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Abstract. Light nuclei are studied in the Fermionic Molecular Dynasiimodel. No a priori
assumptions are made with respect to cluster structuraglesparticle energies. The same effective
interaction based on the Argonne V18 interaction is usedafionuclei. Short-range central and
tensor correlations are treated explicitly using a unitamyelation operator. Calculations of binding
energies and radii for Helium and Carbon isotopes are ptedenhe evolution of cluster structures
and halos with increasing neutron number is discussed. Pletrsim of2C is calculated in a
multiconfiguration calculation. The molecular structufettte excited states is investigated. The
astrophysical S-factors are calculated for the fusion fiédint Oxygen isotopes.
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FERMIONIC MOLECULAR DYNAMICS

The A-body basis states in Fermionic Molecular Dynamics (FM0O)dde parity and
angular momentum projected Slater determin¢m$
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The single-particle wave functions are described by Ganssiave packets which are
localized in phase-space
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FMD treats the sef) consisting of the complex parametess:(width), b; (position in
coordinate and momentum spacg),(spin direction) and; as variational parameters
that can be different for each wave packet. A superpositibn@Gaussian wave packets

is used for each single-particle stétqw in order to improve the representation of the
surface ¢ stands for proton or neutron. The AMD approach [2] is a moéey similar

to FMD but the width parameteris common to all wave packets and the spins are either
"up" or "down".



As a first step FMD many-particle states are determined bymizmg the intrinsic
energy of parity projected Slater determinants
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with respect to the parameters of all single-particle statdgter the minimization the
many-particle state is projected on angular momentum. Shelation energy obtained
by the projection can be very large for the often deformed @ustered nuclei in the
p-shell. We therefore improve this projection after vaoatprocedure (PAY) by im-
plementing a variation after projection (VAP) procedurehe spirit of the generator
coordinate method (GCM). We minimize the energy of the $ldeterminants under
additional constraints on collective variables such adiusy dipole, quadrupole or oc-
tupole moment. The VAP minimum can then be found by miningzihe projected
energies with respect to the constraints. A further impnoset is achieved by diago-
nalising the Hamiltonian in a set of many-body states. This allows for the study of
excited states.

(4)

EFFECTIVE INTERACTION

For our calculations we use an effective interaction thdeisved from the realistic Ar-
gonne V18 interaction by means of the Unitary Correlatiore@por Method (UCOM)
[3, 4, 5, 6]. The correlated interaction includes the shange central and tensor cor-
relations induced by the repulsive core and the tensor fdrce correlated interaction
no longer connects to high momenta and can be used diredtiytihe¢ simple many-
body states of a Hartree-Fock or FMD approach. A two-bodyemtion term is added
which consists of a central momentum dependent part thatjisted to fix the satu-
ration properties by fitting to the binding energies andirafi*He, 160, 4°Ca and an
isospin dependent spin-orbit term that is fitted to the igdinergies of*0, 34Si and
48Ca. It is supposed to correct for missing contributions fitmee-body correlations
and genuine three-body forces as well as other long rangelatons not represented
well by the simplified many-body Hilbert space. The cormectterm used in this pa-
per differs slightly from the one in [5] a0 and*°Ca are considered as tetrahedral
a-cluster states. These are about 5 MeV lower in energy afigular momentum pro-
jection than the spherical trial states. In total the cdroecterm contributes about 15%
of the potential energy.

HELIUM ISOTOPES

Fig. 1 shows the intrinsic states obtained by minimizing émergy of the Helium
isotopes with parity projected states. In all nuclei a d@pdéeformation caused by a
displacement of the neutrons against theore is found. IPHe the configuration with
two neutrons on the same side of the core is preferred to eaoatigns with the two
neutrons located on opposite sides of the coréHe one approaches thm» neutron
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FIGURE 1. Intrinsic shapes of Helium isotopes corresponding to thriéatian after parity projection
minima. We show cuts through the nucleon density calculat#d the intrinsic state before parity
projection. Densities are given in units of nuclear matesity pg = 0.17fm3.

shell closure with an almost spherical neutron distributla Fig. 3 the binding energies
and matter radii obtained after angular momentum projactRAV™) are compared
to the experimental binding energies and radii. To imprdwe many-body states we
create additional configurations using the dipole momeatganerator coordinate. The
multiconfiguration calculations reproduce the experiraehinding energies and radii
very well. This illustrates the importance of the soft-dggmode, which is realized in
the form of ground state correlations, for the understajpadihthe borromean nature
of ®He and®He. Besides the neutron halo, in Fig. 2 we can see the brodgenéon
distribution that is caused by the motion of ttiecore against the center of mass of the
nucleus. FoPHe we calculate a charge radius 002 fm that has to be compared to the
recently measured value 0f05440.014 fm [8].
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FIGURE 2. Radial density distributions for the Helium isotopes usamgular momentum projected
multiconfiguration states. The center of mass motion has beaoved.

CARBON ISOTOPES

In the Carbon isotopes we observe many different structasesan be seen in Fig. 4.
We see a prolaté’C and find oblate triangular structurestC, 12C and*C. In 14C

we find that the fully occupied neutrgrshell induces a spherical configuration ¢

the additional neutron occupies mainly s 4 state whereas the subsequent isotopes

from 16C to 18C show prolate deformations caused by filling up neutronést-

shell. We also observe that the deformation is dominatechbyneutrons. In Fig. 5
the proton and neutron densities of the intrinsic staté’6fare shown. If we project
out from this intrinsic state the'0and 2" states and calculate tfBE2) value for the
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FIGURE 3. Binding energies and matter and charge radii for the Helisotopes. Charge radii are
indicated bych. Results are given for the PAVand the multiconfiguration calculations. Experimental
matter radii are taken from [7]. The experimental chargéusadf®He is given in [8].

0+ — 2% transition we obtain a value of ®e*fm*, which should be compared to the
surprisingly small experimental value of1%+ 0.95e*fm* [9]. No effective charges
are used for protons and neutrons, hence the electricalrgpalé moment reflects
directly the intrinsic shape of the proton distribution.dar picture the much smaller
than expecte®(E2) value is caused by an almost spherical proton distributibichvis
decoupled from the deformed neutron distribution (see %)ig.

In Fig. 6 we compare calculated values with experimentasdaebinding energies
and radii. We find very good agreement between the multicordtgon calculations and
the experimental binding energies. The binding energi¢aitoégd for the single Slater
determinants of the PA¥approach are able to reproduce the evolution of the binding
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FIGURE 4. Intrinsic densities of Carbon isotopes correspondingéovtriation after parity projection
minima.



FIGURE 5. Proton (left) and neutron (right) densities of € intrinsic state for the PA¥ minimum.
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FIGURE 6. Energies and matter and charge radii of Carbon Isotopesufastd charge radii (indicated

by ch) are only shown if experimental values are known. Multicgufation calculations have only been
done forl°C, 12C and“C.

energies up to the heavy isotopes. B€ to 1C experimental charge radii are known
and reproduced well by our calculations. For the mattei veelifind significantly larger
values for the lighter isotopes up 6C. There is some uncertainty in the experimen-
tal determination of the matter radii beyond the given ebans and as we find a good
agreement for our calculated charge radii in this regionetimeight be a problem with
these experimental results. In caséX# our matter radius is much larger. This is prob-
ably explained by the very weak binding of thg; » neutron. Our calculated neutron

separation energy dPC is too small, thes-orbit is therefore much more extended. For
the heavier isotopes the calculated matter radii agreewsgllexperimental values.



TABLE 1. Energies, radii an®(E2) transition strength cal-
culated with various FMD states.

E[MeV] reharge[fm] B(E2) [€fm?]

V/IPAV -81.4 2.36 -
VAP a-cluster -79.1 2.70 76.9
PAVT -88.5 251 36.3
VAP -89.2 2.42 26.8
Multiconfig (4) -92.2 2.52 42.8
Multiconfig (14) -92.4 2.52 42.9
Experiment -92.2 2.47 39F 3.3
12C SPECTRUM

The structure of2C is characterized by an interplay between shell-model dunster
structure. If we perform an unconstrained minimizationtef energy we end up with
a spherical“C that is identical to th¢0s; ,)*(0ps/»)® shell model configuration. The
energy for this configuration is about 10 MeV too high compae experiment and
the radius is too small (see Tab. 1). If we try a Brink typeluster wave function we
find a configuration that has a similar energy but a radius ntrgfer than experiment.
Whereas in the shell model configuration the spin-orbitractBon contributes strongly
to the binding energy, the-cluster configuration has no contribution from the spin-
orbit force. Thea-cluster configuration on the other hand has a very big catroel
energy due to the angular momentum projection. If we mingnaitter parity projection
(PAV™) or search for the variation after projection minimum (VAs$ing the radius and
the octupole moment as constraints), we find solutions tfesignificantly lower in
energy. In these configurations the spin-orbit and coicelagdnergy contributions are
somewhere in between the pure shell model arduster configurations.

The angular momentum projection of the PAsolution already provides a reasonable
description of the ground state rotational band4g@. We can improve this description
by performing a multiconfiguration calculation with fourtiimsic states. Starting with
the VAP configuration we consecutively add configuratiorat ilmprove the ground
state energy. In the Multifonfig(4) calculation the groutate rotational band including
the B(E2) transition strength for the'0— 2* transition is well reproduced. In addition
we find a second Ostate, the famous Hoyle state. A description of this state Bsse

PAVT VAP a

FIGURE 7. Intrinsic shapes of2C corresponding to the variation (V), the variation afterifyeprojec-
tion (PAV™), the variation after angular momentum projection (VAP &me variation after projection for

a Brink a-cluster trial state (VARx). The four right most configurations are used for the Muhitg(4)
calculation.
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FIGURE 8. Spectrum oft2C calculated using the single intrinsic state obtained ehriation after
parity projection calculation (PA¥) and in multiconfiguration calculations using 4 and 14 Sld&termi-
nants. The experimental spectrum is shown for comparison.

condensate aft-particles has been proposed [11]. We improve our many-badis by
creating 10 additionak-cluster configurations using quadrupole and octupole nmbsne
as constraints. The resulting Multiconfig(14) result ispthyed in Fig. 8 indicating a
significant improvement in the;0energy. We obtain a monopole matrix element for the
0] — 05 transition of 567 fm?, which should be compared with the experimental value

of (5.5+0.2) fm?.

ASTROPHYSICAL SFACTOR

By locating the FMD ground states of two nuclei on a grid afeddnt distances and
antisymmetrizing the product state, one can span a many-Hddert space that de-
scribes the relative motion of the nuclei. From the Hamikonmatrix represented in
this space one can determine the nucleus-nucleus potdefrtoath that the probability
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FIGURE 9. L.h.s.: mass densities (point nucleons) for different Gatygsotopes. R.h.s.: nucleus-
nucleus potentials calculated in the frozen state appratxam.



for fusion can be calculated at energies much below the @aulioarrier, as occurs in
astrophysical scenarios. The fusion of neutron rich umstiabtopes is expected to take
place in pycno-nuclear reactions when the density is latger 10 1%g/cnm? and nuclei
are densely frozen in lattice positions, such that the Gublbarrier is reduced by the
small distances and the electron cloud between neighlpurclei [12]. In a micro-
scopic model like FMD there are no adjustable parameteraloulating the potential,
in particular, the isospin dependence comes from the isagpendence of the nucleon-
nucleon interaction and the neutron to proton ratios in tiréase of the nuclei. As an
example, in Fig. 9 we display the ground state densitie€@f 20, and?*O together
with the calculated nucleus-nucleus potentiafft®+%0, 220+%20 and®*0+2*0. From
Fig. 10 one sees a dramatic increase in fusion probabilityhi® neutron rich isotopes,
both below and above the barrier (hinted at by the respekinkein the S-factor).
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FIGURE 10. S-factor as function of relative energy ff0+60, 220+220 and?*0+2*0. In the case of
160+160 available data have been added.
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