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Overview

FMD wave functions

Nucleon Nucleon Interaction
� Short-range central and tensor correlations

� Interaction in momentum space

� Effective correction to two-body interaction

PAV, VAP and Multicon�guration

Applications
� Helium isotopes

� Fusion of Oxygen isotopes

� (Towards) Radiative capture reactions

2



Fermionic Molecular Dynamics
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ü Gaussian wave-packets in phase-space,
spin is free, isospin is �xed

width of wave-packet is a
variational parameter

superposition of two wave-packets
helps especially for halo nuclei

Dynamics
Time-dependent variational principle
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Rev. Mod. Phys. 72 (2000) 655
Nucl. Phys. A745 (2004) 3
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Perform Variation
Simple FMD
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Minimization

ü minimize Hamiltonian with respect to all single-particle
parameters qk

min
fqkg

D
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D
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ü this is a Hartree-Fock calculation in our particular single-particle
basis

ü the mean-�eld may break the symmetries of the Hamiltonian

16O

40Ca
spherical nuclei

20Ne 27Al

intrinsically deformed
nuclei
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Central and Tensor Correlations
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Central Correlations
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ü probability density shifted out of the repulsive core
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ü tensor force admixes other angular momenta
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Correlated Two-Body Densities and Energies
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ü central correlator C
� r

shifts density out of the
repulsive core

ü tensor correlator C
� 


aligns density with spin
orientation

ü both central
and tensor
correlations are
essential for
binding

Nucl. Phys. A713 (2003) 311
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O� -diagonal Matrixelements
Correlated AV18 Interaction in Momentum Space
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bare central correlations central & tensor correlations

1 S
0

3 S
1

3 S
1

¡
3
D

1

Phys. Rev. C 72, 034002 (2005)

correlated interaction is
more attractive at low

momenta

off-diagonal matrix
elements connecting low-

and high-momentum states
are strongly reduced

correlated interaction is
similar to V low k

Bogner, Kuo, Schwenk,
Phys. Rep. 386, 1 (2003)
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Phenomenological Correction to VUCOM

NN Interaction
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E� ective two-body interaction

ü FMD model space can't describe correlations induced by medium-
ranged tensor forces

ü simulate by momentum-dependend central and (isospin-
dependend) spin-orbit two-body correction term

ü �t correction term to binding energies and radii of “closed-shell”
nuclei (4He, 16O, 40Ca), (24O, 34Si, 48Ca)

ü Todo: develop a new correction term that is �xed in No-Core Shell
Model calculations

24O

48Ca16O 40Ca

�(1
) (r

)[
� 0

]

projected tetrahedral con�gurations are
about 6 MeV lower in energy than

“closed-shell” con�gurations
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Nuclear Chart
FMD
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Variation
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Nuclear Chart
FMD
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Variation
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How to improve ?
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Projection After Variation (PAV)

ü mean-�eld may break symmetries of Hamiltonian
ü restore inversion, translational and rotational sym-

metry by projection on parity, linear momentum and
angular-momentum

Variation After Projection (VAP)

ü effect of projection can be large
ü perform Variation after Parity Projection VAP�

ü perform VAP by applying constraints on
radius, dipole moment, quadrupole moment or
octupole moment and minimize the energy in the
projected energy surface

Multicon�guration Calculations

ü diagonalize Hamiltonian in a set of projected
intrinsic states� ��� Q(a)
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Helium Isotopes
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dipole and quadrupole constraints
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ü intrinsic nucleon densities of VAP states
ü radial densities from multicon�guration

calculations
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Helium Isotopes
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6He charge radius: L.-B. Wang et al, Phys. Rev. Lett. 94 (2004) 142501
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Helium Isotopes
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description of binding energies

and radii
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Helium Isotopes
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zero-point oscillations of the
soft-dipole mode essential for
description of binding energies
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6~
 no-core shell model
calculations are 1.5-2.5 MeV

higher in energy for 6He and 8He
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Beryllium Isotopes
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Carbon Isotopes
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ü intrinsic densities of V �

states
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Molecular Resonances

Hirschegg 2006

Microscopic R-matrix approach
divide Hilbert space into interaction region and asymptotic region

ü solve the many-body Schr ödinger equation in the interaction
region

ü match to boundary conditions de�ned in the asymptotic region

ü FMD states can be used like in a microscopic cluster model

ü use VUCOM as effective interaction

Brink-type many-body states
��� 	 J

M (R)
E

= P
�

J
M0

��� 	 (R)
E

��� 	 (R)
E

= A
n��� 16O; 1

2R
E��� 16O; � 1

2R
Eo

ü transform into RGM wave functions in asymptotic
region

ü apply Gamov boundary condititions (purely outgoing
Coulomb wave) to calculate resonance properties

Todo

ü deformed 32Scon�gurations in the interaction region
to describe the groundstate band

ü include other channels

GCM energy surface
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Microscopic Nucleus-Nucleus Potentials

Hirschegg 2006
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ü use GCM wave function
��� 	 J

M (R)
E

= P
�

J
M0A

n��� xO; 1
2R

E��� xO; � 1
2R

Eo

ü transform into RGM wave function to get rid of
center-of-mass

ü �t a local equivalent potential to the RGM po-
tential surface (diagonalize the RGM norm
kernel)

-10 -5 0 5 10
x [fm]

 

 

 

 

 

-10 -5 0 5 10
x [fm]

 

 

 

 

 

-10 -5 0 5 10
x [fm]

 

 

 

 

 

-10 -5 0 5 10
x [fm]

 

 

 

 

 

-10 -5 0 5 10
x [fm]

 

 

 

 

 

-10 -5 0 5 10
x [fm]

 

 

 

 

 

16O-16O

22O-22O

24O-24O

16



Fusion Cross-Sections

Hirschegg 2006
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ü solve two-body Schrödinger equation
for all l with Incoming Wave Boundary
Condition

ü calculate and sum the penetration prob-
abilities to calculate the fusion cross
section

ü S-factors

S(E) = � (E) E e2��

ü fusion cross sections for neutron rich
isotopes are of interest for pycnonu-
clear reactions in the crust of neutron
stars
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(Towards) Radiative Capture

Hirschegg 2006
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ü asymptotic states like in a cluster model with FMD states for 3He
and 3He

ü FMD states for 7Be in the interaction region

Matching to the asymptotic solution

ü for scattering and resonance states we have to implement
boundary conditions by matching to the Coulomb solution of
two point-like nuclei

ü if the widths of all Gaussians are equal the relative motion of the
two nuclei and the center of mass wave function is given analyti-
cally

ü in the FMD we use a projection on total linear momentum to
get rid of the center of mass problem and introduce a collective
variable representation to access the relative wave function

Alberto Cribeiro (GSI), PhD thesis
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Operator for Relative Distance
Collective-Coordinate Representation

Hirschegg 2006

Size Measure

ü Operator B
�

measures extension of the system

B
�

=
1

A2

AX

i< j=1

(x
�
(i) � x

�
( j))2

Asymptotic Interpretation

ü Eigenvalues relate to relative distance r

B
�

��� �
E

= �
��� �

E
) � (r) =

A1A2

A2
r2 + � 1+ � 2

ü Eigenvectors localize in r (localized states)
D
�
���B
�

2
����

E
=

D
�
���B
�

����
E2

) 	 (r(� )) :=
D

� (r)
��� 	

E

����
E��� �

E
=

localized state
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7BeLevels

Hirschegg 2006
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Binding energies
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ü implement boundary condi-
tions using the Collective-
Coordinate Representation

ü Hamilonian and Overlap ma-
trix get modi�ed

ü single Slaterdeterminant
gives poor description for
3He

ü use multicon�guration state
for 3He
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7BePhaseshifts

Hirschegg 2006
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He elastic scattering

AV18-based interaction with 0.25 dVls, 2 gaussians/nucleon, frozen+PAV
p

ü remaining task: calculate dipole
transitions from the scattering
states to the bound states to ob-
tain the cross-sections and the
S-factor
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Spectroscopic information
Outlook

Hirschegg 2006
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ü single nucleon spectroscopic amplitudes and
spectroscopic factors
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equal oscillator constants
individual oscillator constants

S = 1:00
S = 0:55ü cluster spectroscopic amplitudes and

spectroscopic factors
ü non-orthogonality of cluster con�gura-

tions properly treated
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Summary & Outlook

Hirschegg 2006

Summary

ü consistent many-body approach for conventional and
exotic nuclei

ü FMD basis is �exible enough to describe clustering, shell effects
and halos

ü same effective NN interaction based on realistic interaction used
for all nuclei and reactions

ü importance of VAP and multicon�guration calculations

ü binding energies and radii well described

ü �rst results for resonances and reactions
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Summary & Outlook

Hirschegg 2006

Summary

ü consistent many-body approach for conventional and
exotic nuclei

ü FMD basis is �exible enough to describe clustering, shell effects
and halos

ü same effective NN interaction based on realistic interaction used
for all nuclei and reactions

ü importance of VAP and multicon�guration calculations

ü binding energies and radii well described

ü �rst results for resonances and reactions

Outlook

ü systematic study of light nuclei in the p- and sd-shell

ü other observables: formfactors, momentum distributions,
spectroscopic factors, two-body densities, electromagnetic
and weak transitions

ü molecular resonances, microscopic nucleus-nucleus po-
tentials, transfer reactions, . . .

ü compare to No-Core Shell Model calculations (using the
same effective interaction)
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