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Abstract:Onehigh灢spinrotationalbandinneutrondeficientodd灢oddnucleus170Rehasbeenidenti灢
fiedandassignedtothe毿h1/2煪毻i13/2configurationthroughthe142Nd(32S,1p3n毭)170Rereaction.
Thebandisanalyzedonthebasisoftheargumentsofenergysystematics,signatureinversionsys灢
tematics,intra灢bandB(M1)/B(E2)ratios,quasiparticleRouthians,dynamicmomentofinertia
andTotalRouthianSurface(TRS)calculations.Fromdetailedanalysesonitsstructuralproper灢
ties,theconfiguration,spinsandparityhavebeenfurtherassignedforthisrotationalband.
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1暋Introduction
Duringthepastfewyearstheexperimentalin灢

formationonthebandstructureinrotatingnuclei
hasexpandedrapidly,mostlyduetotheavailabili灢
tyofheavy灢ion beamsand multi灢detectoranti灢
Compton(AC)spectrometers.Investigationsof
thebandstructureindoublyoddnucleicarriedout
inrecentyearshaveledtotheestablishmentofa
general classification scheme for the coupling
modesoftwononidenticalvalencenucleons[1].A
numberofinterestingnuclearstructurefeatures,

including semidecoupled,doubly decoupled and
compressedstructures[2],havebeendiscoveredand
discussedintheA=170massregion.Priortothis
work,only afew low spin states,populated
throughthe毬+/ECdecayof170Osand毩decayof

174Ir,wereknownin170Re[3—5],butnohigh灢spin
informationwasavailable.Partialanalyticresults
fromthisworkhavebeenreportedelsewhere[6].In
thispaper,furtheranalysisanddiscussionfrom
bandstructuralsystematicsofodd灢oddnucleiand
thecrankshellmodel(CSM)[7]calculationsispres灢
ented.

2暋ExperimentalProceduresandAna灢
lysis

Theoptimalprojectile灢targetcombinationand
thefusion灢evaporationexcitationfunctionofreac灢
tionsystem wereanalyzedaccordingtotheoretical
calculations of CASCADE and ALICE codes.
Basedontheseanalysesandthemeasurementof
excitationfunction,abeam energyof166 MeV
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waschosentopopulatethehigh灢spinstatesviathe
heavy灢ionfusion灢evaporationreaction 142Nd(32S,

1p3n毭)170Re.The32Sbeam wasprovidedbythe
tandemacceleratorattheChinaInstituteofAtomic
Energy,Beijing.The142Ndtargetwasametallic
foilofabout2.2mg/cm2thicknessofwitha7.0
mg/cm2Pbbackingtostoptherecoilingnuclei.At
thisoptimumenergy,theX灢毭and毭灢毭coincidence
measurementswerecarriedoutwithtwelveBGO
(AC)HPGedetectors,havingenergyresolutionof
1.9—3.1keVat1332.5keV毭灢rayenergyof60Co
source.Atotalof150 millioncoincidenceevents
wererecorded.Thedetectorenergiesandefficien灢
cieswerecalibratedusingstandardradioactive133Ba
and 152Eusources.Intheoff灢lineanalysis,the
gainsofthedetectorswereadjustedsothatallthe
spectrahadthesameenergycalibration,thenthe
raweventdatafromalldetectorsweresortedinto
symmetricE毭灢E毭 aswellasasymmetric matrices
fordeterminationof毭灢raymultipolaritiesbasedon
thedirectionalcorrelationofdecaysfromoriented
states(DCO)method.Analysisofthecoincidence
relationships was carried out using standard
Mxa105software.Themoredetailedexperimental
conditions were describedin the preceding pa灢
per[6].

3暋ResultsandDissusion

Theyrastandnear灢yraststructuresof170Re
areexpectedtopossessanear灢prolatedeformation
with毬曋0.20.Theexcitedstatescanthereforebe
explainedastwo灢quasiparticlestateswithacollec灢
tiverotationadded.Moreover,differentconfigura灢
tions(orbitals)willgiverisetorotationalbands
with differentspecific spectroscopic characters.
Therotationalbandlevelschemeanditsquasipar灢
ticleconfigurationandspinsof 170Rehavebeen
proposedbrieflyinourpreviouswork[6].Itiswell
knownrotationalbandsin odd灢odd nucleioften
cannotbelinkedtootherknownstatesinthelevel
scheme,itiscommontouseCSMandsystematics
analyses,similartotheonedescribedinRefs.[6,

8]todeducetheprobableconfigurationsandspin
values.Asusual,inordertoidentifytheproton
andneutronorbitalsinvolvedinthehigh灢spinrota灢
tionalband,afurtheranalysisofbandproperties
mentionedbelow,suchaslevelenergysystematics
inisotonicchain,B(M1)/B(E2)ratios,experi灢
mentalrouthians,dynamicmomentofinertia,sig灢
natureinversion,etc.,hasbeenperformed.

Accordingtotheparticipatingvalenceproton
(neutron)intheyrastbandoftheneighboringodd灢
Z (odd灢N)nucleiandthehigh灢jNillsonorbitalsat
theprolatedeformationregion,theconfiguration
毿h1/2[514]9/2- 煪毻i13/2[651]3/2+ wasassignedto
thepresentrotationalband[6].Asisknown,there
aretwowaystocoupletheprotonandtheneutron
states,withintrinsicspinsparallelandantiparal灢
lel.TheGallagher灢Moszkowskirulesspecifythat
inanodd灢oddnucleustheparallelcouplinglies
lowerthantheantiparallel(atthebandhead),with
thesplittingintherangeof50to200keV[9].Usu灢
ally,the毭灢raydeducedtoband灢headlevelcannot
beseenduetothelowenergyanddetectioneffi灢
ciency.Thespinandparityassignmentscannotbe
madebyusualspectroscopic methodsduetothe
suspendingnatureofthelevelscheme.TheI毿val灢
uesofthelevelshavebeensuggestedonthebasis
oftheavailablespinvslevelenergysystematicsof
thesimilarconfigurationbandsintheneighboring
nuclei[6].Thelevelspacingandlevelstaggeringin

Fig.1暋Excitationenergysystematicsof毿h1/2煪毻i13/2bandin

N=95isotones.Datasourcesare170Re(thiswork),
168Ta[10],166Lu[11],164Tm[12].(9- )levelsaretakenas

thereference.
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thisbandareverysimilartothe毿h1/2煪毻i13/2bands
observedintheneighboringodd灢oddReisotopes[6]

(seeFig.4inRef.[6]).Inourpresentwork,as
isshowninFig.1,theproposedspinsforthelev灢
elshavebeenfurtherinvestigatedonthebasisof
theavailablespinvsthelevelenergysystematicsof
thesimilarconfiguration bandin N =95iso灢
tones[10—12]. As one can see, an excellent
agreementhasbeenachieved.

Iftheadoptedlevelspinvaluesin170Recanbe
usedaccordingtothesystematicsinlevelspacing,

itwillconsequentlyleadtoalowspinsignaturein灢
versionconsistent withthesystematicsoflevel
staggeringpattern discussedin Ref.[6].Itis
knownthatthephenomenonofsignatureinversion
hassystematicallybeenobservedinalmostall毿h1/2

煪毻i13/2bandsintheneighborhoodofA=170.The
behaviorofthesignatureinversionfordifferent
chainsofisotopesandisotoneshasbeenrecently
analyzedandgeneraltrendshavebeenfoundfor
nucleiwithZ=63—75,N=89—95[13—17].Accord灢
ingtothemethodinRefs.[13,17],thesignature灢
inversionpointIccanbeconcluded.Althoughthe
reversionpointisnotreachedin170Rebecauseof
thelackofhigherspindata,thetendencytowards
reversionataboutI=19.5淈isevident.Herewe
presentasystematicstudyextendedwiththenew
experimentaldataandplottheinversionpointIcvs
protonnumberZasshowninFig.2.Thesigna灢
tureinversionpointI=19.5淈proposedin 170Re
nearlyagreeswithsystematics.Moreover,wecan
see,thesignatureinversionpointshiftstolower
spinswithincreasingNindifferentchainsofiso灢
topesandtohigherspinswithincreasingZindif灢
ferentchainsofisotones.Interestingly,anaddi灢
tional(N灢Z)effectcanbeseeninFig.2,forthe
same(N灢Z)value,thesignatureinversionpointre灢
mainspracticallyunchangedanddecreases when
N灢Zincreases.Thephenomenonofanomaloussig灢
naturesplittingandtheinversionobservedinthe
毿h1/2煪毻i13/2structureshasbeenextensivelystudied
throughavarietyoftheoreticalapproaches[18—21].

Sincethesignatureinversionpointvariesovera
largerange(I=11.5—21淈),anyoneexplanation
forthecomplexphenomenonisprobablyinsuffi灢
cient,theessentialmechanismforthesignaturein灢
versioninthebandsisstillanopenquestion.In
ordertoestablishareliableunderstandingofthe
observedtrends,morecomprehensiveeffortsare
needed.

Fig.2暋Systematicsofthesignatureinversionpointforthe

毿h1/2煪毻i13/2 bandsintheodd灢oddnucleiinA=170

massreigion.Solidlinescorrespondto nucleiwith

sameNanddottedlinescorrespondtonucleiwithsame

N灢Z,aslabeledinthefigure.

Forthe毿h1/2 煪毻i13/2 rotationalbandsinthis
massregion,thecouplingbetweenanormalorbital
(毿h11/2)andaCoriolisdistortedorbital(毻i13/2)lead灢
ingtoacompressedstructure[22].Itselectromag灢
neticproperties,whicharerelativelyinsensitiveto
assumptionsofspin,werestudiedandcompared
with modelpredictions[8].Onecoulddeducethe
empiricalB(M1)/B(E2)ratiosusingtheusualro灢
tationalmodelexpressionsfromtheobserved毭灢ray
energiesE毭andbranchingratios毸asthemethod
describedinRef.[15].Thetheoreticalestimatesof
theB(M1)/B(E2)ratioscouldbeobtainedfrom
thesemiclassicalformulaofthecrankingmodelde灢
velopedbyDonauandFrauendorf[23].Theextrac灢
ted experimental and calculated theoretical
B(M1)/B(E2)ratiosforthisbandarepresentedin
Fig.3fromwhichonecanseethattheassignment
of毿h1/2[514]9/2- 煪毻i13/2[651]3/2+ configuration
isreasonabletosomeextent.
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Fig.3暋ExperimentalB(M1)/B(E2)ratiosextractedfrom

毿h1/2煪毻i13/2bandof170Re.Thecalculatedvaluesusing

thegeometricmodelofDonauandFrauendorf [23]are

showninsolidcurves.

暋暋Inordertostudytheeffectofrotationonthe
qusiparticlemotion,weshalltransformthemeas灢
uredexcitationenergiesintotheintrinsicrotating
frame[24].Theexperimentalrouthiansplottedas
functionsoftherotationalfrequencyfor 170Re,
169W,171RearedisplayedinFig.4.Wecansee
thatthesignature灢activeparticleinthisbandisalso
theh11/2proton.Inthe毿h1/2煪毻i13/2band,theex灢
perimentalrouthiansshowaobviouschangeata
rotationalfrequency淈氊=0.3MeV,indicatingthe
occurrenceofbandcrossing.AsshowninFig.4,

thecrossingfrequency淈氊=0.3 MeVcanbeex灢
tractedfromtherouthiansandisconsistentwith
thebreakingofapairofi13/2 neutronsin169 W .

Fig.4暋Experimentalrouthiansextractedfrom毿h1/2煪毻i13/2

bandof 170Re.andits odd灢Z 171Re[25] and odd灢N
169W[26]neighboursaccordingtoRef.[24].Acoreref灢

erencewithJ0=15淈2 MeV-1andJ1=90淈4 MeV-3,

usedfor168W[27],issubtractedfromthedataset.The

open(filled)symbolscorrespondtothefavored(unfa灢

vored)signature.

Comparedto171Re,the毻i13/2 producesadelayin
thecrossingfrequencymostlikelyduetoblocking
(ABcrossingisblocked),sothatthebandcross灢
ingshouldbethetwo灢i13/2灢quasineutronBCcross灢
ing.

Asensitiveindicatorofbandcrossingisalso
providedbydynamical momentsofinertiaJ(2).
Fig.5showsthedynamicalmomentsofinertiaJ(2)

ofthisband.Theexperimentalresultfor 170Re
showsasharpincreasearound0.30MeV.Itpro灢
videsaratherstrongsuggestionofbandcrossing,

althoughitdonotthoroughlyruleoutthepossibil灢
ityofotherexplanationssuchascoexistingcollec灢
tivestructures.Thecrossingfrequency,whichhas
beenestimatedfromthedynamicalmomentsofin灢
ertia,agreeswiththevalueobtainedfromtheex灢
perimentalrouthians.

Fig.5暋DynamicmomentofinertiaJ(2)asafunctionofrota灢
tionalfrequency淈氊.Inthisplot,wesetacommonref灢

erenceJ0=15淈2 MeV-1andJ1=90淈4 MeV-3,which

isanappropriatechoicefor168W[27].

NucleiintheA=170massregionareknown
tobesoftanddoeasilychangedeformation.The
nuclearshapeof170Rewillthusbeinfluencedby
thequasiparticleconfiguration.Boththequadru灢
poledeformation毬2andthetriaxialdeformation毭
ofthisnucleuscanbedifferentfordifferentconfig灢
urations.Inordertohaveabetterunderstanding
ofthecollectivepropertiesof170Re,wehaveper灢
formedthedeformationandpairingself灢consistent
TotalRouthianSurface(TRS)calculationsusing
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the Woods灢Saxonpotential[28—30].Both monopole
andquadrupolecomponentsofthepairinginterac灢
tion are considered with odd灢particle blocking
effectsincluded.Thecalculationsminimizetheto灢
talenergyofthenucleuswithrespecttothede灢

formationparameters毬2and毭atdifferentrotation灢

alfrequenciesforthisconfiguration.Fig.6shows
thecalculatedTRSofthefavoredsignatureat淈氊=
0.0,0.1,0.2and0.3MeV.Aswecanseeinthis
figure,theresultingenergysurfacesof170Rehave

毭灢softminimainthe(毬2,毭)plane,theirposition
changewithrotationalfrequencies.Itismeaning灢
fultoinvestigateifthisisthepartialreasonofthe
signatureinversion.Moreover,itisworthstud灢
yingthesystematicsofthesecollectiveproperties
forthismassregioninfuture.

Fig.6暋TheTRSfor170Re,calculatedforthefavoredsigna灢
tureof毿h1/2煪毻i13/2configuration(theunfavoredsigna灢
turesequenceissimilartothisone).Theenergydiffer灢
encebetweencontoursis200keV.

4暋Conclusions

Inthispaperwereportonthefurtherinvesti灢
gationresultsofthehigh灢spinrotationalbandin
170Re.Thestructuralpropertieswereanalyzedon
thebasisofseveralconsiderations(forexample:

systematicsoflevelspacingandsignatureinver灢
sion,quasiparticleRouthians,etc.).Thepresent

workfurtherextendshigh灢spinstudiesoftheA=
170regiontothelightestrheniumisotopeinvesti灢
gatedtodate.
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双奇核170Re高自旋转动带分析*
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摘暋要:通过重离子熔合蒸发反应142Nd(32S,1p3n毭)170Re布居了缺中子双奇核170Re的高自旋激发态,识

别出了该核的一条转动带并建议了其组态为毿h1/2煪毻i13/2。基于对同中子素能级系统性、旋称反转系统性、
带内B(M1)/B(E2)、准粒子Routhians、动力学转动惯量和TotalRouthianSurface(TRS)等带结构特征的

详细分析和讨论,进一步确认了对A=170核区目前最缺中子双奇核高自旋转动带组态、宇称和自旋值的

指定。
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