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ADb Initio calculations

new developements

» A typical theory of this kind is the No Core Shell
Model (NCSM). The input of all ab initio
calculations Is the bare interaction between free
nucleons. After 60 years of intensive work, there
are several prescriptions which reproduce rather
well, results of scattering experiments but none
has a solid theoretical foundation.

* No core Is assumed and harmonic oscillator
wave functions are used as a complete scheme.

 Some results of NCSM will be presented and
discussed In the following, showing the present
status and some problems.



Merits of ab initio Calculations

« ADb Initio calculations of nuclear states and
energies are of great importance. If the input, the
bare Interaction, Is sufficiently correct and the
approximations made are satisfactory, accurate
energies of nuclear states, also of nuclel
Inaccessible experimentally, will be obtained.

 More important would be the knowledge of the
real nuclear wave functions. This will enable the
calculation of various moments and transitions,
electromagnetic and weak ones, including
double beta decay.

 There are still many difficulties to overcome.



The need of an effective interaction
INn the shell model

* In the Mayer-Jensen shell model,

wave functions of magic nuclei are well
determined. So are states with one
valence nucleon or hole Iin such nuclel.

o States with several valence nucleons are
degenerate In the single nucleon
Hamiltonian. Mutual interactions remove
degeneracies and determine wave
functions and energies of states.



Theoretical derivation of the
effective Iinteraction

Until recently, most of the effort in the nuclear many-body theory
was directed to a more modest goal.

Starting from the shell model with given closed shells and given
energies of single nucleon orbits (valence nucleons), the aim is to
calculate from the bare interaction the effective interaction between
valence nucleons. Also other operators like electromagnetic
moments should be renormalized (the neutron effective charge!)

As recognized in the early days, the bare interaction is too singular
to be used with shell model wave functions. It should be
renormalized in some way to obtain the effective interaction.

More than 50 years ago Brueckner introduced the G-matrix

and this was followed by many authors who refined the theory for
application to finite nuclei.

Only recently this effort seems to yield reliable results like those
obtained by Aldo Covello et al.



The simple shell model

the original approach

In the absence of reliable theoretical
calculations, matrix elements of the effective
Interaction were determined from experimental
data in a consistent way.

Restriction to two-body interactions leads to
matrix elements between n-nucleon states which
are linear combinations of two-nucleon matrix
elements.

Nuclear energies may be calculated by using a
smaller set of two-nucleon matrix elements
determined consistently from experimental data.

Some examples will be shown below.



The first successful calculation —
low lying levels of 4°K and 38Cl

In the simplest shell model configurations of these
nuclei, the 12 neutrons outside the °O core, completely
fill the 1d;,,, 2s,/,, 1d,,, orbits while the proton 1d., and
2S,,, orbits are also closed. The valence nucleons are

in 38Cl: one 1d,,, proton and a 1f,, neutron
in 49K: (1d5,)°J,=3/2 proton configuration and
a 1f,,, neutron.

In each there are states with J=2, 3,4, 5

Using levels of 38Cl, the “°K levels may be calculated and
vice versa.



Comparison with 1954 data

only the spin 2-agreed with our prediction
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We were disappointed but not
surprized. Why?

 The assumption that the states belong to rather
pure |]-coupling configurations may have been
far fetched. Also the restriction to two-body
Interactions could not be justified a priori.

* There was no evidence that values of matrix
elements do not appreciably change when going
from one nucleus to the next.

« Naturally, we did not publish our results
but then...



Comparison of our
predictions with
experiment in 1955
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Conclusions from the relation
between the 38Cl| and 4°K levels

The restriction to two-body effective interaction
IS In good agreement with some experimental data.

Matrix elements (or differences) do not change appreciably when
going from one nucleus to its neighbors (Nature has been kind to

us).

Some shell model configurations in nuclei are very simple. It may be
stated that Z=16 is a proton magic number (as long as the neutron
number is N=20).

This was the first successful calculation in a series which culminated
In more detailed ones with millions of shell model states included in
the calculations (with only two-body forces) .




General features of the effective
interaction extracted from
simple cases

The T=1 interaction Is strong and attractive
In J=0 states.

The T=1 interactions In other states are weak
and their average Is repulsive.

It leads to a seniority type spectrum.

The average T=0 interaction, between protons
and neutrons, Is strong and attractive.

It breaks seniority in a major way.




Conseguences of these features

« The potential well of the shell model is created
by the attractive proton-neutron interaction
which determines its depth and its shape.

 Hence, energies of proton orbits are determined
by the occupation numbers of neutrons and vice versa.

* These conclusions were published in 1960 addressing
11Be, and in more detail in a review article in 1962.

The next example shows how such considerations may
be applied.



Proton-neutron interactions-
level order and spacings

From a 1959 experiment it was “concluded
that the assignment J= %2 for 11Be, as
expected from the shell model is possible
but cannot be established firmly on the
basis of present evidence.”

We did not think so.

In 13C the first excited state, 3 MeV above
the %2 g.s. has spin %" attributed to a 2s,,,
valence neutron. The g.s.of 'Be is
obtained from 3C by removing

two 1p,,, protons.

Their interaction with a 1p,,, neutron is
expected to be stronger than their

interaction with a 2s,,, neutron, hence, the
latter’s orbit may become lower in 11Be.
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How should this information be
used?

« Removing two J-protons coupled to J=0 reduces
the interaction with a j’-neutron by TWICE the
average |)’ interaction (the monopole part).

 The average Interaction is determined by the
position of the center-of-mass of the

)] levels,

V(ij)=SUM,(23+1)<jj 3 |V[jj I>/SUM,(23+1)



Shell model prediction of the
1Be ground state and excited level
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Comments on the 11Be
shell model calculation

Last figure is not an “extrapolation”. It is a graphic solution of an
exact shell model calculation in a rather limited space.

The ground state is an “intruder” from a higher major shell. It can
be said that here the neutron number 8 is no longer a magic number.

The calculated separation energy agreed fairly with a subsequent
measurement. It is rather small and yet, we used matrix elements
which were determined from stable nuclei.

We failed to see that the s neutron wave function should be
appreciably extended and *'Be should be a “halo nucleus”.

It is amusing to see that similar arguments are presented as new
ones in 2001, 40 years later.
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NCSM calculations and experiment
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Simple shell model calculations In
the p-shell

» Configurations of 1p5, and 1p,,, nucleons
were considered by Cohen and Kurath.
They determined matrix elements of a
two-body interaction from energies of
some states and calculated the others.

 |n 4C the neutron p-orbit is closed and
states are due to p-protons only.



Experimental and p-shell levels In
14C
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14C |level schemes
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Excitations of simple shell model
states in the p-shell are reasonably
well reproduced by NCSM

o States not considered by Cohen and
Kurath are missed by NCSM.

 In the simple shell model they are
“Intruder” states in which two p,, neutrons
are raised into s,,, and d,, orbits.

e Odd parity intruder states are due to
excitations of one p,,, hucleon into

Sy, dgj, OrbIts.



Slngle neutron levels in 3C
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States of two neutrons in
Sy1/2, dsjp INtruder orbits
J=0, 2 states, (s,,)? and (ds,)?
J=2, 2 states, s,,d-, and (ds,)?
J=3, 1 state, s;,d:)

To calculate their energies, diagonal as
well as non-diagonal matrix elements are
needed, between them and also with
J=0,2 states of the p-shell.



Analog (quantum) computer for
Intruder states

The 0+ position in *4C, calculated from °C,'¢C is 6.38 Mev, rather close to the
measured value of 6.59 MeV
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14C |levels and T=1 levels in “N



smaller Coulomb energy
differences and larger shifts
than those with d nucleons or
p-shell states



NCSM calculations and experiment



Why does NCSM miss
Intruder states?

* |n schematic models, order and spacings of
orbits are determined by some potential well.
Hence, intruder states lie high and it is difficult to
lower them sufficiently and definitely not make
them ground states.

* |In NCSM, harmonic oscillator wave functions are
used only as a convenient set for calculations.
The values of hw used for the p-shell, 14 MeV,
should not be equal to energy spacings between
major shells.



Why does NCSM miss
Intruder states?

* The kinetic energy of states in different oscillator major
shells is different. The difference between neighbor
shells is HALF of hw, 7 MeV between the p-shell and the
s,d shell. This is why intruder states lie rather high in
NCSM. As we saw, In the simple shell model, single
nucleon level spacings are taken from experiment.

 Still, oscillator functions are a complete set and any
state, like intruders, may be expanded in them. NCSM
wave functions, however, are limited by computational
complexities. The A=14 calculations make use of only 6
oscillator shells.

* Itis indeed a challenge for NCSM to overcome this
difficulty. This concerns not only the A=14 levels but also
positive parity levels in 13C and the 'Be ground state.



Conclusions

« ADb Initio calculations of nuclear states and
energies are of great importance. If the input, the
bare Interaction, Is sufficiently correct and the
approximations made are satisfactory, accurate
energies of nuclear states, also of nuclel
Inaccessible experimentally, will be obtained.

e More important would be the knowledge of the
real nuclear wave functions. This will enable the
calculation of various moments and transitions,
electromagnetic and weak ones, including
double beta decay.

 There are still many difficulties to overcome.



