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One of the most critical ingredient in determining the 
properties of a nucleus from a given effective interaction, 
is the overall number of nucleons and the ratio N/Z of 
neutrons to protons. One aspect which is presently 
strongly discussed concerns the modification of the 
average field experienced by a single nucleon due to the 
changes in size and diffusivity for nuclei with strong 
neutron excess [1]. For large neutron excess the 
softening of the Woods-Saxon shape of the neutron 
potential is expected to cause a reduction of the spin-
orbit interaction and therefore a migration of the high-l 
orbitals with a large impact on the shell structure of 
nuclei far from stability [2]. A different scenario has 
been recently suggested where the evolution of the shell 
structure in going from stable to exotic nuclei can be 
related to the effect of the tensor part of the nucleon-
nucleon interaction [3]. The tensor-force, one of the most 
direct manifestation of the meson exchange origin of the 
nucleon-nucleon interaction, is responsible of the strong 
attraction between a proton and a neutron in the spin-flip 
partner orbits. A recent generalization of such 
mechanism foresees a similar behavior also for orbitals 
with non identical orbital angular momenta. It is 
expected an attraction for orbitals with antiparallel spin 
configuration and a repulsion for orbitals with parallel 
spin configuration [4]. In most of the cases one is dealing 
with a combined effect of the attraction among orbitals 
with antiparallel spins and repulsion between orbitals 
with parallel spins. The change of the shell structure 
based on such mechanism has been recently discussed in 
different mass regions [4,5] of the nuclear chart. In such 
contest neutron-rich nuclei close to shell gaps are 
particularly interesting since, when compared with the 
shell-model prediction, they allow to search for 
anomalies into the shell structure [5]. It is predicted, for 
example, that the Z=28 gap for protons in the pf-shell 
becomes smaller moving from 68Ni to 78Ni as 
consequence of the attraction between the proton f5/2 and 

neutron g9/2 orbits and the repulsion between the proton 
f7/2 and the neutron g9/2 configurations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Mass spectra from the PRISMA spectrometer obtained 
for the different elements produced in the 82Se  + 238U reaction.  
 
The same argument also predicts a weakening of the 
N=50 shell gap when approaching the 78Ni nucleus due 
to the attraction between the neutron g9/2 and d5/2 
configurations with the proton f5/2 state and the repulsion 
between the neutron g7/2 with the proton f5/2 state. 
Properties inconsistent with shell closure have been 
found in several neutron-rich systems around shell-



model magic numbers-(see reference [6] and references 
therein).  
Here we report on an experimental study of the excited 
structures of the neutron-rich N=50 and 51 isotones. 
New experimental information has been obtained on a 
wide range of nuclei close to the N=50 shell closure by 
means of multi-nucleon transfer and deep-inelastic 
collisions. The reaction mechanism allows the population 
of medium and high-spin yrast states. The systematic of 
the N = 51 single-neutron states, extended down to 
Z=34, can be used to test the predictions of the shell 
evolution based on the effects of the tensor interaction as 
well as of the different effective interactions.  
Excited states of previously unknown isotopes have been 
identified using the CLARA γ-detector array [7] in 
coincidence with the PRISMA spectrometer [8]. The 
N≈50 nuclei have been populated using the reaction 82Se 
+ 238U. The combination of the Tandem-XTU and the 
superconductive LINAC ALPI accelerators at the 
Laboratori Nazionali di Legnaro, Italy, was used to 
accelerate a beam of 82Se ions at an energy of 505 MeV. 
The target, isotopically enriched, was of a thickness of 
400 µg/cm2. Projectile-like nuclei, produced following 
multinucleon transfer, were detected by the PRISMA 
spectrometer [8,9,10], placed at an angle of 640, covering 
an angular region around the grazing angle of the 
reaction. PRISMA is a magnetic spectrometer of large 
acceptance (≈80 msr) with an energy acceptance of 
±20%, consisting of a quadrupole singlet followed by a 
dipole magnet. The position of the incoming ions 
entering the spectrometer were measured using a position 
sensitive MCP detector placed at 25 cm from the target. 
After the magnetic elements, the position of the ions 
were determined again at the focal plane of the 
spectrometer using a 10 elements, 100 cm long, multi-
wire PPAC detector. Finally the ions were stopped in a 
10 × 4 elements ionization chamber measuring the time 
of flight (TOF). Such information allows a 
reconstruction of the trajectories, the identification of the 
atomic number Z, of the mass A and of the absolute 
value of the velocity. The mass resolution obtained in the 
present experiment, shown in fig.1, is of about 1/180, 
allowing a good identification of all isotopes. 
Gamma rays following the de-excitation of the reaction 
products were detected by the CLARA array [7] 
consisting of 25 clovers detectors, placed in the 
hemisphere opposite to the entrance of the spectrometer, 
29.5 cm far from the target position,  covering the 
azimuthal angles from 980 to 1800.  The Doppler 
correction for γ-rays detected in coincidence with the 
projectile-like ions was performed on an event-by-event 
basis, using the information of the recoil-velocity vector 
determined by the reconstruction of the ion trajectories. 
The energy resolution obtained for the γ-rays was of 
0.8% FWHM over the whole range of velocities, ranging 
from 4.5% to 10% of the velocity of the light. The γ-ray 
spectra observed after selection on mass and charge for 
the N=50 81Ga, 82Ge and 83As isotones are shown in 
fig.2. Similar spectra have been obtained for the N=51 
85Se and 87Kr nuclei. 

Within the shell-model, the description of the nuclear 
mean field is conventionally obtained by considering the 
so-called monopole Hamiltonian constructed from the 
centroids of the two-body interaction. The eigenvalues of 
this Hamiltonian, usually referred as effective single 
particle energies, provide the average energies of the 
specific spherical configurations. They should reproduce 
the energies of single-proton or single-neutron states in 
odd-A nuclei with Z or N equal to a magic number plus 
or minus one proton or one neutron. 

 
Fig.2: Gamma-ray spectra of the N=50 81Ga, 82Ge and 83As 
nuclei after mass and charge identification through the 
PRISMA spectrometer. The γ-rays assigned to the selected 
N=50 isotones are indicated in the spectra. 
 

The nucleon-nucleon residual interaction, and in 
particular the tensor force part, changes the spherical 
single-particle energies through the nuclear chart. As 
reported in Ref. [4,5] the monopole effect of the tensor 
force shifts systematically the single-particle levels as 
protons and neutrons fill certain orbits, the proton-
neutron part being the dominant. It is interesting to 
mention here the good agreement obtained between the 
energy of the newly identified excited states of the N=50 
isotones 81Ga and 82Ge and the predicted values of the 
shell-model calculation using a recently developed new 
effective interaction [11] which implicitly takes into 
account the core-polarization contributions of the 78Ni 
core. As an example, using such interaction the 
excitation energy of the 9/2- level of the 81Ga nucleus is 
calculated to be 1374 keV above the 5/2- g.s., in very 
good agreement with the measured value of 1236 keV.   
 
[1] G.A. Lalazissis et al., Phys. Lett. B. 418, 7 (1998). 
[2] J. Dobaczewski et al., Phys. Scr. T56, 15 (1995). 
[3] T. Otsuka et al., Phys. Rev. Lett. 11, 145 (1964). 
[4] T. Otsuka, . Phys.Rev.Lett. 95, 232502 (2005) 
[5] H. Grawe, Springer Lect. Notes in Phys. 651, 33 (2004). 
[6] Y.H. Zhang et al., Phys. Rev. C70, 024301 (2004). 
[7] A. Gadea et al., Eur. Phys. J. A20, 193 (2004). 
[8] A.M. Stefanini et al., Nucl. Phys. A701, 217c (2002). 
[9] G. Montagnoli et al., Nucl. Instr. Methods Phys. Res. A547, 
455 (2005) 
[10] S. Beghini et al., Nucl. Instr. Methods Phys. Res. A551, 
364 (2005) 
[11] A.F. Lisetskiy et al., Phys. Rev. C70, 044314 (2004 



<<
  /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


