Fission dynamics in *2Ce composite nuclei: study within a stochastic approach
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INTRODUCTION

It is well known that nuclear viscosity plays a
fundamental role in the fission process [1-3]. Although
much experimental and theoretical work has been devoted
to this subject, many questions still remain open. They
mainly refer to a precise determination of the fission time
scale as well as to the nature of the dissipation. At issue is
whether nuclear dissipation proceeds primarily by means
of individual two-body collisions (two-body friction), as in
the case of ordinary fluid, or by means of nucleons
colliding with a moving potential wall (one-body friction).

The modified statistical model as well as dynamical
models [4-8] based on the Lagrange, Fokker Planck and
Langevin equations have been used in order to gain insight
on these aspects of fission dynamics. The lack of
constraints to the models appears to be, in several cases,
the main source of controversies.

In this framework, we are carrying on a research
program with 8nLP apparatus at LNL, aimed at studying
the fission dynamics in systems of intermediate fissility.
These systems, compared to the heavier ones, have larger
prescission charged particle multiplicities as well as
comparable fission and evaporation residue (ER) cross
sections. Therefore, the measurements of the relevant
quantities in both channels allow to put severe constraints
on the models, providing more reliable estimates of fission
delay and of viscosity parameter.

We report on the system **S + '“Mo at E;;,=200 MeV
which produces the composite system '*“Ce at E,=122
MeV. The analysis of the pre-scission charged particles
was already described in a previous report [9]. We have
proceeded in the analysis of this system extracting the
charged particle multiplicities in the ER channel as well as
the ER and fission cross sections. The whole set of
extracted quantities has been compared with the
predictions of a dynamical model based on the Langevin
equation.

The experiment was performed at the XTU Tandem-
ALPI Superconducting LINAC accelerator complex of the
Laboratori Nazionali di Legnaro. We used the BALL and
the WALL section of the 8PLP apparatus to detect light
charged particles. Fission fragments were detected in the
telescopes of two rings of the BALL section. Evaporation
residues have been detected by mean of four Parallel Plate

Avalanche Counter modules (PPAC). Each one covers a
forward angle of 2.5° and 7.5°. Evaporation residue and
fission cross sections were measured by means of the
electrostatic deflector of LNL coupled to the double-arm
TOF spectrometer CORSET, as described in [10].

EVAPORATION RESIDUE CHANNEL

In figs. 1 and 2 we show, as solid points, the
multiplicity angular distribution of protons and alpha
particles, detected in coincidence with one of the PPAC
versus the identification number of the BALL detectors.
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FIG. 1: comparison between experimental and  theoretical

angular multiplicity distributions for protons.

Alpha particles

] Exp.
— Lilita_N97

-
o
[N
1

dM,,/dQ (counts/sr)

1071‘ T T T T T T T T ' T 1

0 20 40 60 80 100 120 140
Detector Number

FIG. 2: comparison between experimental and

angular multiplicity distributions for alpha particles.
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The predictions of the statistical model, as implemented in
the code Lilita N97 [11] are also shown in the figure as
solid lines; they have been normalized to the data. The
same normalization factor allows to reproduce the
observed behaviour resulting from the different correlation
angles with respect to the trigger detector, for both protons
and alpha particles. The integrated proton and alpha
particle multiplicities have been obtained from the
theoretical values, scaled by the normalization factor.
These values are reported in Table 1 together with the
fission and the ER cross-sections as well as with the pre-
scission particle multiplicities.

ER channel Prescission channel

OFF GEr

M, M, My Mo (mb) | mb)

Exp. | 0,91£0.15 |0,56 = 0.09]0,055 + 0,007]0,038 + 0,005 70+7 [576 =50

Theor. 0.82 0.58 0.050 0.020 61 597

TAB. 1: Measured proton and alpha particles multiplicities in
the ER and pre-scission channels and fission and ER cross
sections, for 200 MeV *S + %Mo reaction. The predictions of a
dynamical model [12] are also reported.

DYNAMICAL MODEL CALCULATIONS

In this section we briefly describe the physics
underlying the dynamical model [12] used in this study
and the results obtained for our system. In a deterministic
approach of fission, evolution of collective coordinates,
describing the shapes of the nucleus towards fission, are
governed by the conservative and frictional forces. The
first ones are usually derived from macroscopic models.
The second ones, which removes energy from the relative
motion and transfer it to internal excitations; can be
derived assuming one or two-body dissipation. As
suggested by Kramer [13], collective variables fluctuates
because of their coupling to the intrinsic degrees of
freedom and can be considered as motion of Brownian
particles that interact stochastically with a large number of
internal degrees of freedom, constituting the surrounding
heat bath. These fluctuations can be simulated, within a
stochastic approach, using the Langevin equation, where a
random force is added to the classical equation of motion.
The strength of this force is related to the friction
coefficient and the nuclear temperature.

In the dynamical model used in the present work, three
geometrical shape parameters were chosen as collective
coordinates [12]. The potential energy of the nucleus was
calculated within the framework of a macroscopic model
with finite range of the nuclear forces [14]. The inertia
tensor is calculated by means of Werner-Wheeler
approximation for incompressible irrotational flow [15]. A

modified one-body mechanism of nuclear dissipation [16]
has been used for determination of the dissipative part of
the driving forces. In particular, friction tensor has been
calculated on the basis of the wall-and-window dissipation
formula, where the contribution from the wall formula has
been modulated by the reduction coefficients k. In order to
have a realistic treatment of particle evaporation in the ER
and pre-scission channels, Lilita N97 code has been linked
to the dynamical model one.

Calculations have been carried out for different values
of kg assuming different prescriptions of transmission
coefficients and level densities for particle evaporation.
The model is able to reproduce most of the measured
quantities, assuming a reduction coefficient k=0.5. This
value, which is consistent with the systematics, implies
sizable transient times for fission, ranging from 15 to 20
x10™"'s at high angular momenta of the composite system,
where fission is relevant.

[1] D.J. Hinde et al., Nucl. Phys. A502 (1989) 497c.

[2] J.P. Lestone et al., Phys. Rev. Lett. 67 (1991) 1078.

[3] M. Thoennessen et al., Phys. Rev. Lett., 59 (1987) 2860.

[4] K.T.R. Davies et al., Phys. Rev. C13 (1976) 2385.

[51 AJ. Sierk et al., Phys. Rev. C17 (1978) 646.

[6] A.J. Sierk et al., Phys. Rev. C21 (1980) 982.

[7] T. Wada et al., Phys. Rev. Lett. 70 (1993) 3538.

[8] P. Frobric et al., Nucl. Phys. A556 (1993) 281.

[9] A. Brondi et al., LNL Annual Report 2003.

[10] M. Trotta et al., LNL Annual Report 2004.

[11] Lilita N97 is an extensively modified version of the original
Lilita program made by J. Gomez del Campo and R.G. Stockstad,
O.R.N.L., (Rep. No TM7295, 1981 unpublished).

[12] P.N. Nadtochy et al., Phys. Rev. C65 (2002) 064615.
[13] H.A. Kramer, Physica VII (1940) 284.

[14] H.J. Krappe et al., Phys. Rev. C20 (1979) 992; A.J. Sierk,
Phys. Rev. C33 (1986) 2039.

[15] K.T.R. Davies et al., Phys. Rev. C13 (1976) 2385.

[16] J.R. Nix, Nucl. Phys. A502 (1989) 609.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CityBlueprint
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EstrangeloEdessa
    /EuroRoman
    /EuroRomanOblique
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GDT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GothicE
    /GothicG
    /GothicI
    /GreekC
    /GreekS
    /Haettenschweiler
    /Impact
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCPEUR
    /ISOCPEURItalic
    /ISOCT
    /ISOCT2
    /ISOCT3
    /ISOCTEUR
    /ISOCTEURItalic
    /Italic
    /ItalicC
    /ItalicT
    /Latha
    /LucidaConsole
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MSOutlook
    /MVBoli
    /Nucleus-Arial
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PanRoman
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Raavi
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /ScriptC
    /ScriptS
    /Shruti
    /Simplex
    /Sshlinedraw
    /StylusBT
    /SuperFrench
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolMT
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /Technic
    /TechnicBold
    /TechnicLite
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Txt
    /UniversalMath1BT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinetaBT-Regular
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 700
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 700
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <FEFFc5c5bb34c6a90020bb38c11cb97c0020ac80d1a0d558ace00020c778c1c4d558b2940020b3700020c801d569d55c00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c9002540875284e8e55464e1a65876863ff0c53ef4ee553ef9760573067e5770b548c6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef69069752865bc6aa28996548c521753705546696d65874ef63002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


