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…… A perspective A perspective fromfrom
thethe endend ofof thethe beamlinebeamline

•• MotivationMotivation

•• HighHigh--energyenergy nucleonnucleon--removalremoval//““knockoutknockout reactionsreactions””

•• BreakdownBreakdown in the N=8 in the N=8 shellshell closureclosure -- 1212Be Be 
•• Structure Structure beyondbeyond the the driplinesdriplines

•• SpectroscopySpectroscopy of of 1313BeBe
•• SpectroscopySpectroscopy ofof 1616BB

•• Conclusions Conclusions &  &  PerspectivesPerspectives
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Issues/questions to Issues/questions to ponderponder ……

…… must must therethere bebe a a corecore--nucleonnucleon
FSI in FSI in thethe exit exit channelchannel ??

((uncorrelateduncorrelated ““backgroundbackground””))…… whatwhat isis thethe relationshiprelationship
betweenbetween thethe corecore--nucleonnucleon

EErelrel andand thethe correspondingcorresponding
unboundunbound nucleus ?nucleus ?

…… howhow shouldshould wewe treattreat structurestructure
+ + reactionreaction for for boundbound

projectile projectile →→ unboundunbound ““corecore””
states ?  (C2S ?, states ?  (C2S ?, ……))

…… do do reactionsreactions atat veryvery
differentdifferent energiesenergies populatepopulate

thethe samesame states?  states?  
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Structure of light, Structure of light, veryvery neutronneutron--richrich systemssystems ......

10Li

AAZ = Z = corecore++xnxn

⇒⇒ correlationscorrelations//clusteringclustering

9He

4n

…… driplinesdriplines andand beyondbeyond experimentallyexperimentally accessibleaccessible
ab ab initioinitio calculationscalculations tractable, Shell Model in Continuum, ...tractable, Shell Model in Continuum, ...
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HighHigh--EnergyEnergy, , SingleSingle--NucleonNucleon RemovalRemoval//““KnockoutKnockout””

•• σσ--1n1n ~ 10~ 10--100mb,  100mb,  ρρss ~ 100 mg/cm2 ~ 100 mg/cm2 

•• forward focusingforward focusing

p0

core+N

cible

core

dσ/dp

γ γ ⇒⇒ EExx
corecore ddσσ/dp  /dp  ⇒⇒ llnn σσ--1n1n(J(Jππ

corecore)) ⇒⇒ CC22SS

γ

t+N

ReviewReview: Hansen : Hansen && TostevinTostevin, Ann. , Ann. RevRev. Part. Nucl. . Part. Nucl. SciSci. (2003). (2003)
NucleonsNucleons c/c/-- Jeff Jeff TostevinTostevin
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SingleSingle--Neutron Neutron RemovalRemoval in the in the pp--sdsd shellshell

Inclusive Inclusive ExptExpt vv ’’s Glauber s Glauber TheoryTheory + Shell Model:  + Shell Model:  SauvanSauvan et al., PRC (2004)et al., PRC (2004)

pp--shellshell sdsd--shellshell

4343--68 68 MeVMeV//nucleonnucleon
11--600 600 ppspps
σσ--1n1n ~ 50 ~ 50 -- 200 mb200 mb
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dσ/dp

γ

Glauber/Glauber/eikonaleikonal reactionreaction theorytheory V. V. MaddalenaMaddalena et et alal. PRC (2001). PRC (2001)
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BeBe((1717C,C,1616C*)C*)XX

HighHigh--EnergyEnergy, , SingleSingle--NucleonNucleon RemovalRemoval as a as a 
SpectroscopicSpectroscopic ToolTool
17C = 16C + n
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N=8 N=8 shellshell closureclosure :  :  ννpp66 ??

1414C C andand 1313B B ≡≡ ““goodgood˝̋ closedclosed pp--shellshell nucleinuclei …… 1212Be ? (Be ? (1111Li, Li, 1010He?)He?)
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Figure c/Figure c/-- Jeff Jeff TostevinTostevin
(Surrey/MSU/Tokyo/(Surrey/MSU/Tokyo/……))

N=8 N=8 shellshell closureclosure -- 1212Be ? *Be ? *

psd-shell ordering 
in 12Be?

psd-shell ordering 
in 12Be?

1s1/2
1p3/2

11Be
0

0.32

1/2+

1/2--[1p1/2]2

[2s1/2]2

p n

1.80 5/2+[1d5/2]2

n-threshold

γ

••nbnb: : firstfirst proposedproposed by Fred by Fred BarkerBarker [J. Phys. G (1976) ][J. Phys. G (1976) ]
indirect indirect measurementsmeasurements -- RIKEN (p,RIKEN (p,pp’’), ), ……, , 1010Be(t,p), Be(t,p), ……
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CC22S (S (ννpp1/21/2) ) ≈≈ 0.40.4

ll=1=1

ll=0=0

CC22S (S (ννss1/21/2) ) ≈≈ 0.40.4

CC22S (S (ννdd5/25/2) =  ??) =  ??

νν((pp1/21/2))22,,((ss1/21/2))22,,((dd5/25/2))22 ≈≈ 30%30%,, 20%20%,, 50%50%

N=8 N=8 shellshell closureclosure:  C( :  C( 1212Be,Be,1111BeBeγγ)  )  @@ 7878 MeVMeV//nucleonnucleon **

σσexptexpt vsvs σσGlauberGlauber

⇓⇓

EEγγ=320 =320 keVkeV
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N=8 N=8 shellshell closureclosure -- 1212Be Be νν(d(d5/25/2))22 admixtureadmixture

psd-shell ordering 
in 12Be?

psd-shell ordering 
in 12Be?

NucleonsNucleons courtesycourtesy Jeff Jeff TostevinTostevin, Surrey, Surrey
Figure c/Figure c/-- Jeff Jeff TostevinTostevin

(Surrey/MSU/Tokyo/(Surrey/MSU/Tokyo/StarbucksStarbucks//…….).)
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SingleSingle--NucleonNucleon RemovalRemoval to to UnboundUnbound States:States:
““CompleteComplete KinematicsKinematics””

vn12Be = 11Be + n 11Be* 10Be + n

v0

target (C)
ppcorecore+n+n = = ppcorecore+ + ppnn

EErelrel = = µµ(v(vcorecore-- vvnn))22/2/2

v10Be
v0

t+n
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ExperimentalExperimental SetupSetup ““CompleteComplete KinematicsKinematics””

Neutrons Neutrons →→ DEMONDEMON

90 modules (NE213)           90 modules (NE213)           
ToFToF & position& position

εεnn ~ 10%   ~ 10%   εεnnnn ~ 1% ~ 1% 
+ + CrossCross--talk Rejectiontalk Rejection

Fragment  Fragment  →→ CHARISSA CHARISSA 

16 x Si16 x Si--SiSi––CsICsI

Identification (Identification (∆∆EE--E)             E)             

Position (~1mm)               Position (~1mm)                
EnergyEnergy (~1%)(~1%)
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ExperimentalExperimental ResponseResponse FunctionFunction **
ComplexComplex geometrygeometry ⇒⇒ simulationssimulations

dEαFWHM

ResolutionResolution EfficiencyEfficiency

* * modelmodel distribution distribution mustmust bebe filteredfiltered throughthrough
thethe simulationssimulations

εεnnnn

FWHM ~ 0.3 FWHM ~ 0.3 EEdd
1/21/2

εεnn
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Benchmark System Benchmark System -- 77HeHe
GroundGround state (3/2state (3/2--) :  ) :  EErr=0.44, =0.44, ΓΓ00=0.16 =0.16 MeVMeV

[ [ spinspin--orbitorbit partnerpartner EErr (1/2(1/2--)  = ??? )  = ??? …… a a ““4:00pm question4:00pm question”” ]]
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N=8 N=8 shellshell closureclosure:  C(:  C(1212Be,Be,1010Be+n)  @Be+n)  @ 41 41 MeVMeV//nucleonnucleon

σσ(5/2(5/2++) = 30.3) = 30.3±±4.0 4.0 mbmb

⇒⇒ CC22S (S (ννdd5/25/2) = 0.48) = 0.48±±0.06 *0.06 *

5/25/2++

(3/2(3/2--))

* * GlauberGlauber calculations (Jeff calculations (Jeff TostevinTostevin)) S. Pain, W.N. S. Pain, W.N. CatfordCatford, N.A. , N.A. OrrOrr et al.et al.
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N=8 N=8 shellshell closureclosure:  C(:  C(1212Be,Be,1010Be+n)  @ 41 Be+n)  @ 41 MeVMeV//nucleonnucleon

nuclnucl--exex/0510048 /0510048 
S. Pain, W.N. S. Pain, W.N. CatfordCatford, N.A. , N.A. OrrOrr et al.et al.

Σ Σ CC22S (pS (p1/21/2ss1/21/2dd5/25/2) = 1.48) = 1.48±±0.210.21
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N=8 Shell N=8 Shell ClosureClosure: C(: C(1111Li,Li,99Li+n)  @ 287 Li+n)  @ 287 MeVMeV//nucleonnucleon **

CC22S (S (ννpp1/21/2) ) ≈≈ 1.271.27
CC22S (S (ννdd5/25/2) ) ≈≈ 0.080.08

CC22S (S (ννss1/21/2) ) ≈≈ 0.650.65

py(10Li) [MeV/c] = p(9Li) + p(n)

* * H. Simon et al. [H. Simon et al. [GSIGSI--LANDLAND], PRL (1999)], PRL (1999)
GlauberGlauber Calculations :  CA Calculations :  CA BertulaniBertulani, PG Hansen,  PRC (2004), PG Hansen,  PRC (2004)



CoreCore--nn correlationscorrelations: : 
modellingmodelling twotwo--neutronneutron halo halo systemssystems

33--body body systemssystems ⇒⇒ nn--n n andand corecore--nn interactionsinteractions

egeg., ., 1414Be Be ⇒⇒ 1212BeBe--n interactionn interaction
spectroscopyspectroscopy of of 1313BeBe
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N=9: N=9: 1515C, C, 1414B, B, 1313BeBe

ExptExpt vv ’’s Glauber s Glauber TheoryTheory + Shell Model: + Shell Model: SauvanSauvan, et al., PRC (2004) , et al., PRC (2004) 

ννss11/2  /2  [+ ν[+ νdd55/2/2] ] 

??



Vf

Vn

Vf-Vn

( )2nf VV2
1 rr

−= µdE

target

14B
13Be→
12Be+n

SingleSingle--ProtonProton RemovalRemoval atat HighHigh--EnergyEnergy
C(C(1414B,B,1212Be+Be+nn)  @ 41 )  @ 41 MeVMeV//nucleonnucleon

““LL’’espoirespoir”” : : to to firstfirst orderorder projectile neutron projectile neutron 
configuration  configuration  preservedpreserved ((∆ ∆ llnn = 0)= 0)

⇒⇒ SelectivitySelectivity onon Final states Final states populatedpopulated
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InterpretationInterpretation
• suddensudden approximationapproximation

⇒⇒ projectile neutron structure projectile neutron structure preservedpreserved ((∆ ∆ llnn = 0)= 0)
BertschBertsch et alet al., PRC 57 (1998) 1366, ., PRC 57 (1998) 1366, ChenChen et al.et al., PLB 505 (2001) 21, PLB 505 (2001) 21

∫
∞

=
0 0*2 )()()( rrdrrka k ψϕ

Initial bound state

jlνψ ⊗−= 1A0

Final unbound state

jfragment lνϕ ⊗=

2)(kaEdE
d d

d
ασ

Decay
Energy Simulation

Comparison 
to data

(χ2)
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Projectile StructureProjectile Structure

Neutron configuration of projectile Neutron configuration of projectile preservedpreserved

( ) 2/51617 2CC dν⊗= +

Brown, Brown, privpriv. comm.. comm.
SauvanSauvan et al.et al., PLB 491 (2000) 1, PLB 491 (2000) 1

MaddalenaMaddalena et al.et al., PRC 63 (2001) 024613, PRC 63 (2001) 024613

( ) sdgs ν⊗= BB 1314

MillenerMillener & Brown, & Brown, privpriv. comm.. comm.
SauvanSauvan et al.et al., PLB 491 (2000) 1, PLB 491 (2000) 1

Guimarães Guimarães et al.et al., PRC 61 (2000) , PRC 61 (2000) 
064609064609

⇒⇒ Final states Final states populatedpopulated

•• 1313Be : Be : ννss1/21/2 andand/or/or ννdd5/25/2

•• 1616B B : : ννdd5/25/2
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C(C(1414B,B,1212Be+n)  Be+n)  @@ 41 41 MeVMeV//nucleonnucleon **

LPC Group LPC Group ““ExotiquesExotiques”” -- JL JL LecoueyLecouey et al.et al.

ss--wavewave resonanceresonance

EErr ≈≈ 0.7 0.7 MeVMeV

ΓΓ0 0 ≈≈ 2 2 MeVMeV

dd--wavewave resonanceresonance
EErr = 2.5 = 2.5 MeVMeV
ΓΓ0 0 = 0.4 = 0.4 MeVMeV

Ed (MeV)

** thethe ““sanitizedsanitized”” interpretationinterpretation



1313Be: Be: ExperimentExperiment--TheoryTheory

1313Be :  EBe :  Exx ~ 2.0~ 2.0--2.5 2.5 MeVMeV ννdd5/25/2



1313Be: Be: ExperimentExperiment--TheoryTheory

1313Be Be groundground state:  state:  ννss1/2  1/2  ((resonanceresonance))



1313Be: Be: ExperimentExperiment--TheoryTheory

1313Be :  Be :  ννpp1/2   1/2   EEx x ????
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AngularAngular CorrelationsCorrelations: C(: C(1414Be,Be,1212Be+n)  @ 287 Be+n)  @ 287 MeVMeV/u */u *

* * H. Simon et al. [GSI],  H. Simon et al. [GSI],  privpriv. comm.. comm.

14Be

13Be

12Be

n1

n2
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1515B+n B+n CoincidencesCoincidences
Structure Structure atat lowlow EEdd dd--wavewave resonanceresonance

EErr = 85 = 85 ±± 15 15 keVkeV

ΓΓspsp << 100 << 100 keVkeV ∗∗

uncorrelateduncorrelated
1515B+n distributionB+n distribution

++

∗ ∗ ΓΓspsp≈≈ 0.5 0.5 keVkeV
[Brown & [Brown & MillenerMillener, , privpriv. comm.]. comm.]
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1616B : B : ExperimentExperiment--TheoryTheory

ππpp3/23/2⊗⊗νν((dd5/25/2))33

ExptExpt 1515B+nB+n "Glauber""Glauber"

2.2 mb2.2 mb

[7[7±±1 mb]1 mb]

1.5 mb1.5 mb
5.2 mb5.2 mb

1.3 mb1.3 mbσσ≈≈1 mb1 mb
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C(C(1414B,B,1212Be+n)  Be+n)  @  @  4141 MeVMeV//nucleonnucleon **
ss1/21/2 resonanceresonance + + dd5/25/2 resonanceresonance ((EErr=2.5,=2.5, ΓΓ00=0.4 MeV)=0.4 MeV)

LPC Group LPC Group ““ExotiquesExotiques”” -- JL JL LecoueyLecouey et al.et al.

GoodGood fitfit
withwith//withoutwithout
uncorrelateduncorrelated
fragfrag--nn pairspairs

ss--wavewave resonanceresonance

EErr = 0.6= 0.6--0.8 MeV0.8 MeV

ΓΓ0 0 = 1= 1--2 MeV2 MeV

** thethe ““unsanitizedunsanitized”” interpretationinterpretation
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ConclusionsConclusions

•• highhigh--energyenergy nucleonnucleon removalremoval usedused to explore to explore 
structure structure andand correlationscorrelations atat andand beyondbeyond the the 
driplinedripline

⇒⇒ N=8 not a N=8 not a closedclosed shellshell for for 1212Be, Be, 1111Li  Li  …… 1010He ?He ?
significantsignificant dd--wavewave strengthstrength in in 1212Be but Be but notnot 1111LiLi

⇒⇒ N=9 N=9 ννss1/21/2 -- dd5/25/2 inversion for inversion for 1313Be (Be (1414B, B, 1515C)  C)  ……
1414Be haloBe halo

⇒⇒ 1616B B lowlow--lyinglying narrownarrow (d(d5/25/2) ) resonanceresonance + + clearclear
structurelessstructureless continuum/continuum/uncorrelateduncorrelated 1515B+n B+n distdist’’nn
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WorkWork in in ProgressProgress

•• SpectroscopySpectroscopy ofof 99He (He (11,1211,12Be Be andand 1414B B beamsbeams) ) 

•• More More complexcomplex systemssystems ……

→→ 55HH

→→ probingprobing nn--nn configuration (configuration (66He, He, ……))

→→ multimulti--neutronneutron resonancesresonances:  :  44nn
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Issues/questions to Issues/questions to ponderponder ……

…… must must therethere bebe a a corecore--nucleonnucleon
FSI in FSI in thethe exit exit channelchannel ??

((uncorrelateduncorrelated ““backgroundbackground””))…… whatwhat isis thethe relationshiprelationship
betweenbetween thethe corecore--nucleonnucleon

EErelrel andand thethe correspondingcorresponding
unboundunbound nucleus ?nucleus ?

…… howhow shouldshould wewe treattreat structurestructure
+ + reactionreaction for for boundbound

projectile projectile →→ unboundunbound ““corecore””
states ?  (C2S ?, states ?  (C2S ?, ……))

…… do do reactionsreactions atat veryvery
differentdifferent energiesenergies populatepopulate

thethe samesame states?  states?  

…… atat 4:00 pm (avec un ballon de rouge)4:00 pm (avec un ballon de rouge)
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1818O + O + BeBe →→ 1212Be+n+XBe+n+X

as = -20 fm

l=0, 50keV

l=0, 100keV

as = -5 fm

ThoennessenThoennessen et et alal.,  PRC63, 014308 (2000)  .,  PRC63, 014308 (2000)  ⇒⇒ aass = = --20 20 fmfm



Jean-Luc Lecouey, Seminar

1212Be+n Be+n coincidencescoincidences::
BehaviourBehaviour of of virtualvirtual ss--statesstates

aass = = --20 20 fmfm : : ThoennessenThoennessen et et alal., ., 
PRC63, 014308PRC63, 014308→→
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AcceptanceAcceptance EffectsEffects

θn < 5°



1212Be+n Be+n coincidencescoincidences
VirtualVirtual ss--state + state + dd5/25/2--resonanceresonance ((EErr=2.5,=2.5, ΓΓ00=0,4 MeV)=0,4 MeV)

as=-20 fm 
⇒ poor agreement
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1212Be+n Be+n coincidencescoincidences
VirtualVirtual ss--state + state + dd5/25/2--resonanceresonance ((EErr=2.5,=2.5, ΓΓ00=0,4 MeV)=0,4 MeV)

as= 0 fm                 

(No 12Be-n FSI)
⇒ improved χ2

⇒ still poor agreement
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