d,xn) reactions™®.  This
yield of the main peak is decreasing with the increasing mass of target. On the other hands,
the yield of neutrons emitted from the evaporation process is increasing with the mass of
target. Figure 3 shows the comparison between the present data and MCNPX calculation® .
The results of calculation significantly underestimate experimental data.

The number of radioactive nuclides accumulated in the stacked targets was
measured by counting the y-rays from the nuclides of 21Cr, Mn, " %Co using a pure Ge
detector. In Figs.4, 5, the results of the activation cross-sections are shown, together with
other experiments”, recommended data by the IAEA group'” and TALYS calculation'".
The present values for iron are consistent with other data. TALYS calculation shows fairy
good agreement with the present data except for higher energy region. To estimate the
radioactivity induced by deuterons with TALYS, nevertheless, improvements will be
required for cross-section calculation models. Present experimental results will be used as
the basic data to check the accuracy of the Monte Carlo simulation and for the shielding

design of a medium energy accelerator facility such as IFMIF.

*In collaboration with National Institute for Fusion Science (NIFS).

References

1) IFMIF CDA TEAM, IFMIF Conceptual Design Activity Final Report edited by Marcello
Martone, Report 96.11, Enea, Dipartimento Energia, Frascati (1996).
2) CYRIC Annual Report 2001, p. 170; 2002, p. 141; 2003, p. 43.
3) Baba M., Aoki T., Hagiwara M., et al., J. Nucl. Materials 307-311 (2002) 1715.
4) Aoki T., Hagiwara M., Baba M., et al., J. Nucl. Sci. Tech. 41 (2004) 399.
5) Hagiwara M., Itoga T., Baba M., et al., J. Nucl. Materials 329-333 (2004) 218.
6) Hagiwara M., et al., J. Fusion Sci. Tech., in press.
7) Ibaraki M., et al., Nucl. Sci. Technol. 35 (1998) 843.
8) Waters L.S. (Ed.), MCNPX User’ s Manual version 2.4.0, LA-CP-02-408, Los Alamos National
Laboratory, Los Alamos, New Mexico, 2002.
9) EXFOR system: OECD/NEA http://www.nea.fr
10) TAEA, Charged-particle cross section database for medical radioisotope production_
http://www-nds.iaca.org/medical/.
11) Koning A.J., et al., TALYS: Comprehensive nuclear reaction modeling, Conf. on Nucl. Data for
Sci. and Technol., Santa Fe, 2005.

34



Neutron yields [#/MeV/sr/uC]

Cross secton [mb]

10°

10°

00 deg.
05 deg

vVAOAD OO

Neutron energy [MeV]

Fig.

Neutron spectrum for Fe and Ta .

0 deg.

ol

e

)

/" ’,0"

s

E )

Neutron yields [n/MeV/st/uC]

il

'k
M.Hagiwara Li J
M.Hagiwara Al
M.Hagiwara C
present Fe
present Ta

p.a#"e

\MI

10
Neutron energy [MeV]
Fig.. 2. Neutron spectrum for (d,n) reactions
at 40 MeV.

MCNPX

B present exp. 3

Fe, 110 deg.

Neutron yield [#/MeV/sr/C]

Ta, O deg.

Ta, 110 deg.

£

30 40 500 10 20 30 40

Neutron energy [MeV]

50 0

Fig. 3.

present S2Mn

resent 51Cr
E A. Hermanne et al.

A. Hermanne et al.

o

]'ﬁ!!.lf i
20

30 50

Comparison with MCNPX.

present 58Co

J.W. Clark et al
Zhao Wenrong et al.
TALYS

10

Cross section [mb]

.
° al
A Zhao Wenrong et al.
v Plmg

- - - IAEA recommend
~———TALYS

J. W. Clark et al.

A Zhao Wenrong et al

TALYS
T 1 1 1 1

40 50 0

TALYS

30

Deuteron energy [MeV]

Fig. 4. Activation cross-section for
"iFe(d, x)°'Cr, **Mn.

3

s
S
0

10" NS DT SR

10 20 30 40 500

10 20 30 40

500

Deuteron energy [MeV]

Fig. 5. Activation cross-section for
"iEe(d, x)**Co, ¥’Co and **Co.

35




<<
  /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
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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


