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Abstract(Section1andSection2):Newinsightshavebeengainedintothefrontiersofnuclear
structureofneutron灢richnucleibymeansof毭灢毭灢毭and毭灢毭(毴)coincidencesofprompt毭raysemit灢
tedinthespontaneousfissionof252CfatGammasphere.Over5.7暳1011triple灢andhigher灢foldco灢
incidenceeventsandtheless灢compressedcubedataprovideexcellentconditionsforsearchesand
studiesoverawideunknownrangewithmoreneutronexcess.High灢spinyrastandnearyrastlevel
schemesofneutron灢richnucleiinregionsofphysicsinteresthavebeenidentifiedforthefirsttime,

orextensivelyextendedandexpandedcomparedtopreviouspreliminarymeasurements.
暋暋Chiralsymmetrybreakingwasrecentlyidentifiedineven灢evenneutron灢rich110,112Ruand108Mo
isotopes.Theformerhavethelargestloweringofgroundstateenergywhenaxialsymmetryisbro灢
ken,andnearmaximumtriaxialitywasdeducedintheisotopes.Byexhibitingallthefingerprints
forchiraldoubling,especiallythebestenergydegeneracy,thedoubletbandsobservedintheseRu
andMoisotopesarethebestexamplesofchiralpropertiesreportedinthisregion.Theevolutionof
chiralityfrom毭灢soft108Rutotriaxial110,112Ruisproposed.Tiltedaxiscranking(TAC)calculations
extendedbyrandomphaseapproximation(RPA)calculationscanexplainthefeaturesofthedou灢
bletbandsintermsofasoftchiralvibrationfortheseeven灢evennuclei.Thechiralityintheseeven灢
evennucleicannotbereducedtothesimplegeometricalpictureasinodd灢oddnuclei.Instead,in
theseeven灢evennucleithetendencytochiralitycomesaboutfromtheinterplayofalltheneutrons
intheopenshell.
暋暋SystematicstudiesoftheN=83isotonicchaininthevicinityofthedoubly灢magic132Snhave
yieldedawealthofspectroscopicinformationinthisattractiveregion.ThenewdataofN=83iso灢
tones135Te(Z=52),136I(Z=53),137Xe(Z=54),138Cs(Z=55)and139Ba(Z=56),especially
theobservationofthelong灢soughtlevelschemeof138Cs,andshellmodelcalculations,indicatethe
keyroleplayedbythecouplingoftheexcitationsofthefewg7/2valenceprotonsoutsidetheZ=50
majorshellclosureandthef7/2valenceneutronsoutsidetheN=82majorshellclosure.Resem灢
blanceofspectroscopyandcounterpartswereobservedbetweenthe132Snregionand208Pbregion.
Tiltedrotation(magneticrotation)wasobservedin135Te,whichisthefirstobservationofmagne灢
ticrotationinthevicinityof132Sn.
Keywords(Section1andSection2):neutron灢richnuclei;highspin;yrast;fission;252Cf;毭灢毭灢毭
and毭灢毭(毴)coincidences;Gammasphere;chiralsymmetrybreaking;triaxiality;tiltedaxiscran灢
king(TAC)calculations;softchiralvibration;N=83isotonicchain;doubly灢magic132Sn;shell
modelcalculation;magneticrotation;similaritiesofspectroscopy
CLCnumber:O572.33暋暋暋Documentcode:A

暋 暋Searchesandstudiesofneutron灢richnuclei
haveopenedanew eraofnuclearspectroscopy.
The毬- decayoffissionproducts,thermalneutron
capture,(d,p),(t,p),(毩,xn)andheavyionin灢
ducedfission,incompletefusion,anddeepinelas灢
ticreactionhavebeenusedtopopulatelow (in

somecasesto medium)spinsin neutron灢rich
nuclei.However,thebroadanddetailedexplora灢
tionofthehighspinyrastandnear灢yrastspectros灢
copy ofthe neutron灢rich nuclei had not been
realizeduntiltheadventoflarge毭灢detectorarrays
incombinationwithfissionsource[1,2].Measure灢
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mentsofprompt毭raysfromfissionbythemulti灢
detectorarrays,suchasGammasphereandEU灢
ROGAM,havecoveredavastrangeofpreviously
unknownneutron灢richnuclei.
暋暋Themostrecentprogressinthespectroscopy
ofneutron灢richnucleimadebyourcollaboration
arebasedonthetwoexperimentalrunseachtaking
twoweeksin2000,inwhicha252Cfsourceof62

毺Ci,sandwichedbetweentwo10mg/cm2Fefoils,

wasplacedinan8灢cm灢polyethyleneballcenteredin
theGammasphere[3]whichhad101Compton灢sup灢
pressedGedetectorsactive.Over5.7暳1011triple
and higher灢fold events were accumulated.The
Radware cube three灢dimensional histogram and
less灢compressedcubewithone灢thirdlesscompres灢
sion[4]createdbasedonthesehighstatisticsand
highqualitytriplecoincidencedataprovidedthe
keyconditionstoexploretheunknownneutron灢
richregions.
暋暋Theidentificationofanewtransitioninanu灢
cleuswasbasedoncross灢checkingthecoincident
relationshipswithitslow灢lyingknowntransitions
(ifany)andwiththoseofitscomplementaryfis灢
sionpartners.Additionalevidenceforassignment
ofatransitiontoanucleuscanbeobtainedby
measuringthefissionyieldratiosofthetransition
inthenucleustoanothertransitioninitsneighbor灢
ingknownisotopeingatedspectrawithgatesset
onitsfissionpartnerisotopicchain,3n,4nand5n
fissionpartners,respectively.Thevariationsof
thefissionyieldratioswithgatessetonthe3n,4n
and5nfissionpartners,respectively,werecom灢
paredtothoseknownratiosof144Baand143Bain
103,104,105Mogates(3n,4nand5nfissionpartnersof
144Ba)[5,6].Theconsistentvariationsofthefission
yieldratiosprovidedadditionalevidencefortheas灢
signmentofthetransitiontothenucleus.
暋暋Transitionenergies,relativeintensitiesof毭
transitionsandbranchingratiosoflevelswerede灢
termined by peak灢fittings[4] with proper back灢
groundsubtractions,whichiscrucialforfission毭
dataanalysis.

暋暋Theassignmentsofspin/paritytolevelsiden灢
tifiedinanucleuswerebasedonangularcorrela灢
tion measurements[7],internalconversioncoeffi灢
cients(ICC)measurements,levelsystematicsin
neighboringisotopicandisotonicchains,decaypat灢
terns,and,whereavailable,ontheoreticalmodel
calculations.
暋暋Thispaperreviewstheprogressesinfourhot
topicsatthefrontierofnuclearspectroscopyof
neutron灢richnuclei.Eachsectionwillfirstoutline
themajorachievementsandcurrentinterestinthe
researchfield,andthenintroducethemostrecent
progressmadebyourcollaboration.Thestudiesof
chiralsymmetrybreakinginneutron灢richRu,Mo
isotopes,newspectroscopyoftheN=83isotonic
chaininthevicinityof132Sn,newinsightintothe
shapetransitionsandonsetofdeformationinA~
100region,andtherecentdetailedinvestigationof
octupoleexcitationsaroundZ=56,N=88island
andtheobservationofsharpdropsinelectricdipole
momentsin141,143,144Cs,andlikelyalsointheLa
isotopicchain,arereviewedinSections1,2,3and
4,respectively.Figures,tablesandreferencesare
independentlynumberedineachofthefoursec灢
tions;andconcludingremarksaregivenattheend
ofeachsection.

1暋ChiralSymmetryBreakinginNeu灢
tron灢rich110,112Ruand108Mo:the
BestExamplesofChiralDoubling
sofarReportedinNuclei,andthe
EvolutionofChiralityfrom毭灢soft
108RutoTriaxial110,112Ru

1.1暋Introduction

暋暋Theword“chiral暠isawordofGreekorigin,
“chaire暠,which means “hand暠.Chiralityisthe
studyofhandedness,right灢handedandleft灢handed
symmetry.Systemsthatcanformright灢andleft灢
handedsystemsonreflectionarechiral.Foralong
time,chiralstructureshavebeenofinterestin
complexmoleculesandelementaryparticles.The
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right灢andleft灢handedmoleculeshaveslightlydif灢
ferentenergiestogiverisetoenergydoublets.
Theyarerelatedtoeachotherbymirrorreflections
(seeFig.1).The DNA double灢helixandother
complexbio灢moleculesarechiral.Althoughtwo
enantiomerswiththesamebindingenergyexistfor
DNA,onlyoneissynthesized.

Fig.1 Twochiralmolecularstatesofthetwoenantiomersof

2灢iodobutene.The brokenlineindicatesthe mirror

plane.

暋暋However,thenucleushadlongbeenthought
tobeachiraluntilFrauendorfandcollaborators
predictedthechiralsymmetrybreakinginrotating
atomic nuclei with well灢deformed triaxial
shapes[8,9].Thesimplestcaseforchiralityisan
odd灢oddtriaxialnucleus wherethetotalangular
momentum vectorisoutofthethreeprincipal
planesspannedbythethreeaxes,andconsequently
therearesignificantcomponentsofangular mo灢
mentumalongeachofthethreeaxes.Insuchan
odd灢oddtriaxialnucleus,whenahighjparticle
alignsalongtheshortaxis(withFermilevellying
inthelowerpartofavalenceparticlehigh灢jsub灢
shell),ahighjholealongthelongaxis(withFer灢
milevellyingintheupperpartofavalenceparticle
high灢jsubshell),andtherotationalangularmo灢
mentumalongtheintermediateaxis,thethreean灢
gularmomentumvectorsmaycoupletoeachother
inaright灢orleft灢handedwaygeneratingachiral,

right灢orleft灢handed,systemintheintrinsicframe
(seeFig.2).
暋暋Well灢deformedtriaxialdeformationsandcon灢
figurationcriteriaarethusthecharacteristiccondi灢
tionsforgeneratingchiralsymmetrybreakingin
rotatingnuclei.

Fig.2 Atraxialodd灢oddnucleuswithaprotonorbitalanda

neutron灢holeorbitalaligned,respectively,alongthe

shortandlongprincipalaxes,andtherotationalangu灢
larmomentumalongtheintermediateaxis.

暋暋Thespontaneousformationoftheright灢and
left灢handedsysteminanucleuswouldgiveriseto
nearlydegenerate殼I=1doubletbandsinthelabo灢
ratoryframe.Thesechiraldoubletbandsexhibita
seriesoffingerprints[10,11]:(A)Nearenergyde灢
generacyobservedforpartnerlevels,levelsofthe
samespin/parity;(B)Similarstructure,conse灢
quentlysimilarelectromagneticpropertiessuchas
B(E2)/B(M1)ratiosforpartnerlevels;(C)Con灢
stantwithspinandequalvaluesoftheenergystag灢
geringparameterS(I)=[E(I)-E(I-1)]/2Ifor
thetwodoubletbands,beingduetothereduction
ofCoriolisinteractioninthechiraldoubling.In
contrasttotheidealcasegeneratingchiralrota灢
tion,thestillnoticeableenergy differencesbe灢
tweenthepartnerlevelsofthechiraldoubletbands
pointtoadynamicalcharacterofchirality.
暋暋Thetheoreticalpredictionsforchiralsymme灢
trybreakinginnucleiwerefollowedbyintensive
experimentalsearchesforchiraldoubletsinnuclei
withtriaxialdeformationsandfulfillingconfigura灢
tioncriterion.Chiraldoubletswerefirstreported
in 134Pr[12,13], and then in this A ~ 130
regionin136Pm,138Eu[14], 130,132La,132Pr[15,16],
135,136Nd[17,18]and124,126,128,130,132,134Cs[19,20],and
inA ~ 105regionin 103,104,105,106Rh[11,21—23]and
100Tc[24].It wassuggested[11]thatthebestob灢
servedchiralpropertiesatthattimewerein104Rh.
106MowasreportedbyZhuetal.ofourcollabora灢
tiontobethefirsteven灢evennucleustohavechiral
symmetrybreaking[25],in whichchiralvibration
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wasproposed.Recently,theeffectof毭灢softnesson
thestabilityofchiraldoublingwasdiscussedfor
106Ag[26].BasedonB(E2)argumentspossiblemis灢
interpretationofdoubletsaschiralwasreportedfor
134Pr[27].However,lifetimesandelectromagnetic
transitionprobabilitiesofthetwobandsin 134Pr
weremeasuredandinvestigatedinthetwo灢qptri灢
axialrotorandInteractingBosonFermionFermion
(IBFF)models.Thedoubletbandsinthenucleus
wereattributedto weakchirality dominated by
shapefluctuations[28].Recentlythedoubletbands
in135Ndwereassociatedwithatransitionfroma
vibrationaltoastaticchiralregion[29].
暋暋Incontrasttothecaseofodd灢oddnuclei,the
investigationsofthechiraldoubletstructurefor
odd灢A 135Nd[19,20]and 105Rh[21]revealedthatthe
chiralsymmetrybreakinginodd灢Anucleiarerelat灢
edtothetwohigh灢j particlesaligned withthe
shortaxisofthetriaxialnucleus.Foreven灢even
nuclei,theobservation ofchiraldoubletbands
seemstofurtherexemplifythegeneralgeometric
characterofchiralsymmetrybreaking[9],because
thenon灢planargeometryofrotationcannotbedi灢
rectlyrelatedtothealignmentofhigh灢jparticles
andholeswithdifferentprincipalaxes[25](alsosee
thediscussionsbelow).
暋暋Motivatedbythecharacteristicconditionsfor

generatingchirality,intensivesearchandstudiesof
chiral symmetry breaking were performed in
108,110,112Ruand 108Mobyourcollaboration,and
thebestexampleofchiralpropertiesofchiraldou灢
bletbandssofarreportedhavebeenidentifiedin
110,112Ru[30,31],108Mo,andinthepreviouslyrepor灢
ted106Mo[25].Evolutionofchiralityfrom毭soft
108Rutotriaxial110,112Ruisproposed[30].

1.2暋Theintensivesearchesforchiralsymmetry
breakinginneutron灢rich108,110,112Ru[30,31]and108Mo

1.2.1暋Thecharacteristicconditionsforgenerating
chiralsymmetrybreakinginneutron灢richRu,Mo
isotopes
暋暋Inanearlierwork[32],theoreticalcalculations

of Hartree灢Fock energy surfaces for low灢lying
statesinRuisotopessuggestedthattheminimum
nuclearshapestartsnearprolatespheroidalbutmi灢
gratestowardtriaxialasonegoesfrommass108to
110and112inRu.Inoursystematicstudiesofthe
high灢spinlevelstructureofodd灢Zisotopes99,101Y
(Z=39),101,103,105Nb (Z=41),105—111Tc (Z=
43),and111,113Rh(Z=45)(Refs.[33—36],also
seethefollowingSection3)wefoundasmooth
evolutioninthetriaxialparameter毭from 毭=0
(axialsymmetry)in 99,101Yto毭= -28曘 (near
maximum triaxiality)in 111,113Rh.From their
globalcalculationsofaxialsymmetrybreakingin
nucleargroundstates,M昳lleretal.[37]havefound
threeenergyminimaofthegroundlevelenergies
centeredaround149Gd,198Ptand 108Ru,withthe
regioncenteredaround108Ru,Z=44,N=64,as
havingthelargestloweringofthenuclearground灢
stateenergywhenaxialsymmetryisbroken.The
appearanceofatriaxialshapewasalsoindepend灢
entlysuggestedbyStefanescuetal.ofourcollabo灢
ration[31].Inthecalculationstheground灢stateband
andone灢phonon毭bandenergiesandB(E2)暞sin
108,110,112Ru werereproduced by theinteracting
boson model version IBM1灢V3 which includes
higherordertermstoaccountfortriaxiality[38].A
rigidtriaxialrotorissuggestedfor110,112Ru.Inad灢
dition,totalRouthiansurface(TRS)calculations
ofourcollaborationsuggest毭 valuesof -22曘,

-25曘and -59曘at 淈氊 =0.0 MeV,and -27曘,

-32曘,-39曘at 淈氊 =0.4 MeVin108Ru,110Ru
and112Ru,respectively[39].
暋暋Theexperimentalandtheoreticalstudieshave
thusshownconvincingevidenceforthe well灢de灢
formedtriaxialshapesintheseRu/Moisotopes.
Neutron灢richRu,Mo (Z=44,42)isotopesare
therefore good candidates of chiral symmetry
breaking.Thetiltedaxiscranking(TAC)calcula灢
tionspredictedthatthechiraldoubletbandsinthe
isotopescanbebuiltonthe毻h11/2煪(d5/2g7/2)-1con灢
figuration,whichwillhaveodd灢parity.
1.2.2暋Observationsofthe殼I=1odd灢paritydou灢
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bletbandsin108,110,112Ruand108Mo
暋暋Thehighstatisticstriple灢coincidencedataat
Gammasphereandtheless灢compressedcubeare
thekeyconditionstoidentifytheveryweaklypop灢
ulatedodd灢paritydoubletbandswithrichdepopu灢
lationpathsin108,110,112Ruand108Mo.
暋 暋Theidentificationsofthedoubletbandsof
108,110,112Ru (and 108Mo)wereachievedbycross灢
checkingthecoincidentrelationshipsoftheband
transitionswiththoseofthefissionpartnersXe
(Bafor108Mo)isotopesandwiththeirownrelated
lower灢lyingtransitions.

Fig.3 Anexampleofthe毭灢毭(毴)angularcorrelationdataan灢
alyses.Experimentalt灢standarddeviationlimitsonA2

andA4 coefficientsarecomparedwiththetheoretical

valuestoassignprobablemultipolarityofthedepopula灢
ting867.5keVtransitionofthe2242.9keVlevelof
110Ru.Seetext.

暋 暋 Angular correlation measurements[7] were
madeatGammaspheretoassignmultipolaritiesof
thedepopulatingtransitionsandspinsoftheband灢
heads.Thedepopulatingtransitionsoftheband灢
headsofallthedoubletbandswerefoundtobe
puredipole,andthespinsofthebandheadswere
thusassigned.Fig.3showsanexampleofthe
毭灢毭(毴)dataanalyses.Forthe867.5-515.5keVde灢
populatingcascadeofthe2242.9keVlevelof110Ru,

the6灢5灢3cascade(867.5-515.5keV)withthe5
and3beingknown,hasA2=-0.052(14),A4=

0.002(21),andtheoreticalA2=-0.071,A4 =0
forpuredipolefora6-灢5- transitionandA2 =
-0.007,A4=-0.023forpurequadrupole.Spin
6wasthusassignedtothe2242.9keVlevel,and
puredipoletothe867.5keVtranstion.Odd灢parity
wasassignedtothelevelandsupportedbytheu灢
niquedecaypaths.Allofthebandheadsaremeas灢
uredtohavelifetimeslessthan1nssothesecan
notbehighKrotationalbands.
暋暋Basedonthecoincidencerelationship,balance
ofrelative intensities,and angular correlation
measurements,殼I=1doubletbandsassignedodd灢
parity wereidentifiedin 108,110,112Ruand 108Mo.
Theyareveryweaklypopulatedandshowsimilar
levelpatternsanddecaypatterns.
暋暋Thelevelschemesshowingthe殼I=1odd灢
paritydoubletbands,band4,5,6,and7,arere灢
portedfor108,110,112Ru(Figs.4,5and6,respec灢
tively).Thelevelschemeof108Moisshownin
Fig.7,inwhichthedoubletbandsarenotextended
ashighasin108,110,112Ru.Theassignmentsofodd灢
paritytothedoubletbandsareinagreementwith
thepredictionsforchiraldoublingintheRuiso灢
topesby TAC calculations.Alltheeven灢parity
bandsin108,110,112Runotdiscussedinthisreview
arereportedinRef.[39],wheretheground灢state
bands(band1inthefigures),毭灢vibrationalbands
(band2)andtwo灢phonon毭灢vibrationalbands(band
3)areidentifiedin108,110,112Ru(for108Ru,onlythe
bandheadofthetwo灢phonon毭灢vibrationalbandis
identified).
暋暋Itcanbeseenfromthelevelschemesthatin
the殼I=1odd灢paritydoubletbands,eachspin/

paritycombination occurstwice,forming dou灢
blets.Thelowerlevelsofthedoubletbandsdecay
outviarichdepopulationpaths,feedingtheground
band (band1),one phonon 毭 band (band2)

andtwophonon毭band (band3).Thehighly
branchingofthedecayoutpathswerechallenging
fortheidentificationsoftheweaklypopulateddou灢
bletbands,but,however,the decay patterns
uniquelysupportthespin/parityassignments.
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Fig.4 Levelschemeof108Ruwiththe殼I=1odd灢paritydoubletbands(band4,5,6,7)identified[30,31].

Fig.5 Levelschemeof110Ruwiththe殼I=1odd灢paritydoubletbands(band4,5,6,7)identified[30,31].

Fig.6 Levelschemeof112Ruwiththe殼I=1odd灢paritydoubletbands(band4,5,6,7)identified[30,31].
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Fig.7 Levelschemeof108Mowiththe殼I=1odd灢paritydoubletbands(band4,5,6,7)identified.

1.2.3暋Discussionsofevidenceforchiralsymmetry
breakingin110,112Ruand108Mo,andtheevolutionof
chiralityfrom毭soft108Rutotriaxial110,112Ru
暋暋Asmentionedinthe1.2.1subsection,the
characteristicconditionsforgeneratingchiralsym灢
metrybreakinginnuclei,especiallythewell灢de灢
formedtriaxialshapes,aresurelyfulfilledinRu/
Moisotopes.Inthefollowing,thetestsforfinger灢
printsofthechiralsymmetrybreakinghaveshown
thatthe殼I=1odd灢paritydoubletbandsobserved
in 110,112Ruand 108Moareindeedchiraldoublet
bands,andtheyarethebestexamplesofchiralnu灢
cleireportedsofar.
A.Levelexcitations~spinplots
暋 暋Levelexcitationsofthedoubletbandsare
plottedagainstspininFig.8.Onecanseeapro灢
nouncedsmoothnessandsimilartrendforthepart灢
nerbandsin110,112Ru,asexpectedforchiraldou灢
bling.Thissmoothnessoftheexcitationscanalso
beseeninthedoubletbandsin108Mo(notshown
inthefigure).However,oneseesacrossingbe灢
tweenband4&5andband6&7in112Ru,which
maynotstrictlyfittheidealcaseofchiraldou灢
bling.Thecrossingin 112Ru wasinterpretedas
chiralinstabilityinthenucleus(seethefollowing
1.2.4 Subsection oftheoreticalcalculations).
However,thecrossovermayalsobeaccountedfor
byatwo灢shapephenomenon:The TRScalcula灢
tionsofenergycontoursinthe毬灢毭shapeplane(by
Zhuetal.ofourcollaboration[39])showthatthe
energyminimumfor112Ruisanoblatespheroidat

zerocrankingandgoesovertoatriaxialminimum
athighercranking.A similarcrossing wasob灢
servedin 106Ag[24],andoneseesthat104Rhalso
nearlycrossesoverattheupperendoftheknown
bands[11].AccordingtoJoshietal.[26],thiscross灢
over occurs because triaxial and axial prolate
shapesareverycloseinenergyfor106Ag,andpos灢
siblyalsofor104Rh.

Fig.8 Excitations~ spinsplotforthelevelsofthe殼I=1

odd灢paritydoubletbandsin110,112Ru.

暋暋Incontrasttothesmoothnessseeninthdodd灢
paritybandsof110,112Ru,theodd灢paritybandsofa
largestaggeringoflevelexcitationswasobserved
in108Ru,whichisnotshowninFig.8,butcanbe
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seeninFig.8(c)ofRef.[31].Thisstaggeringis
infactmoreclearlyseeninsignaturesplittingand
willbediscussedinthefollowing.
B.TheenergystaggeringparameterS(I)andthe
likelyevolutionofchiralityfrom毭soft108Rutotri灢
axial110,112Ru
暋 暋TheenergystaggeringparametersS(I)=
[E(I)-E(I-1)]/2Ifordoubletbandsin110,112Ru
areshowninFig.9.Itcanbeseeninthefigure
thattheenergystaggeringparametersS(I)are
equalandconstantwithspinforthedoubletbands,

asexpectedforchiralsymmetrybreaking.Infact
theenergystaggeringparametersS(I)aresmall
andsmoothin110,112Ru,andcomparabletothose
of 106Rh,thelatter being suggested morere灢
cently[22,26]tobethebestexampleofachiralnu灢
cleus.

Fig.9EnergystaggeringparameterS(I)fordoublettransi灢

tionsin 110,112Ruand 106Rh.Thedoubletbandsob灢

servedin106Rhweresuggested[22,26]tobethebestex灢

ampleofchiralbands.

暋暋However,incontrastto110,112Ruand106,108Mo

thenon灢yrastbands4,5in108Rudevelopastrong
even灢oddspinlevel灢energystaggering(signature
splitting)(seeFig.10)whereasbands6,7repre灢
sentagood殼I=1sequencewithoutmuchstagger灢
ing.Thisinterestingdifferencebetween108Ruand
110,112Ruwasinvestigatedbycalculationsandfit灢

tingstothelevelexcitations,B(E2)暞sandsigna灢
turesplittingsoftheground灢statebandandone灢
phonon毭bandusingthestandardIBM1modeland
theversionIBM1灢V3whichincludeshigherorder
termstoaccountfortriaxiality[38].Thefitssuggest
that108Ruisa毭softSU(6)nucleuswellrepro灢
ducedbythestandardIBM1model,and110,112Ru
aremorelikerigidtriaxialrotorswellfittedbyver灢
sionIBM1灢V3.Theseresultsarebasedontheob灢
servationsthattheodd灢evenspinstaggeringinthe
onephonon毭bandin108Ruisexactlyoppositeto
thosein110,112Ru(seeFig.11).Bestfittingwere
obtainedbytherigidtriaxialrotormodelIBM1+
V3[38]inboth 110,112Ru,andthedataof110,112Ru
cannotbereproduced bythestandardIBM1,

whichimpliesthat110,112Ruare mostlikelyrigid
triaxialrotors.

Fig.10Signature splitting of the bands 4 & 5 in
108,110,112Ru.Thoseof106,108Mo,arealsoshown.

Whilesmallandnearlyconstantsignaturesplittings

areseenin110,112Ruand106,108Mo,asexpectedfor

chiralsymmetrybreaking,adramaticstaggeringis

seenin108Ru.Seetext.

Fig.11Experimentalsignaturesplittingsoftheonephonon

毭band(band2)in108,110,112Ru[39].Thestaggeringin
108Ruisexactlyoppositetothosein110,112Ru,inter灢

pretedas毭softnessin108Ru.Seetext.
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暋暋Morelikelythestrongeven灢oddspinlevel灢en灢
ergystaggeringobservedinband4and5in108Ruis
aconsequenceofthe毭 softnessdisturbingthe
chiraldoublets.Itisworthnotingthatasimilar
differenceofodd灢evenspinstaggeringbetweenthe
yrastandnon灢yrastdoubletbandswasfoundin毭
soft106Ag[26],andattributedtodifferentvaluesof
毭andshapes.Itisthereforeveryinterestingto

havelikelyobservedanevolutionofchiralityfrom

毭soft108Rutotriaxial110,112Ru!

C.Electromagneticproperties,B(E2)/B(M1)rati灢

osofthedoubletbandsobservedin110,112Ru

暋暋Table1comparestheB(E2)/B(M1)ratiosof

the殼I=2(E2)to殼I=1(M1+(E2))strengths

forthedoubletbandsin110,112Ruand134Pr.Since

thedoubletbandsin108Moarenotextendedhigh

enoughitsratiosarenotavailable.The殼I=1

transitionsareassumedtobeM1.In110,112Ruthe

B(E2)/B(M1)ratiosforeachpartnerlevelarein

reasonableagreement,whichindicatesthatthe

doubletbandsin110,112Ruhaveverysimilarstruc灢
turesasrequiredforchiraldoublets.Forcompari灢
son,theratiosfor134Prdifferby2.5to7.6forthe

twobands(cf.Table1).Substantialdifferences

betweenthein灢bandB(E2)valuesofthetwochiral

partnersin134Prwereobservedandconsideredas

evidenceforapossiblemisinterpretationofnearly
degeneratepairsofbandsaschiralpartners[27].

Table1暋B(E2)/B(M1)(e2b2/毺N
2)ratiosindoubletbands

4—5and6—7in110,112Ruandbands1—2in134Pr

110Ru暋暋暋 112Ru

Spin(I) 4—5 6—7 4—5 6—7
暋

134Pr暋暋暋

Spin(I) 1 2

13 >1.3 18 0.48

12 3.1 1.6 >1.1 1.4 17 0.55 0.08

11 2.4 4.4 2.9 1.5 16 0.80 0.14

10 3.5 2.1 2.6 2.5 15 0.48 0.19

9 2.5 4.2 5.1 3.4 14 0.38 0.05

8 2.6 3.3 2.0 13 0.25

暋暋ThemicroscopicTACcalculationsdescribedin

thefollowingsectiongiveverydifferent(factorof
10)B(E2)/B(M1)ratiosfordifferentconfigura灢
tions.ThusthesesimilarB(E2)/B(M1)values
ruleoutthepossibilitythatthesenew doublets
originatefromtwoaccidentallydegenerateconfigu灢
rationsfromthecouplingofsayanh11/2 neutronto
twodifferentneutronbandsin109,111Ru.
D.Energydegeneracyinthe殼I=1odd灢paritydou灢
bletbandsin110,112Ruand108Mo———themostnearly
degeneratedoubletbandsobservedsofar
暋暋Energydegeneraciesofthe殼I=1odd灢parity
doubletbandsobservedin110,112Ruand108Moare
showninFig.12.Inthefiguretheenergydiffer灢
encesbetweenthe partnerlevelsfor 110,112Ru,
106,108Moand104,105,106Rhareplottedagainstspins
forcomparison.Notethattheenergydifferencesin
110,112Ru and 106,108Mo are considerably smaller
thanthoseof104,106Rh,thelatterbeingsuggested
tobethebestexamplesofchiraldoublets[11,26].
Thetestsforenergydegeneracyin 110,112Ruand
106,108Moindicatethatthedoubletbandsobserved
inthese Ru/Moisotopesare bestexamplesof
chiralpropertiesreportedsofar.

Fig.12Energydifferenceofthepartnerlevelsofthedoublet

bandsin110,112Ru,106,108Moand104,105,106Rh.Con灢
siderably smaller energy differences are seen in
110,112Ruand 106,108Moincomparison withthosein
104,106Rh,thelatterbeingreportedbeforetobethe

bestexampleofchiralproperties.

暋 暋 The still noticeable energy splitting in
110,112Rupointstoadynamicalcharacterofchirali灢
ty,beingintermediatebetweenaslowvibrational
excursionintoleft灢andright灢handedregionsanda
tunnelingmotionbetweenthetworegions.
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1.2.4暋TheTiltedAxisCranking(TAC)andRan灢
domPhaseApproximation(RPA)calculations
暋暋Tiltedaxiscranking(TAC)andrandomphase
approximation(RPA)calculationswereperformed
fordifferenttwo灢quasineutronconfigurationsin
110Ruand112Ru.Theresultsarequitesimilarfor
bothnuclei.ThecombinationoftheTACmethod
withRPAisdescribedindetailin Ref.[40],

whereitisappliedtoodd灢oddnuclei.Themethod
hasbeenusedsuccessfullytodescribethechiralvi灢
brationin135Nd[29].Aself灢consistentTACHamil灢
tonianinaharmonicoscillatorbasiswiththeQQ灢
forceinthree majorharmonicoscillatorN灢shells
(Nlow=3andNup=5)wasused.

H曚=h0+ 暺
2

m= -2

毷0

2暺
5

N=4

煀Q(N)
m 煀Q(N)

m (-)m+1-

殼(P++P)-氊·J ,暋暋暋 (1)

whereh0 isthesphericalWoods灢Saxonenergy[41].
The

煀Q(N)
m = Nlow -B

N -
æ

è
ç

ö

ø
÷

B
2An(p)æ

è
ç

ö

ø
÷

A
1/3

Q(N)
m (2)

arethe dimensionless quadrupole operatorsfor
eachN灢shellmultipliedbyaNandisospindepend灢
entquenchingfactor[40,41],andAn(p)aretheneu灢
tronandprotonnumbers,i.e.A=An+Ap.We
usethevaluesof毷0 (0.0605 [MeV])and B
(-0.5)thatgiveagoodagreementwithdataon
theground灢statebandandtheenergyofthe毭vi灢
bration.
暋暋Sincethetwo灢quasiprotonstateslieathigher
energythanthetwo灢quasineutronstatesinthisre灢
gion,ournewnegativeparitybandsareinterpreted
astwo灢quasineutronexcitations.Thelowestcon灢
figurationisobtainedbyexcitinganeutronfrom
thehighesth11/2leveltothelow灢lyingmixedd5/2—

g7/2levels.ThemicroscopicTACcalculationsgive
atotalrouthian(energyintherotatingframe),

whichdependsonlyveryweaklyontheorientation
oftherotationalaxiswithrespecttothetriaxial
shape.Thissoftnesscannotbereducedtothesim灢
plepicturediscussedforodd灢oddnuclei,wherein灢

stabilitytowardanon灢planarorientationofthero灢
tationalaxisistheconsequenceofcombininga
high灢jparticleandahigh灢jholewithcollectivero灢
tation.Thetendencytochiralitycomesaboutfrom
theinterplayofalltheneutronsintheopenshell,

andwecouldnotfindasimplepartition.
暋 暋Thesoftenergysurfaceobtainedfrom the
meanfieldcalculationsimpliesalow灢lyingcollec灢
tivemodeintheorientationdegreeoffreedom,i.
e.asoftchiralvibration.Thus,weinterpretthe
bands6,7asthezero灢phononstate,whichisgiven
bytheTACsolution,andbands4,5astheone灢
phononstate,whichisgivenbytheRPAsolution.
TheresultsoftheTACandRPAcalculationsare
plottedinFig.13togetherwiththeexperimental
data.

Fig.13Energyintherotatingframe(upperpanel),angular

momentum (middlepanel)andB(M1)/B(E2)in灢
bandvaluesoftheodd灢paritybandsin110,112Ruasa

functionofrotationalfrequency.Withinthepresent

approachbothareequalandgivenbytheTACcalcula灢
tions.

暋暋TheTACcalculationsgivea毭灢deformationof
22曘withthesamemomentofinertiaandsimilar
energyrelativetothegroundstateasbands4,5
and6,7intheexperimentaldata.Theinband
ratiosB(M1)/B(E2)arealsowelldescribedupto
氊=0.3MeV/淈.TheTACsolutionhasatiltangle
毴thatchangesrapidlyfrom0oat氊=0.10MeV/淈
toward60oat氊=0.30MeV/淈.Thesecondtiltan灢
gleremainsat氄=0o,whichindicatesthatthecon灢
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figurationdoesnotdevelopstaticchirality.
暋暋Wefindalow灢lyingRPAphononatanexcita灢
tionenergyof300keV,whichweassociatewith
bands6,7in110Ru.Ithasabout1淈lessaligned
angularmomentum thanthezerophononstate,

whichisinagreementwiththedata.Asseenin
Fig.13,the TAC + RPA one灢phonon energy
agreesvery wellwiththedistancebetweenthe
routhiansofbands6,7and4,5in110Ru.Using
themethoddescribedinRef.[40],weanalyzedthe
microscopicstructureofthe RPA solution.We
foundthatitrepresentsacollectivemotioninthe
orientationvariables毴and氄.Theoscillationsof
thedeformationparametersareweak.Hence,the
RPA calulationsconfirm theinterpretationasa
chiralvibration.AlsotheRPAvaluesfortheinter灢
bandM1andE2transitionsareverysmall,andare
consistentwithourexperimentalintensityupper
limitsfortheseweaktransitions,tofurthersup灢
portourinterpretation.
暋暋Toseeifband4,5canbeinterpretedasanal灢
ternativeneutronconfiguration,the TAC equa灢
tionsweresolvedforthesecondlowestodd灢parity,

two灢quasi灢neutronconfiguration.InFig.13wecan
seethatthisconfigurationhassimilarenergyand
momentofinertiaasthelowerconfiguration,but
hasverydifferentB(M1)/B(E2)ratiosandisan
unlikelycandidatefortheinterpretation ofthis
band.TheTACresultsareconsistentwiththead灢
ditionalcalculationsintheframeworkofthetriaxi灢
al灢rotor灢plus灢two灢quasi灢neutronmodel,whichgive
substantiallydifferentB(M1)/B(E2)ratiosforthe
lowestneutronconfigurations.Itisclearthatthe
doubletbandsin110Rumakethebestexampleofa
softchiralvibration.
暋暋In112Ru,thebands7,6crossbands4,5,

whilebothbandsstayveryclosetogether(seeFig.
8(b)).Ref.[40]demonstratedchiralinstability,

whereRPAbreaksdown.Thusadirectcompari灢
sonofthe112RudatawithourTAC+RPAsolution
isinappropriate.Atthispoint,weinterpretethe
crossingofthebandsasasignalofchiralinstabili灢

ty.Alargeamplitudedescriptionofthechiralmo灢
tionisneededandsuchisinprogress[42].

1.3 ConcludingremarksforSection1

暋 110,112Ruand108Mofulfillthecharacteristiccon灢
ditionsforgeneratingchirality,andallthefinger灢
printsforchiraldoubletsareidentifiedinthetwo
setsof殼I=1odd灢paritydoubletbandsobservedin
theisotopes.Thepartnerlevelsofthedoublet
bandsin110,112Ruand108Mohaveverysimilarelec灢
tromagneticproperties:theirB(E2)/B(M1)ratios
areverysimilar.Theirenergystaggeringparame灢
terS(I)valuesarenearlyequalandconstantwith
spin.Theyarethemostnearlydegenerateinener灢
gyofanyoftheproposedchiralbands.Thesedata
andthefactthatthetwobandscrossandtheinter灢
bandratiosareweaksuggestthesebandsareasoft
chiralvibration,i.e.aslow motionoftheangular
momentumrelativetothethree灢axialnuclearshape
betweenleft灢handedandright灢handedgeometries,

whereitresidesformostofthetime.Thesefea灢
turescanbeexplainedbytiltedaxiscrankingcalcu灢
lations,whichareextendedbyRPAcalculations,

whichdescribetheslowvibrationalmotionbuta
simplegeometricalexplanationisnotapparent.
Thesedoubletsarezero灢andone灢phononchiralvi灢
brationbandsbuiltona毻h11/2煪(d5/2g7/2)-1config灢
uration.The毭softnessin 108Ru mayhavedis灢
turbedthechiralityinthenucleus,andalikely
evolutionofchiralityfrom毭soft108Rutotriaxial
110,112Ruisproposed.
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2暋High灢spinNuclearStructureinthe
Vicinity of Doubly灢magic 132Sn:
SystematicSearchandStudiesof
Neutron灢richN=83IsotonicChain
withFewValenceProtonsOutside
theZ=50MajorShell

2.1暋Introduction

暋暋Structureofnucleiinthevicinityofdoubly灢

magic132Sn(Z=50,N=82)hasbeenofspecial
interest.Importantinformationsuchasnucleon灢
nucleoninteractionscanbeextractedfrominvesti灢
gationsinthisregion.ThenucleineartheN=82
closedshellspanabroadrangeofZ.Astraightfor灢
wardandimportantquestionis“Towhatextentis
thesphericalshellmodel(SSM)validfornuclei
nearN=82?暠Theanswerstothesequestionspro灢
videstringenttestsofthebasicingredientsofthe
sphericalshellmodelcalculations.Withoneva灢
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lenceneutronoutsidetheN=82closedshelland
fewvalenceprotonsbeyondtheZ=50closedshell,

theN=83isotones暞yrastspectroscopyisofsignif灢
icancefortheinformationaboutempiricalproton灢
neutronand proton灢protoninteractions.It was
pointedoutinRef.[1]thattheorbitalsaboveand
belowthecorrespondinggapof132Snand208Pbre灢
gion,respectively,are similarly ordered.For
everysingleparticlestateinthe132Snregionthere
isitscounterpartaround 208Pb,thelatterbeing
withthesameradialquantumnumbern,andone
unitlargerinangularmomentalandj.Thesimi灢
larityofstructurebetweenthe132Snand208Pbre灢
gionsuggeststhatthe well灢studied 208Pbregion
mayprovideimportantinformationlikenucleon灢
nucleoninteractionsforthecalculationsin132Snre灢
gion.
暋暋The毬- decayfromfission[2]wasusedtopopu灢
latelowspinstatesoftheN=83isotones.Ayrast
andnearyrastlevelschemeof139Baextendingtoan
excitationof2743.4keV wasestablishedvia136Xe
(毩,n)reaction[3].Abouttenyearsagopreliminary
high灢spinyrastandnear灢yrastspectroscopyofthe
N=83isotonicchainwasstudiedin134Sb(Z=51),
135Te(Z=52),136I(Z=53)[4],and137Xe(Z=
54)[5]atGammasphereandEurogamIIwithspon灢
taneousfissionsources.
暋暋Usingour2000暞shighstatistics,highquality
triplecoincidencedata(seetheprevioussubsection
1.2.2),asystematicinvestigationalongtheN=
83isotonicchain was performed.The detailed
studiesofhigh灢spinyrastandnear灢yrastspectros灢
copyoftheN=83isotonicchainwereextendedto
138Cs(Z=55)[6]whichhadlongbeenmissing,and
thelevelschemesestablishedbeforein134Sb(Z=
51),135Te(Z=52),136I(Z=53)[4],137Xe(Z=
54)[5],and139Ba(Z=56)[3]wereconsiderablyex灢
tendedandexpanded[7—9].Anisomerstate was
identifiedin136IbyUrbanetal.[10].Thissection
willreviewthenewinsightsfromtheyrastand
near灢yrastspectroscopy ofthe N =83isotones
basedonthenewlevelschemesestablishedbyour
collaborationatGammasphere.

2.2暋LevelstructureoftheN=83isotones:135Te(Z
=52),136I(Z=53),137Xe(Z=54),138Cs(Z=55)

and139Ba(Z=56)

2.2.1暋Extensivelyextendedandexpandednewlevel
schemeof135Te(Z=52)andthefirstobservationof
tiltedrotation(magneticrotation,shearsband)in
thevicinityofdoubly灢magic132Sn
暋 暋Anextensivelyextendedandexpandedlevel
schemeof135Tewasestablishedbyourcollabora灢
tion[8](seeFig.1),whileasimilarbutlesscom灢
pleteonewaspublishedbyFornaletal.[11].J毿of

Fig.1 Ourextendedandexpanded new levelschemeof
135Te[8].Notethehigh灢lyingregularspaced 殼I=1

bandbuiltonseveralirregularhigh灢energytransitions,

andtheenhanced2408.0—1678.4keVstretchedE3

cascade.

25/2+ ,27/2+ and31/2- wereassigned,respec灢
tively,tothe3233.7,4591.1and5641.7keVlev灢
elsandconfirmedbySMcalculations[11],anden灢
hancedcascadingstretchedE3transitionsof1678.
4and2408.0keV wereidentified.Basedonshell
modelcalculationsandcomparisonofthelevelpat灢
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ternwiththatof134Te,singleproton灢neutronexci灢
tations,毿g2

7/2毻f7/2,毿g7/2d5/2毻f7/2,毿g7/2h11/2毻f7/2,

and毿g7/2h11/2毻i13/2 etc.,areassignedtolevelsin
135Te.
暋暋However,theparticularinterestingobserva灢
tionsin135Tearethehigh灢lyingregularsequenceat
4023.4—6669.6keVexcitationsaboveseveralir灢
regularhigh灢energytransitions.Ref.[12]didnot
reportacompletesequencewithlinkingsandcross灢
overs,andinterpretedthelevelsascoreexcitations
(毿g2

7/2毻f2
7/2h-1

11/2).
暋暋Ourspecialattentionwaspaidtotheidentifi灢
cationsand measurementsofthefour weak E2
cross灢oversandsix M1linkingtransitionsinthe
high灢lyingregularspaced殼I=1bandin135Te(see
Fig.1).J毿of(19/2- ),(21/2- )…(33/2- )were
assignedtothisnewlyidentifiedintriguingband.A
regularspacing殼I=1bandwithstrong M1link灢
ingsandweakE2cross灢oversbuiltonseveralirreg灢
ularhigh灢energytransitionswasthusidentifiedin
135Te(seeFig.1).This殼I=1regularband,which
isverysimilartotheobservationsinPbisotopes,

wasinterpretedasagoodexampleoftiltedrotation
inaweaklydeformednucleus[8].
暋暋InPbisotopes,regularspacing殼I=1bands
builtonirregulartransitions were measuredto
haveverylargeB(M1)andsubstantialmomentsof
inertia[13].ThesebandsinPbisotopeswereinter灢
pretedtobetiltedrotations(magneticrotations).
Inthesebandsafewhigh灢jorbitalsgeneratej,and
high灢jparticle (formedbyprotonexcitationinto
h9/2andi13/2orbitals)andhigh灢jhole(formedby
neutron灢excitationinthei13/2 sub灢shell)havea
largeangle,withthejgraduallyaligningJtoform
a band.Such high灢spin particle/high灢spin hole
stateshaveatransversemagneticdipolemoment
withlargecomponentsperpendiculartotheJ.The
magnetic momentsrotateaboutJ tocreateen灢
hancedM1transitions[14,15].
暋暋Thehigh灢lyingregularspacing殼I=1band
identifiedin135Tewasinterpretedasatiltedband
basedonthefollowingarguments:(A)Theobser灢

vationofaregularspaced殼I=1band withen灢
hancedM1;(B)Thisbandisbuiltonirregular
high灢energytransitionsinaveryweakly灢deformed
nucleus.Thetiltedbandproposedin135Teisinter灢
pretedascouplingofahigh灢spinparticletoahigh灢
spinholeexcitation:Thehigh灢spinhole ——— the
h11/2neutronholefrom neutronexcitationhasits
angularmomentumvectortiltedbutmainlyalong
thelongaxisoftheweaklydeformedcore,while
thehigh灢spinparticlepairs ——— protonandneu灢
tronparticlepairsbeyondtheclosedshellcontrib灢
utetoan angular momentum vectortilted but
mainlyperpendiculartothelongaxis.Thesetwo
angularmomentumvectorswillhaveconsiderably
differentgfactors,givingrisetostrongM1transi灢
tion.
暋暋Thisisthefirstobservationoftiltedrotation
(magneticrotation)inthevicinityofdoubly灢magic
132Sn.
2.2.2暋Newlevelschemeof136I(Z=53)andthe
tentativeinterpretationforitslevelstructure
暋暋Byusingourhigh灢statisticstriple灢coincidence
datatheyrastandnear灢yrastlevelschemeof136I[7]

wasconsiderablyextendedfrom ~ 4.0 MeV[4]to
5.433MeVwith21newlevelsidentified(seeFig.
2).Inthelevelschemetheexcitationenergyofthe
7-levelissettobezero.Urbanetal.haverepor灢
tedaT1/2=47sisomerwhichis42.6keVbelow
the7-level[10].
暋暋Thenewlyobservedtransitionsaretooweak
to makeangularcorrelation measurements.The
assignmentsforreportedlevelsof136Ifollowthose
inRef.[4],andthespin/parityistentativelyas灢
signedtothenewlyidentifiedlevelsbasedonlevel
systematics.17-istentativelyassignedtothenew
5114.9keVlevelbasedontheanalogyoflevelpat灢
ternto135Te.
暋暋Theshell灢modelcalculationsinRef.[4]sug灢
gestedtheinterpretationofthe 136Ilevelsupto
1615.6 keV as membersofthe毿g3

7/2毻f7/2 and
毿g2

7/2d5/2毻f7/2 multiplets,andlevelsaround2.9
MeVas毿g2

7/2h11/2毻f7/2.Wefeelitisreasonableto
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tentativelyassign(毿g2
7/2h11/2毻i13/2)17灢tothelevelof

5114.9keVof136Iweobserved,soenhancedcasca灢
ding stretched E3 transitions,2097.7 keV -
1644.8keV,arelikelyobservedin136I,whichis
similartothosein135Te.
暋暋Urbanetal.[10]interpretedthe47sisomer
(6- )belowthe7-levelas(毿g2

7/2d5/2毻f7/2)6- .The
assignmentwassupportedbymodelcalculationsof
theSMPN(400)setoftwobodymatrix,inwhich
thepositionofthed5/2orbitalwasloweredby400
keV.Theyalsosuggestedthatthechangeinthe
positionofthed5/2orbitalisrelatedtoalocaleffect
intheregionofthe132Sncore,whichisoftheoreti灢
calinterest.

Fig.2 Ourextendedandexpandednewlevelschemeof136I.

Theexcitationofthe7-levelissettobezero.AT1/2

=47sisomerof6- and42.6keVbelowthe7- level

wasrecentlyreportedinRef.[10].Likethecasein
135Te,enhanced stretched E3 cascade,2097.7 -

1644.8keV,islikelyidentifiedin136I.Seetext.

2.2.3暋Newlevelschemeof137Xe(Z=54)andthe
tentativeinterpretationforitslevelstructure
暋 暋 The previously reported levelscheme of
137Xe[5]wasextendedfromanexcitationenergyof
~ 4.5 MeVto6.690 MeV with11newlevels
identified(seeFig.3)[7].Spin灢parityassignments

weremadefor137Xeearlier[5]inwhichtheassign灢
mentsweremadebymeansofangularcorrelation
andlinearpolarization measurements;and39/2-

istentativelyassignedtothenew6689.8keVlevel
inviewofthesimilarlevelpatternandspacingto
thoseof 135Te.Enhancedstretched E3cascade,

2001.7-1395.9keV,isthuslikelyidentified,

whichissimilartothosein135Teand136I.

Fig.3 Ourextendedandexpanded new levelschemeof
137Xe[7].EnhancedstretchedE3cascade,2001.7-

1395.9keV,islikelyidentified.

暋暋Thelevelstructureof137Xeisattributedto
couplingbetweentheconfigurationsof136Xewith
anadditionalf7/2valenceneutron,thelatterbeing
assignedby meansofshellmodelcalculationsas
fourvalenceprotonswithrelatedsingleparticleex灢
citations(毿g4

7/2,毿g3
7/2d5/2 and毿g3

7/2h11/2)[5].The
newlyidentified6689.8keVlevelin 137Xeisas灢
sumedtocomefrom (毿g3

7/2h11/2毻i13/2)39/2- .
2.2.4暋Firstobservationofthehigh灢spinlevel

schemeof138Cs(Z=55)andtheshell灢modelcalcula灢
tions
暋暋IntheN=83isotonicchainadjacenttothe
doubly magic132Sn,theimportantmember138Cs
(Z=55)hadlongbeenmissing.Throughintensive
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searchbyusingourhighstatisticsandhighquality
triple灢coincidencedataatGammasphere,itsyrast
andnear灢yrastlevelschemewasobservedforthe
firsttime(Fig.4)[6].Thespin/parityandconfigu灢
rationswereassignedtothelevelsof138Csbasedon
internalconversion coefficient (ICC) measure灢
mentsofthelow灢energytransitions,angularcorre灢
lationmeasurements,shell灢modelcalculationsand
levelsystematics.Unlikethecasesin135Te(Z=
52),136I(Z=53)and137Xe(Z=54),noenhanced
stretchedE3cascadingtransitionsareidentifiedin
138Cs.

Fig.4 High灢spinlevelschemeof138Csidentifiedforthefirst

timebyourcollaboration[6].Thelevelsarebuiltonthe

6-isomericstate.Theleadingcomponentsofthecon灢

figurationsassignedbyshellmodelcalculationsarealso

displayedinthefigure.

暋暋Intheshell灢model(SM)calculationsfor138Cs
itwasassumedthatthevalenceprotonsoutsidethe
132Snclosedcoreoccupythefivesingle灢particle
(SP)orbitsofthe50—82shell,whilefortheneu灢
tronsthemodelspaceincludesthesixorbitsofthe
82—126shell.AshellmodelHamiltonianwasem灢
ployedwiththesingle灢particleenergiestakenfrom
experimentandthetwo灢bodyeffectiveinteraction
derivedfromtheCD灢Bonnfreenucleon灢nucleonpo灢

tential[16].ThesameHamiltonianwasusedinre灢
centstudiesinthisnuclearregion(e.g.Ref.17).It
shouldbenotedthattheSMcalculationsarecom灢
pletelyfreefromtheadjustableparameters.
暋暋Table1showstheresultsoftheSMcalcula灢
tionsfor 138Csandtheleadingcomponentsand
theirpercentagesofthetotaltheoreticalwavefunc灢
tion.Itcanbeseeninthetablethatgoodagree灢
mentsareobtainedbetweenexperimentalandtheo灢
reticalexcitations,andtheconfigurationmixingin

Table1暋Comparisonofexperimental(Eex)andcalculated
(Eth)levelenergiesof138Cs,andthedeviations

betweenthem.Theexcitationenergiesare

relativetothe(6- )level

I毿
Eex

/MeV

Eth

/MeV

殼=Eth-Eex

/MeV
Leadingcomponent Percentage

6- 0.0 0.0 0.0 毿g5
7/2毻f7/2 46

7- 0.17 0.15 -0.02暋 毿g5
7/2毻f7/2 41

9- 1.33 1.55 0.22 毿g5
7/2毻f7/2 51

10- 1.52 1.75 0.23 毿g4
7/2d5/2毻f7/2 80

11- 1.75 1.89 0.14 毿g4
7/2d5/2毻f7/2 57

12- 1.84 1.98 0.14 毿g4
7/2d5/2毻f7/2 77

11+ 2.73 2.79 0.06 毿g4
7/2h11/2毻f7/2 61

12+ 3.18 3.25 0.07 毿g4
7/2h11/2毻f7/2 61

13+ 3.27 3.33 0.06 毿g4
7/2h11/2毻f7/2 63

14+ 4.08 3.80 -0.28暋 毿g3
7/2d5/2h11/2毻f7/2 81

16+ 4.55 4.43 0.08 毿g3
7/2d5/2h11/2毻f7/2 79

138Csisextensive.Thecouplingbetweentheg7/2

valenceprotonsandthef7/2neutron,毿g5
7/2毻f7/2,is

assignedtothefirstexcitations,(6- ),(7- )and
(9- )levels.Theg7/2曻d5/2protonexcitationcou灢
pledtothef7/2neutron,毿g4

7/2d5/2毻f7/2,isassigned
tothe(10- ),(11- )and(12- )levels.Thecou灢
plingofthef7/2neutronwiththeg7/2曻 h11/2and
(g7/2)2 曻 d5/2h11/2odd灢parityprotonexcitations,

毿g4
7/2h11/2毻f7/2and毿g3

7/2d5/2h11/2毻f7/2,fitwellthe
firstthree even灢parity levels (11+ ), (12+ ),
(13+ ),andthefollowing (14+ )and (16+ ),re灢
spectively.Thecomparison betweenexperiment
andSMcalculationsrevealsignificantcontributions
bythecouplingsbetweentheexcitationsofthefew
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valenceprotonsoutsidetheZ=50majorshellclo灢
surewiththef7/2neutronoutsidetheN=82major
shellclosure.
暋暋Fig.5displaystheyrastexcitationsofCsiso灢
topesneartheN=82neutronmajorshellclosure.
Thelevelspacingofboththeeven灢neutron(upper)

andtheodd灢neutron(lower)Csisotopesexhibit
strongshelleffectsoftheN=82majorshell.The
low灢lyinglevelsexcitedintheodd灢neutronCsiso灢
topesmayimplytheroleofthecouplingbetween
theodd灢neutronoutsidetheN =82shellclosure
withthefewvalenceprotonsoutsidetheZ=50
shellclosure.

Fig.5 YraststatesofCsisotopes.DataaretakenfromRef.
[6]andRefs.[18—21].ShelleffectsoftheN=82

majorshellareclearlyseenastheevolutionofthelevel

spacingswithchangingneutronnumber.

暋暋Fig.6showstheyrastexcitationsoftheN=
82andN=83isotoneswiththreeandfiveprotons
outsidetheZ=50proton majorshellclosure.A
similarityisseenintheN=82isotones.However,

whileasimilarcascadepatternisobservedinN=
83isotones,one moreyraststate,the (10- )

state,wasidentifiedin138Cs.Itshouldbenoted
thattheinterpositionofthis(10- )statebetween
the(9- )and(11- )levelsin138Csisnotseenin
136I(Z=53,N=83)(seeFig.6),andnotin137Cs
(N=82)either.TheseobservationsandtheSM
calculationsmayimplythatwhiletheoverallstruc灢
tureinthisnuclearregioncanbeinterpretedbythe
couplingbetweenthef7/2valenceneutronoutside
theN=82majorshellclosurewiththeexcitations

ofthefewvalenceprotonsoutsidetheZ=50major
shellclosure,oneshouldnotetheimportantroleof
thecouplingbetweenthef7/2valenceneutronwith
thefifthvalenceprotonoutsidetheshellclosure.
暋暋Asmentionedintheprevious2.2.2subsec灢
tion,the47sisomer(6- )belowthe7- levelin
136Iwasinterpretedas(毿g2

7/2d5/2毻f7/2)6灢byUrban
etal.[10].However,inourSM calculationsthis
(6- )in138Cswasinterpretedas毿g5

7/2毻f7/2 withno

g7/2曻d5/2protonexcitation,andinwhichthelow灢
est (6- )levelin 136I wasassignedthesame
毿g3

7/2毻f7/2 dominantconfiguration[22].Notethat
ourcalculationsof136Ialsopredicteda10- state
with毿g3

7/2毻f7/2dominantconfigurationataboutthe
sameEthasthatof138Cs,whichwas,however,not
observedin136I(seeFig.2).Furthertheoretical
studiesareneededtothrowlightuponthisques灢
tion.

Fig.6 YraststatesoftheN=82andN=83isotones.Simi灢
larityisseeninN=82isotones.InN=83isotones,

althoughonecanseeasimilarcascadepattern,anstate

interposedbetweenthe (9- )and (11- )levelisob灢
servedin138Cs,butnotin136I,implyingtheimportant

roleplayedbythecouplingbetweenthevalencef7/2

neutronwiththefifthvalenceproton.

暋暋Thevariationsoftheexcitationenergiesofthe
11/2+ stateineven灢N Csisotopesversustheexci灢
tationsofthefirst2+ stateinthecorresponding
even灢even Xecoreareshownin Fig.7.They
changeveryrapidlyintheregionofN=82major
shellwithanalmostlinearrelationship.TheN=
83Csisotone,138Cs,isalsoshowninthefigureby
assumingthatthecorresponding9-statecanbeat灢
tributedtothecouplingbetweenthelowestyrast
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excitationoftheeven灢evencore136Xewithoneg7/2

valenceprotonandonef7/2neutron.For138Cs,the
couplingdoesnotsignificantlyreducetheexcitation
energyofthecorresponding9- state.

Fig.7 TheEexofthe11/2+stateineven灢NCsisotopesplot灢

tedagainsttheEexofthe(2+ )1ineven灢evenXecore.
138Csisalsoshowninthefigure.

2.2.5暋Newlevelschemeof139Ba(Z=56)andthe
discussionofitsnuclearstructure
暋暋Highspinstatesof139Bawereproposedbyour
collaboration[8]byfission毭sdetectionatGammas灢
phere(Fig.8).ThelevelschemereportedinRef.
[3]wasconsiderablyextendedandexpandedfrom
excitationof2091.7keVto4956.7keV with11
newtransitionsobserved.InRef.[3]thelevelsup
to1976.6keV wereinterpretedintermsofparti灢
cle灢corecoupling(PCC)approach,in whichthe
couplingofthef7/2neutrontothelow灢lyingeven灢
paritystatesinthecore138Baformthestatesin
139Bauptothe1976.6keVlevel,whichwasas灢
signedas(17/2- ).Basedonthepreviousassign灢
mentstothelower灢lyingstates,spins,paritiesand
configurationsweretentativelyassignedtothenew
levelsof139Baintermsofparticle灢holecoupling[8].
Inviewofthesixprotonsintheg7/2 subshellin
139Ba,the2091.7keV state wasinterpretedas
(毿g-2

7/2毻f7/2)(19/2- ),thenewlevelsatandabovethe

3122.8keVexcitationin139Ba (seeFig.8)were
tentativelyinterpretedasexcitationofthetwog7/2

proton holes coupled to the f7/2 neutron,

(毿g-3
7/2d5/2毻f7/2)(21/2- ,25/2- ,29/2- ,31/2- )

[7,8].

暋暋Thelevelstructureof139Baexhibitsremarka灢

bledifferencesincomparisonwiththatof135Te,
136Iand137Xe.Unlikethecasesof135Te,136Iand
137Xe,noenhancedstretched E3cascadeisob灢
servedin139Ba (Fig.8).However,similarlevel
patternsareseenin139Baand138Cs.Likethecase
of138Cs,ayrast(17/2- )levelhasinterposeditself
betweenthe(15/2- )and(19/2- )levelsin139Ba,

andinboththe139Baand138Csonedoesnotseethe
E3cascade.Thisinterestingdiversitymaybepart灢
lyattributedtothedifferenceofparticle灢particle
couplingin135Te(twovalenceprotons),136I(three
protons),and137Xe(fourprotons),andparticle灢
holecouplingin139Ba(apairofproton灢holes),re灢
spectively.

Fig.8 Newlevelschemeof139Baextendedandexpandedby
detectingfission毭sbyGammasphere.

暋暋InRef.[3]thePCCmodelcalculationsdidnot
reproducethelevelat2091.7keV.Sotheinterpo灢
sitionoftheyrast (17/2- )level wasnotex灢
plained.InRef.[8]ofourcollaborationthisinter灢
positionwasqualitativelyexplainedbyparticle灢hole
coupling.Recallthattheodd灢oddnucleineardoub灢
le灢closed灢shellparticle灢particleorhole灢holenuclei
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haveamultipletsplittingpatternthatmakesthe
stretched(maximumspin)andantistretched(min灢
imumspin)multiplet memberslowerinenergy
thanintermediate灢spinmembers.Fortheparticle灢
holecasesthelowestenergymemberisusuallyof
spinonelessthanthestretchedmaximum.Thus
onewouldexpectthattheparticle灢holecouplingin
139Bawouldhavethe(17/2- )lyingbelow(19/2- )

inthemultipletof(毿g-2
7/2)6毻f7/2.Inotherwords,

theparticle灢holecouplingin139Bacasehaslowered
statesofspin onelessthanthatofthefully
stretchedconfiguration,whichexplains whythe
(17/2- )levelinterposesitselfbetween (15/2- )

and(19/2- )levelsin139Ba.Theinterposedlevel
effectively“shortcircuits暠thepossibleanalogous
stretchedE3transitionswithlower multipolarity
transitionsinthenucleus.
暋暋Theinterposedyrast(10- )levelandtheab灢
senceofastretchedE3cascadein138Cs(seethe
previoussection)arelikelyanalogoustotheinter灢

positionoftheyrast(17/2- )levelandthenon灢ob灢
servationofastretchedE3cascadein 139Ba,and

canprobablybeexplainedinasimilarway.

2.3暋Resemblanceofspectroscopyandthecounter灢

partsobservedbetweentheN=83isotonesin132Sn

regionandthecorrespondingN=127isotonesin
208Pbregion

暋暋Basedonthenewlevelschemesproposedand

interpretedfortheN=83isotonicchain,aresem灢
blanceofspectroscopyandthecounterpartsareob灢
servedbetweentheyrastthree灢particlestatesin
135Teand 211Po,andbetweenthepossibleyrast

five灢particlestatesin137Xeand213Rn(seeFig.9,

andRefs.[8,11,23]),andalsoin136Iand212At.

InFig.9similarlevelpatternsandspectacular

stretchedcascadingE3transitionsareseenineach

pairofnuclei.Oneseesthepossibilitythatthe

well灢studied208Pbregionmayprovideimportantin灢
formationlikenucleon灢nucleoninteractionsforthe

calculationsincorrespondingnucleiin132Snregion.

Fig.9Comparisonofyrastthree灢particlestatesin135Teand
211Po,andofthepossibleyrastfive灢particlestatesin
137Xeand213Rn[23].Seetext.

2.4暋ConcludingremarksforSection2

暋暋Byusingthehighstatisticstriple灢coincidence
fission毭dataatGammasphere,high灢spinyrast
andnear灢yrastlevelschemesoftheN=83isotones
135Te,136I,137Xeand139Bawereconsiderablyex灢
tendedandexpanded,andthatof138Cswasidenti灢
fiedforthefirsttime.Spin/parityandconfigura灢
tionswereassignedbasedonICC measurements,

angular correlation measurements,shell model
(SM)calculationsandlevelsystematics.Thede灢
tailedstudiesofyrastandnear灢yrastspectroscopy
oftheN=83isotonicchainwereextendedto138Cs
(Z=55)whichhadlongbeenmissing.Thelevel
schemesoftheN=83isotonicchainandtheSM
calculationsindicatedthekeyroleplayedbythe
couplingoftheexcitationsofthefewvalencepro灢
tons(g7/2)outsidetheZ=50majorshellclosure
andthevalenceneutron(f7/2)outsidetheN=82
majorshellclosure.StrongshelleffectsoftheN=
82 majorshellisseeninthelevelevolutionin
137,138,139,140,142Cs. While similar level patterns
wereobservedinN =82isotones137Csand 135I,

differenceswereseeninN=83isotones138Csand
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136I,andinisotopes138Csand137Cs,implyingthe
importantroleplayedbythecouplingbetweenthe
valencef7/2neutronwiththefifthvalenceproton.
ThespectacularstretchedE3cascadingtransitions
wereseenin 135Te,136Iand 137Xe,butwerenot
foundin138Csand139Ba.Interpositionoftheyrast
(10- )1levelin138Csandoftheyrast(17/2- )1in
139BawereobservedinthetwoN=83isotones.
Thelevelinterpositionandthelackofthestretched
E3cascadingtransitionin139Baand138Csmaybe
qualitativelyexplainedbytheparticle灢holecoupling
approach.Tiltedrotation(magneticrotation)was
observedin135Te,whichisthefirstobservationof
suchashearsbandinthevicinityofthedoubly灢
magic132Sn.Theresemblanceofspectroscopyand
counterpartswereobservedbetweenthethree灢par灢
ticlestatesin 135Teand 211Po,andbetweenthe
five灢particlestatesin137Xeand213Rn.
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摘暋要(第一和第二部分):使用 Gammasphere多探测器系统对 252Cf裂变源瞬发 毭射线进行 毭灢毭灢毭和

毭灢毭(毴)符合测量,裂变丰中子原子核核结构若干前沿领域的深入研究获得了新的进展。高达5.7暳1011以上

的三重和更高重符合事件的数据统计,以及更少压缩的三维数据为宽广未知丰中子核区的寻找和研究提供
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了有利的条件。在具有重要物理意义的若干丰中子核区首次建立,或显著扩展了一批包括转晕态和转晕附

近能态的高自旋能级纲图。

暋暋在偶灢偶丰中子核 110,112Ru和 108Mo中鉴别出了手征对称破缺结构。丰中子 110,112Ru附近核的三轴形

变基态具有最低的能量,在它们之中已确认了接近最大值的三轴形变。在这些 Ru和 Mo同位素中观察到

的手征双线能带展示出手征破缺的一切特征,特别是其理想的能量简并,表明它们在迄今已报道的手征破

缺结构中,具有最好的手征特性。研究了手征结构从具有毭软度的 108Ru到具有大三轴形变的 110,112Ru的

过渡。斜轴推转(TAC)和随机相近似(RPA)理论计算成功地拟合了在这些偶灢偶丰中子核中观察到的手征

双线能带的特性,并指定其为软手征振动态。在这些偶灢偶核中观察到的手征破缺不可能归纳为奇灢奇核中

那样的简化的几何图像。前者来自闭壳外所有中子的相互作用。

暋暋对双幻核132Sn附近N=83同中素链的系统研究为这个极富吸引力的核区提供了大量新的谱学信息。

N=83同中素 135Te(Z=52),136I(Z=53),137Xe(Z=54),138Cs(Z=55)和 139Ba(Z=56)的最新能级信息,
特别是首次建立的138Cs高自旋能级纲图和壳模型理论计算表明,Z=50质子闭壳外少数g7/2价质子激发同

N=82中子闭壳外之唯一f7/2价中子的耦合对该核区能级结构具有关键作用。观察到了132Sn和208Pb附近

核区谱学信息的相似性和相对应的三粒子和五粒子态。在135Te中观察到了磁转动,这是在双幻核132Sn附

近观察到的首例磁转动。
关 键 词(第一和第二部分):丰中子核;高自旋;转晕态;裂变;252Cf;毭射线三重符合;角关联;Gammas灢
phere多探测器系统;手征对称破缺;三轴形变;斜轴推转(TAC)计算;软手征振动;N=83同中数链;双

幻核 132Sn;壳模型计算;磁转动;谱学相似性
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