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MotivationMotivation

•• (e,e’,p), (e,e’,d) experiments may be used to study the (e,e’,p), (e,e’,d) experiments may be used to study the 
halo formation in exotic nucleihalo formation in exotic nuclei

•• Necessity to develop proposals for new experimentsNecessity to develop proposals for new experiments
•• Key factor: the interplay between nuclear structure and Key factor: the interplay between nuclear structure and 

scattering experiments scattering experiments 
•• New ways towards modern physicsNew ways towards modern physics
•• OutlookOutlook
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TopicsTopics

•• Review of the theory for scattered electron in continuumReview of the theory for scattered electron in continuum
•• Proton and deuteron knockProton and deuteron knock--out reactionout reaction
•• Microscopic correlation in the dynamic of even nucleiMicroscopic correlation in the dynamic of even nuclei
•• Example: Example: 66LiLi
•• Momentum distribution in exotic nucleiMomentum distribution in exotic nuclei
•• Effect of the halo in the scattering crossEffect of the halo in the scattering cross--sectionsection
•• Correlated threeCorrelated three--particle systemparticle system
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CrossCross--sectionsection forfor electronelectron scatteringscattering in in 
continuumcontinuum
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M  mass of the target nucleus

momentum transferq
energy transferω

FT transversal form factor
FC longitudinal form factor
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InverseInverse relations and relations and dimensionlessdimensionless responseresponse
functionsfunctions

Inverse relations
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ScatteringScattering crosscross--sectionsection and and nuclearnuclear modelmodel
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CalculationCalculation of A and Bof A and B

For the computation of A and B we use Ueberall: 
„Electron scattering from complex nuclei“
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To calculate the integrals I0, I1, I2 ... we are not using the momentum
distribution of the Fermi model but the distribution calculated

in the BDCM model. 
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MomentumMomentum integralsintegrals
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An effective mass m* for the bound nucleons has been introduced.
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ElectronElectron scatteringscattering on on 66LiLi
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ShapeShape coexistencecoexistence in in thethe vacuumvacuum of BDCM: of BDCM: 
ExampleExample 66HeHe

In the ground state of 6He two different clusters coexist:

4He 3H

3H2 n

2 n
4He

particle-hole cluster
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Interaction Interaction betweenbetween clustersclusters: : 
deformationdeformation of of thethe vacuumvacuum

In the ground state of 6He two different clusters coexist:

4He 3H

particle-hole cluster

3H2 n

2 nTwo body interaction
4He

Three body interaction

Cluster interaction
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FromFrom interactinginteracting clustersclusters to DCMto DCM

Macroscopic cluster interaction 2H cluster move
in the optical potential formed by the alpha particle optical model. 
Microscopic cluster interaction N-particles which were
partitioned in small and big clusters interact.  

4He 3H

2 n 3H

Can the dynamic correlation model reproduce the interacting cluster picture?
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ProlateProlate oror oblateoblate protonproton distributionsdistributions??

•• In AMD (In AMD (AntisymetrizedAntisymetrized MolecularMolecular DynamicsDynamics) ) protonsprotons and and 
neutronsneutrons areare treatedtreated as as separatedseparated clustersclusters. . ByBy increasingincreasing
thethe neutronneutron numbernumber protonproton distributiondistribution cancan varyvary betweenbetween
twotwo shapesshapes..

p n p n
11Li7Li

Consequence: strong variation of proton charge radius as the neutron number increases.
Reason: the neutron average potential (mean field) is strongly deformed.
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IntroducingIntroducing correlationcorrelation in in nucleinuclei via via thethe UnitarityUnitarity
Model Operator (UMO)Model Operator (UMO)
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2. No Pauli Principle
3. Works with effective operator
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NuclearNuclear modelmodel basedbased on on DynamicDynamic CorrelationCorrelation
Model (DCM)Model (DCM)
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,...,, γβα are calculated from the following comutator chain:



11.03.2004 Marco Tomaselli Trento March 2004

BosonBoson DynamicDynamic CorrelationCorrelation Model (BDCM)Model (BDCM)
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Advantage: 
1. The commutator chain reduced to an eigenvalue problem by introducing

dynamic linearisation aproximation
2. Pauli Principle
3. Microscopic calculation without effective operators
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Example for Example for linearisationlinearisation approximationapproximation

In this work we are mainly concerned with calculating admixture coefficients
for the ground state wavefunction.

That means that vacuum boiling configuration of higher complexity
are poorly admixed.
Under these considerations we introduce the following aproximations:
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With the linearisation the 4 particle – 2 holes configuration
are approximated with effective 3 particle – 1 hole configurations
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Effect of Effect of linearisationlinearisation on on commutatorcommutator chainchain

Use the linearisation approximation defined in the previous transparency

Collect the resulting terms
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Dynamic eigenvalue equations for mixed mode amplitudes
2 particles => 3 particles – 1 hole
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Dynamics Dynamics eigenvalueeigenvalue equation for one dressed equation for one dressed 
boson which is solvable selfboson which is solvable self--consistentlyconsistently
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SimmetrySimmetry properties of the configuration mixing properties of the configuration mixing 
wavefunctionwavefunction (CMWF)(CMWF)

Define operators:

uk
mk=

k mk
J1 M1 J2 M2

k mk
J1 M1 J2 M2

Destroy a hole-particle pair 
and create a particle-hole pair

Destroy a hole-hole pair 
and create a particle-particle pairpk

mk=

k mkJ1 M1 J2 M2

Destroy a particle-particle pair 
and create a  hole-hole pairhk

mk=
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Group property of the defined operatorsGroup property of the defined operators

Action of the operator on totally antisymetric wavefunction

uk
mk(3)

k mk
JJ2 M2

MM

J
= 

M'

J
=  Norm

J1 M1

The same action is valid for pk
mk and hk

mk



11.03.2004 Marco Tomaselli Trento March 2004

Unitary operatorUnitary operator

J

M M'

J
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M

J
= uk

mk(3)/Norm

Commutator relation :

uk1
mk1(3) uk2

mk2(3)=geometric factor *uk3
mk3(3)

Therefore the unitary operators are generators of the SU2J+1(3)
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Cluster transformation coefficientsCluster transformation coefficients
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FactorisationFactorisation of the model of the model CMWFsCMWFs ((forfor electronselectrons
and and nucleonsnucleons) ) in terms of cluster coefficientsin terms of cluster coefficients
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Distribution in  BDCMDistribution in  BDCM
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Distribution in  BDCMDistribution in  BDCM
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Distribution in  BDCMDistribution in  BDCM
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In medium GIn medium G--matrix elements and matrix elements and 
corresponding two body potentials for corresponding two body potentials for 1818OO

--0.950.95--1.61 1.61 --2.22 2.22 FoldedFolded GG--matrixmatrix and and 
Paris potentialParis potential

--1.281.28--2.052.05--2.772.77FoldedFolded GG--matrixmatrix
and Bonn A potentialand Bonn A potential

--0.890.89--1.921.92--2.912.91GG inin mediummedium

(E=5.33  MeV)(E=5.33  MeV)

--0.910.91--1.59 1.59 --2.632.63GG inin mediummedium

(E=3.65 MeV) (E=3.65 MeV) 

--1.301.30--1.471.47--2.012.01GG inin mediummedium

(E=0. MeV) (E=0. MeV) 

--2.182.18--2.122.12--2.822.82EmpiricalEmpirical

2.592.59--4.494.49--0.680.68Bare Bare GG--matrixmatrix

<66|V|66><66|V|66><55|V|55><55|V|55><44|V|44><44|V|44>Matrix Matrix elementselements

Matrix elements for the first three positive 0+ levels.
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Spectrum of the positive and negative parity Spectrum of the positive and negative parity 
state of state of 1818OO
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NuclearNuclear resultsresults forfor Li Li isotopesisotopes
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Distribution and Distribution and protonproton scatteringscattering crosscross--sectionsection
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SpectroscopicSpectroscopic factorfactor and and groundstategroundstate
wavefunctionwavefunction of of 66LiLi
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MomentumMomentum componentscomponents of of thethe in in mediummedium
protonproton neutronneutron wavefunctionwavefunction in in 66LiLi
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SummarySummary of Charge of Charge RadiiRadii

Ref. this [8] [1] [1] [2] [3] [4] [5] [6] [7]
Exp. Exp. Exp.+Th. Exp.+Th. Theory Theory Theory Theory Theory Exp.+Th.

Li - rms R c rms R c rms R p rms Rc rms R p rms R p rms R p rms R c rms Rc

6 2.55 2.55 (4) 2.32 (3) 2.46 (2) 2.045 2.39 2.55
7 2.46 2.37 (3) 2.27 (2) 2.40 (2) 1.941 2.25 2.27 2.41
8 2.37 2.26 (2) 1.946 2.09 2.18
9 2.30 2.18 (2) 1.986 2.04 2.10 2.42

11 2.88 (2) 2.67 2.235

References: Method:
[1] I. Tanihata, Phys. Lett B 206,592 (1988) Interaction Cross Sections with Glauber model, 

HO distributions
[2] P. Navratil, PRC 57,3119 (1998) Large-basis shell-model calculations
[3] S. Pieper, Annu.Rev.Nucl.Part.Sci. 51, 53 (2001) Greens Function Monte Carlo AV18/IL2
[4] S. Pieper, PRC 66, 044310 (2002) Greens Function Monte Carlo AV18/IL2
[5] Suzuki, Progr.Theo.Phys.Suppl. 146, 413 (2002) Stochastic Variational Multicluster Method

on a correlated gaussian basis
[6] M. Tomaselli, priv. comm. (2004) Dynamic Correlation model
[7] Penionzhkevich, Nucl.Phys. A 616, 247 (1997) coupled channel calculations, double-folding

optical potential, M3Y effective interaction
[8] C.W. de Jager, At.Dat.Nucl.Dat.Tab. 14, 479 (1974) Electron Scattering
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NuclearNuclear resultsresults forfor Li Li isotopesisotopes: : momentummomentum
distributiondistribution
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NuclearNuclear resultsresults forfor Li Li isotopesisotopes::
MomentumMomentum integrandsintegrands
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NuclearNuclear resultsresults forfor Li Li isotopesisotopes
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NuclearNuclear resultsresults forfor Li Li isotopesisotopes
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MomentumMomentum distributiondistribution forfor p and d in p and d in 66LiLi

Proton Deuteron
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CalculatedCalculated singularitysingularity--freefree longitudinal to longitudinal to 
transversetransverse responseresponse ratioratio R R forfor ee'pee'p
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CalculatedCalculated singularitysingularity--freefree longitudinal to longitudinal to 
transversetransverse responseresponse ratioratio R R forfor ee'dee'd
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ConclusionsConclusions

•• ((ee‘pee‘p) and () and (ee‘dee‘d) ) givegive a good test a good test forfor thethe halohalo structurestructure of of 
exoticexotic nucleinuclei

•• MicroscopicMicroscopic structurestructure of of thethe nucleusnucleus play an play an importantimportant rolerole
•• ResultResult cancan bebe usedused as as predictionprediction forfor newnew experimentsexperiments at at 

thethe futurefuture GSIGSI
•• PresentedPresented methodmethod shouldshould bebe sistematicallysistematically appliedapplied to to 

nucleinuclei withwith pronouncedpronounced halohalo likelike 1111LiLi
•• EffectiveEffective methodmethod to to predictpredict also also thethe protonproton halohalo
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