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The Light The Light Neutron-RichNeutron-Rich  NucleiNuclei  ……

10Li

Structure =Structure =corecore++xnxn

……    driplinesdriplines and  and beyondbeyond  experimentallyexperimentally accessible,  accessible, extremeextreme test of  test of modelsmodels
((shellshell model,  model, shellshell model in continuum,  model in continuum, ““ab ab initioinitio””, cluster, , cluster, etcetc))

9He

  LPC ProgrammeLPC Programme  : : H Al H Al FalouFalou LPCC 07-03, LPCC 07-03,  G Normand LPCC 04-03, JL G Normand LPCC 04-03, JL LecoueyLecouey LPCC 02-03 LPCC 02-03



StrategyStrategy  ……

““FastFast””  nucleonnucleon (proton)  (proton) removalremoval    ⇒⇒    ΔΔ__(n) (n) = 0 = 0 **

  IFFIFF  projproj. structure . structure knownknown    ⇒⇒    deducededuce structure  structure ofof A-1  A-1 systemsystem

            (core            (core-1-1  ⊗⊗  valence valence nucleonnucleon))

→→    Proton Proton removalremoval ( (SSpp~15 ~15 MeVMeV) ) fromfrom  veryvery  neutron-richneutron-rich  beamsbeams

      ⇒⇒      systemssystems  beyondbeyond  driplinedripline  –– observe  observe fragfrag.+ n FSI.+ n FSI

            * * M M ZinserZinser et  et alal., PRL ., PRL 7575 (1995) 1719 (1995) 1719

           L            L ChenChen et  et alal. PLB . PLB 505505 (2001) 21 (2001) 21



Issues Issues ……

WeaklyWeakly  boundbound valence neutron valence neutron

⇒⇒  possible relaxation   possible relaxation ofof  ΔΔ__nn  = 0= 0

  →→    fragfrag. . recoilrecoil  inducedinduced by proton  by proton removalremoval

→→    scatteringscattering  ofof valence neutron valence neutron

TEST TEST approachapproach  usingusing  1111Be Be beambeam ( (SSnn = 0.5  = 0.5 MeVMeV))

→→    In In parallelparallel explore  explore evolutionevolution  ofof N=7  N=7 g.s.g.s.  parityparity inversion inversion



N=7 1/2N=7 1/2++  –– 1/2 1/2--  LevelLevel Inversion  Inversion ……

    PG Hansen et al.PG Hansen et al.

……  1010Li Li &&  99He ??He ??



ExperimentalExperimental  ApproachApproach

FastFast  nucleonnucleon  removalremoval  -   - ““knockoutknockout”” or  or breakupbreakup +  + inflightinflight  decaydecay
projectile structure projectile structure knownknown
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ExperimentalExperimental  ResponseResponse  FunctionFunction
EfficiencyEfficiency

FWHM ~ 0.3 EFWHM ~ 0.3 Edd
1/21/2

εεnn

    JL JL LecoueyLecouey LPCC 02-03 LPCC 02-03

  modelmodel distributions  distributions mustmust  bebe  ““filteredfiltered””  throughthrough  thethe simulation simulation



((ApproxApprox.) .) SelectionSelection  ““RulesRules””  ……

(i)(i)  1   1 && 2-proton knockout  2-proton knockout ⇒⇒  ΔΔ__nn=0 =0 projproj. valence neutron config.. valence neutron config.

            C(C(1111Be,Be,1010Li)X ,C(Li)X ,C(1111Be,Be,99He)XHe)X    →→    ννss1/2  1/2  [ [ 
1111Be  CBe  C22S (S (ννss1/21/2))  ≈≈ 0.8 ] 0.8 ]

→→    wellwell  adaptedadapted to  to probingprobing  low-lyinglow-lying  s-waves-wave  strengthstrength

((iiii) fragmentation (-xp,-) fragmentation (-xp,-xnxn) ) ⇒⇒ valence neutron config. +  valence neutron config. + othersothers / /

                  populationpopulation via  via neutron-decayneutron-decay  ofof N+1  N+1 systemsystem

          C(C(1414B,B,1010Li)X , C(Li)X , C(1414B,B,99He)X  He)X  →→    ννss1/21/2 +  + ννpp1/21/2 +  + ……

→→    CAVEATCAVEAT**:  :  decaydecay  ofof  narrownarrow  low-lyinglow-lying  resonancesresonances in N+1,2, in N+1,2,……  systemssystems

Note -Note -  EEdd  lineshapelineshape  dependentdependent on initial state on initial state (esp. for  (esp. for broadbroad final states) final states)

* * SeeSee  Kondo-sanKondo-san  1414Be* Be* →→  1212Be+nBe+n



      C(C(1414B,B,1212Be+n)X                       C(Be+n)X                       C(1515B,B,1212Be+n)XBe+n)X

Ed (MeV) Ed (MeV)

  PRELIMINARY

PRELIMINARY

JL JL LecoueyLecouey LPCC 02-03;  LPCC 02-03; Few-BodyFew-Body  SystemsSystems  3434 (2004) 21          A Leprince, th (2004) 21          A Leprince, thèèse en coursse en cours



  1515B B →→  1414Be*(2Be*(2++) ) →→  1313Be + nBe + n  →→  1212Be + [n] + nBe + [n] + n

      C(C(1414Be,Be,1212Be+n+n)C                C(Be+n+n)C                C(1515B,B,1212Be+n)XBe+n)X

Ed (MeV)

  PRELIMINARY

PRELIMINARY

SeeSee Kondo-san Kondo-san’’s s talktalk

    T T SugimotoSugimoto et  et alal., PLB ., PLB 654654 (2007) 160 (2007) 160



““backgroundbackground””  __  non-resonantnon-resonant continuum  continuum ↔↔  event-mixedevent-mixed distribution * distribution *

*  *  ieie., ., uncorrelateduncorrelated  fragment-neutronfragment-neutron pairs pairs

EErr = 85  = 85 ±± 15  15 keVkeV

ΓΓspsp  << 100 << 100 keVkeV  

uncorrelateduncorrelated  
1515B+n distributionB+n distribution

++

BACKGROUNDBACKGROUND:  C(:  C(1717C,C,1515B+n)X B+n)X ––  single-proton knockoutsingle-proton knockout

    JL JL LecoueyLecouey et  et alal, , nucl-exnucl-ex/0802.4225/0802.4225
JL JL LecoueyLecouey, , Few-BodyFew-Body  SystemsSystems 34 (2004) 21 34 (2004) 21



““backgroundbackground””  __  sequentialsequential neutron  neutron decaydecay//evaporationevaporation  fromfrom PLF + continuum PLF + continuum

BACKGROUNDBACKGROUND :  C( :  C(1414B,B,66He+n)X He+n)X ––  fragmentationfragmentation

    JL JL LecoueyLecouey, LPCC T 02-03., LPCC T 02-03.



ScatteringScattering/Virtual /Virtual s-waves-wave States States

aass = 0  = 0 fmfm  no FSI ; a  no FSI ; ass << 0  << 0 fmfm  strongerstronger FSI FSI

NB -NB -  final   final lineshapelineshape  EEdd((fragfrag+n) +n) dependsdepends on projectile on projectile  



1010Li :  Li :  Low-LyingLow-Lying  LevelLevel  SchemeScheme  **

* * ““PartialPartial””  ––  alsoalso d( d(99Li,p) Li,p) etcetcs-s-virtual virtual  E Er r ~~  __2 2 / 2a/ 2ass



1010Li :  C(Li :  C(1111Be,Be,99Li+n) Li+n) @@ 35  35 MeVMeV//nucleonnucleon          [-1p][-1p]

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03

uncorrelateduncorrelated /  / event-mixedevent-mixed distribution  distribution **

**  normalisednormalised for  for comparisoncomparison  atat  highhigh  EEdd



1010Li :  C(Li :  C(1111Be,Be,99Li+n) Li+n) @@ 35  35 MeVMeV//nucleonnucleon          [-1p][-1p]

s-waves-wave [a [ass = -14 = -14±±2 2 fmfm]  +  ]  +  non-resonantnon-resonant continuum continuum

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



1010Li :  C(Li :  C(1414B,B,99Li+n) Li+n) @@ 35  35 MeVMeV//nucleonnucleon          [-2p,-2n][-2p,-2n]

s-waves-wave [a [ass << -14  << -14 fmfm] +  ] +  p-wavep-wave [ [EErr  = 0.51, = 0.51, ΓΓ00  = 0.50 = 0.50 MeVMeV]  + background]  + background

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03[  [  DecayDecay  ofof  1111Li* & Li* & 1212Li Li …… ?  ] ?  ]



99He :  He :  Low-LyingLow-Lying  LevelLevel  SchemeScheme  **

**  99Li IAS Li IAS exptsexpts  notnot  shownshown ;  GANIL-MUST (d,p)  ;  GANIL-MUST (d,p) underunder  analysisanalysis
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)
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99He :  C(He :  C(1111Be,Be,88He+n) He+n) @@ 35  35 MeVMeV//nucleonnucleon          [-1p][-1p]

uncorrelateduncorrelated distribution/ distribution/eventevent  mixedmixed distribution distribution

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



99He :  C(He :  C(1111Be,Be,88He+n) He+n) @@ 35  35 MeVMeV//nucleonnucleon          [-1p][-1p]

s-waves-wave [a [ass = -3 ~ 0  = -3 ~ 0 fmfm  (3  (3σσ)] + )] + non-resonantnon-resonant continuum continuum

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



99He :  C(He :  C(1414B,B,88He+n) He+n) @@ 35  35 MeVMeV//nucleonnucleon          [-3p,-2n][-3p,-2n]

uncorrelateduncorrelated distribution/ distribution/eventevent  mixedmixed distribution distribution

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



99He :  C(He :  C(1414B,B,88He+n) He+n) @@ 35  35 MeVMeV//nucleonnucleon          [-3p,-2n][-3p,-2n]

s-waves-wave [a [ass  == -3 ~ 0  -3 ~ 0 fmfm]  + ]  + p-wavep-wave [ [EErr = 1.2,  = 1.2, ΓΓ00  = 1.0 = 1.0 MeVMeV]   + background]   + background

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03[  [  DecayDecay  ofof  1010He & He & 1111He He …… ?  ] ?  ]



Conclusions Conclusions && Perspectives Perspectives

••    1111Be proton Be proton knockoutknockout  suggestssuggests  thatthat  selectionselection  rulerule  validvalid
                      ⇒⇒    spectroscopyspectroscopy possible  possible beyondbeyond the  the driplinedripline  usingusing

                                                                knockoutknockout  fromfrom RNB  RNB ……

→→  1010Li :  Li :  low-lyinglow-lying  s-waves-wave  strengthstrength (a (as s = -14= -14±±22  fmfm))

        low-lyinglow-lying  p-wavep-wave  resonanceresonance ( (EErr = 0.5  = 0.5 MeVMeV))         
      ⇒⇒    N= 7 inversion N= 7 inversion confirmedconfirmed

                                                                                                          [ [ but but ……  ππpp3/23/2⊗⊗ννss1/2 1/2 ,,ννpp1/2 1/2 ,,ννdd5/25/2]]
→→    99He :  He :  low-lyinglow-lying  s-waves-wave  strengthstrength (a (as s ≈≈ 0  0 fmfm) + E) + Exx≈≈1.2 & 2.4 1.2 & 2.4 MeVMeV

     (l>0)     (l>0)          ⇒⇒    N= 7 inversion N= 7 inversion …… ?? ??

                                                                                                                                              [ [ FSI << FSI << 99Li+n  ??Li+n  ?? ] ]
  ••    EXPT:EXPT:    higherhigher  resolutionresolution  &&  statisticsstatistics  improvedimproved neutron  neutron detectiondetection  && I IBB



Conclusions Conclusions && Perspectives Perspectives

  ••    validityvalidity  ofof  s-waves-wave  virtualvirtual states ?? states ??

egeg., ., deformeddeformed  99Li & Li & 1212Be Be corescores

  ••    realisticrealistic  structurestructure +  + reactionreaction  modellingmodelling  neededneeded

   (   (lineshapelineshape  andand cross section cross section) ) includingincluding  non-resonantnon-resonant

   continuum +    continuum + otherother backgrounds  backgrounds ……

  ••    firstfirst  stepstep  ––  estimateestimate  fragfrag. . recoilrecoil  effectseffects

  ••    valence neutron valence neutron scatteringscattering ( (approxapprox. . freefree neutron  neutron scatteringscattering ?) ?)



““I have I have comecome 500 miles  500 miles justjust
 to  to seesee a halo  a halo ……””

““FallingFalling Down Down”” by Tom  by Tom WaitsWaits



DEMONDEMON

90 modules (90 modules (NE213NE213))

⇒⇒  ToFToF  && position position

εεnn ~ 10% ~ 10%

KinematicallyKinematically  ““CompleteComplete””  MeasurementMeasurement



BeBe((AAF,F,A-1A-1O) @ 50 O) @ 50 MeVMeV//nucleonnucleon : :
ExperimentExperiment––TheoryTheory ( (EikonalEikonal))

M M ThoennessenThoennessen et  et alal., PRC ., PRC 6868 (2003) 044318 (2003) 044318



1616B : B : ExperimentExperiment––TheoryTheory ( (EikonalEikonal))

σσtot tot = 6.5= 6.5±±1.5 mb1.5 mb
2.8 mb2.8 mb

σσ  ≈≈  1 mb1 mb

““GlauberGlauber””

ππpp3/2 3/2 ⊗⊗νν((dd5/25/2))33

ExptExpt

C(C(1515B+n)B+n)

2.0 mb2.0 mb

6.8 mb6.8 mb

1.7 mb1.7 mb

2.6 mb2.6 mb

σσtot tot = 16 mb= 16 mb

RRss = 0.5   = 0.5  ⇒⇒   8 mb 8 mb



99He :  C(He :  C(1212Be,Be,88He+n) He+n) @@ 41  41 MeVMeV//nucleonnucleon          [-2p,-1n][-2p,-1n]

s-waves-wave [a [ass  ≈≈  -10 -10 fmfm] + p] + p1/21/2 [ [EErr = 1.2  = 1.2 MeVMeV] + (d] + (d5/25/2) [) [EErr = 2.4  = 2.4 MeVMeV]   + background]   + background

G Normand LPCC 04-03G Normand LPCC 04-03[  [  DecayDecay  ofof  1010He He …… ?  ] ?  ]



DEMON:  DEMON:  IntrinsicIntrinsic  DetectionDetection  EfficiencyEfficiency

JL JL LecoueyLecouey LPCC T 02-03 LPCC T 02-03

QQthreshthresh = 0.5  = 0.5 MeVeeMeVee



SuddenSudden Approximation Approximation

Sudden-typeSudden-type  calculationcalculation* for * for removalremoval  ofof  p-wavep-wave proton,  proton, SSpp = -23  = -23 MeVMeV

    * * M M ZinserZinser et  et alal., PRL (1995), F ., PRL (1995), F CarstoiuCarstoiu et  et alal., PRC (2004)., PRC (2004)

    Px (16B) MeV/c
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JL JL LecoueyLecouey LPCC T 02-03 LPCC T 02-03



Initial State Initial State DependenceDependence of  of UnboundUnbound States States

G G BertschBertsch et al., PRC (1998), L Chen et al. PLB (2001) et al., PRC (1998), L Chen et al. PLB (2001)

••    suddensudden approximation approximation

            ⇒⇒ neutron configuration of projectile neutron configuration of projectile preservedpreserved  ((ΔΔ__nn  = 0= 0))
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Initial State Initial State DependenceDependence of Virtual s-States of Virtual s-States

aass = 0  = 0 fmfm  no FSI ; a  no FSI ; ass << 0  << 0 fmfm  strongerstronger FSI FSI

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



Virtual Virtual s-statess-states  &&  resonancesresonances

aass = 0  = 0 fmfm  no FSI ;   no FSI ; aass << 0  << 0 fmfm    strongerstronger FSI FSI

EErr  ~ ~ __22/2/2µµaass
22

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



1010Li,Li,99He : He : BeBe((1111Be,Be,99Li+n)  Li+n)  &&    BeBe((1111Be,Be,88He+n)He+n)

MSU L Chen et MSU L Chen et alal., Phys. Lett. B (2001)., Phys. Lett. B (2001)



Neutron Neutron AngularAngular  AcceptanceAcceptance  EffectsEffects  ……

H Al H Al FalouFalou LPCC 07-03 LPCC 07-03



99He :  C(He :  C(11,1211,12Be,Be,88He+n) He+n) @@ 41  41 MeV/MeV/nucleonnucleon

G Normand LPCC 04-03G Normand LPCC 04-03



99He :  d(He :  d(88He,p) He,p) @@ 25  25 MeV/MeV/nucleonnucleon

MS MS GolovkovGolovkov et  et alal., PRC76 (2007)., PRC76 (2007)


