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Abstract

The cluster properties of neutron-rich light nuclei are considered.
Resonantparticle spectroscopyechnigueand experimentalstudiesof clustering
usingposition-sensitivehargeparticle detectorss discussedSomeexperimental
evidence of possible existence of molecular, exotic cluster structures is reviewed.

1. Introduction

Nuclearclusteringis one of the typical structures identified in a wide rangeof
atomicnuclei. Spontaneouslecayobservationof nucleiinto different fragments
suggestsexistenceof different type clustersin nuclei. For light nuclei an a-

particle is consideredas possiblebuilding block becauseof it stableand inert
behaviourdue to strong binding of two protonsand two neutrons.The typical
exampleof the cluster structurein light nuclei is an a-a dinuclear molecular
structureof ®Be in the groundandlow-lying excitedstatesIn additionto *Be the
existenceof the di-nuclearstructureshavebeenrecognisedn *°O and*Ne[1]. As
typical example of many-clusterstructurethe 3-a cluster structure has been
identifiedin *°C. It is alsoknown that clusteringis presentin systemswhich do
not entirelydecomposénto a-particlesubunitsfor example®’Li possesa+d and
a+t cluster structures.



For the self-conjugatedn nuclei clusteringinto a-particlesis expectedo
occur at excitationenergiescloseto the clusterdecaythreshold[2]. The cluster
structurepresentin nuclei like Be has an importantimpact on the structural
propertiesof heavierneutron-richisotopes.The well-developedcluster structure
of a-conjugate nuclei has been extended to neutron-rich nuclei and stabilising role
of valenceneutronswas pointedout. Molecular structurehasbeensuggestedo
appeaiin neutron-richBe, B andC isotopeq 3] basedon the conceptof covalent
molecularorbitals of neutrons[4,5]. It was suggestedhat exotic cluster states
with na linear-chainstructure can be expectedto exist aroundthe break-up
thresholdenergy[6]. It was also predictedthe existenceof the “alpha cluster
condensed states” where the Bose-Einstein condensation may occur in a system of
a-particles [7,8,9].

Theoreticalalculationdor somenucleihaveshowndrasticchangeof the
intrinsic structurewith increasingof the neutronnumberand for neutron-rich
nucleineardrip line we canexpectexotic suchas®He-like, ®He-like and*'Li-like
clusters [10].

So in neutron-rich nuclei clustering is expectedto play even more
important role than in stable nuclei.

Many theoretical studies with cluster models have been made successfully.
For example, a-cluster structurein Be isotopesreproducedby Hartree-Fock
calculationg11] andmodelindependenfAntisymmeterisedViolecular Dynamics
(AMD) calculations [12,13,14]. The Molecular Orbit (MO) model was
successfullyused for the calculationsof the structureof Be and C isotopes
[15,16,17,18].In C isotopesthe stability of the linear-chainstate(a-a-a linear
configuration)hasbeenexaminedn termsof thea-a distanceandbendingangle
andthe calculationgevealedhattheadditionof valenceneutronhelpsto stabilise
the chain structure,suggestingthat in neutron-rich carbonisotopesmolecular
chainmay exist. It was concludedthat *°C with combinationof the p- and s-
orbitsoccupiedby neutronshasthe simultaneoustabilitiesagainstthe breathing-
like breakuppathandbending-likepath.Recentcalculationsshowthatthis is the
casefor *C also. The GeneratorCoordinateMethod (GCM) also finds cluster
bands in the beryllium isotopes [19].

2. Experimental Technique and Evidence of Clustering

The experimentalkignaturesof cluster stateshavetraditionally beenstrongand
can be supportedby selective excitation in a-transfer reactions, rotationally
spaced energy levels, enhanced electromagneticmoments and transitions
strengthsandappreciablelusteremissionwidths for resonanstatesabovedecay
threshold.



With the introduction of the multistrip and position-sensitivecharged-
particle detectorsnew experimentaltechniques- resonantparticle spectroscopy
becameavailable for studying cluster structuresin light nuclei [20,21]. This
methodinvolvesthe coincidencealetectionof the decayproductsof highly excited
nuclei, which permits a measurementf the partial widths for different decay
channelsand also model independenteterminationof the spinsof the breakup
states.The studyof the angularcorrelationsof the final-stateparticlesallowsthe
angulardependencef the primary excitationand subsequentlecayprocesseso
beunravelled22]. In suchmeasurement$e resonanparticleof interestmaybe
excitedvia inelastic scatteringor transferreactions.The decayof the resonant
particle into the clustercomponentsnay then be usedas possibleindicator of
clusterstructure— stategpossessingarge reducedwidthsfor clusterdecayshould
appeamost stronglyin the decayspectrum.The reconstructiorof the emission
angles of breakup fragments, using position sensitive detectorspermits the
reconstruction of the excitation energy of the decaying state and a measurement of
the angular distributions with which the decay process proceeds.

This experimentalmethod was successfullyusedto study the decay of
1Be into “‘He+*He and *Be+n[23]. Thesemeasurementfind evidencefor a state
at10.2MeV which decaysstronglyby a-emissioncomparedvith neutrondecay.
This statewas originally suggestedo be a 4* rotational band member,but in
recentmeasurementthe statewas found to possesa spin and parity of 3 [24].
Excitation energy spectra for states’®e are shown in Fig.1.
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Fig. 1. Excitationin '°Be for the reactions’Li+’Li ® *‘He+He+'He and
Li+’Li ® *He+*He+He. Approximateexcitedstateenergiesareindicated.
Smoothcurve on the right panel representghe effective solid angles,
W.r(msr), for the detectionof °Be* decaysas calculatedoy Monte-Carlo
simulation [24].
The measurementsf the partial a-decaywidth of the 7.54 MeV (2*) state[25]
showsthat this state possesses significant a-cluster componentto its wave-



function suggestinghat *°Be nucleushasa molecularstructure. A measurement
of the **C(**Be'He He) reaction[26] hasfound evidencefor threenew statesin
Be at13.2,14.8,and16.1 MeV thatdecayby a emission.It wassuggestedhat
thesestatesare linked with the continuationof the 0 molecularband in this
nucleus &+2n+a).

Breakupreactiontechniquewas usedto study decayof *“Be nucleusinto
®He+°*He and ®He+He channels[26]. Despiteof difficulties in performinghigh
resolutionspectroscopieneasurementwith suchneutronrich nuclei the energy
resolutionsof 500to 700 keV can be achieved.Fig. 2 showsthe reconstructed
excitationenergyspectruntor the reactionsof *?Be from composite({CH,), target
for decaysinto ®He+°He. The 700 keV excitationenergyresolutionpermitsthe
identificationof groupsof statesin the excitationenergyregion 10 to 25 MeV.
Themeasuremertf the emissionanglesalsoallows someestimateto be madeof
theangularmomentanvolved in the decayprocessia ananalysisof the angular
distributions.The reconstructiorof the ®He+'He coincidencesrom the reaction
p(*Be He,He), limited to backwardemissionangles providesevidenceor states
in *Be manyof which arefound to be correlatedwith thosein the®He+*He decay
channel.lt is possiblethat these'Be excited statesform part of an excited
molecular band, related to arr4n+a structure.
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Evidencefor the existenceof molecularchainsin systemscomposedf
morethantwo centresis sparseTo datethereis no convincingevidencefor the
existenceof the 3a chain-staten *°C. Accordingto MO calculations3a chain
structurein *?C is unobservedecausét is unstableagainstthe bendingmode
[17,18].

The resonantparticle spectroscopyexperimentalpproachhasbeenused
to studydecayof *C and*C into *Be+'He and'°Be+'He fragmentsFig. 3 shows



the spectrunof a-decayingstatesobservedn the ‘Li(°Be,*C® *Be+'He)t breakup
reaction[27]. A spectrumof statesextendingfrom the decaythresholdup to ~28
MeV is clear,and many of thesestatescan be found in the analysisof the **C
spectroscopy28]. It is hopedthatthe angulardistributionsfrom suchdatawiill
provide spin determinationgequiredto demonstratehe rotational propertiesof
this nucleus.
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Fig. 3. The excitationenergyspectrafor the decayof **C into *Be+He
observedin the 'Li(°*Be*C °Be+He)t breakup reaction. The low
excitationand high excitationenergyspectraare shownin left and right
panels respectively. The correlation with known states is indicated.

There have been several searches for the linear chain states
a+2n+a+2n+a in *°C. For examplethey havebeenstudiedusinginelasticbreak-
up of **C [29] and 2-p transfer reactions(**0,*°C) on different targets[30].
Measurement$ave failed to find evidencefor such states.The population of
molecular states in this system remains a significant challenge.

3. Outlook

Therearemanynucleamodelswhich supporttheideaof the molecularstructures
in light neutron-richnuclei. Experimentally,thereis evidencefor clusteringin

light nuclei. The capabilitiesfor investigatingthesestructureshavebeenextended
by the developmentof the techniquesof resonant-particlespectroscopyMore

detailed spectroscopicmeasurementswill be required to understandexotic
structures in light nuclei.
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