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The results of this comparison are shown in fig.1. All the possible 
transitions to states with energy less than 2.5 MeV and with spin from 
2 to 5 reported in ref. > are included. The transitions are either of 
M1 or E1 type, in the first case partly mixed with E2. All transitions 
ending up in states with the same spin and parity are used to define 
an average transition rate for this group of transitions. 
The energy dependence is compensated for by means og an E ~ -factor. 
We have plotted the number of transitions as a function of reduced 
transition probability. The reduced transition probability for the 
individual transition is defined as 

I I 
x - (—r)/<—r> 

E E 

where I is the measured intensity in refs. ' , E is the energy 
correction factor and <I/E > the appropriate average reduced 
transition rate for the group of transitions that the actual 
transition belongs to. 

In fig.1 the £1 and the H1 transitions are shown separately. 
Furthermore, the transitions have been divided according to the K 
quantum number of th* final state. If the resonance states have good K 
value, transitions to K - 0 and 1 states will be forbidden, while 
transitions to K - 3 and 4 are allowed. Transitions to K 2 and fi 
states are either forbidden or allowed, depending on whether the 
decaying resonance state has K - 3 or 4. 

We assign also these transitions as allowed in the present comparison. 
It should be emphasized that only transitions to good K-states have 
been included in the comparison. If the energy staggering of the band 
which the final state belongs to exceeds !i %, we assume that the 
Coriolis force is responsible for K-mixing. Based on this criterion, 
16 out of 114 transitions were excluded in the analysis. 

It is evident from fig.1 that the K-forbidden and K-allowed 
transitions show different distributions. Although the number of 
transititons in the first group is low, these transitions are 
significantly less probable than the allowed ones. As seen in fig.2, 
both groups are consistent with the Porter-Thomas distribution 

P(x) = C x"" 2 exp (-X), 
where x is the reduced transition probability. The average values of x 
are 0.41J.0.09 and 1.15±0.09 for the two groups respectively. Hence, it 
is fair to conclude that I he K quantum number influences the 



1 Introduction 
Over the past fifteen years, quantum chromodynamics1) (QCD) has emerged as a 
viable theory of the strong interaction, and it is now widely believed that the nucleon-
nucleon (NN) interaction is determined by the underlying quark-gluon dynamics. 

In the realm of low-energy nuclear physics however, due to the non-perturbative 
character of QCD, one is still far from a quantitative understanding of the NN force 
from the QCD point of view. To circumvent these problems, QCD inspired approaches 
such as the Skyrmion 2), Bag 3 ) and non-relativistic4) models have been introduced. 

However, from the point of view of the above models which claim to approximate 
QCD, there are strong theoretical indications5) as well as phenomenological evidence6) 
that a meson-exchange picture is the appropriate concept for the AW interaction in 
low-energy nuclear physics. Thus, nowadays, meson-exchange models offer perhaps 
the most comprehensive approach to the AW interaction 7), and throughout the last 
20 — 25 years a rich variety of NN interaction models, based on meson-exchange, 
have been introduced, ranging from simple one-pion-exchange (OPE) models to more 
sophisticated ones based on field-theoretic approaches. 

Examples of such potentials which we have employed in this work to calculate 
the effective interaction appropriate for .sd-shell nuclei are the Reid-Soft-Core8), the 
Paris 9) and the Bonn 1 0 ) potentials. 

The Reid potential model is based on a superposition of Yukawa terms, tailored so 
as to fit the Deuteron and scattering data, whereas the Paris potential includes TT and 
^•-exchange as well as 27r exchange based on the dispersion theoretical approach. The 
short-range part is complemented by a purely phenomenological potential. The final 
result is then parameterized by means of static Yukawa terms. Work along the field-
theoretic line has, amongst many, been pursued by the Bonn group, and recently 1 0) 
a field-theoretic model which includes all relevant diagrams was presented. 

The latter potential model has been quite successful in quantitatively explaining 
nuclear-matter saturation 7) and in predicting the Triton binding energy 1 1). In order 
to obtain the empirical saturation properties of nuclear matter, it has been necessary 
to account for a change of the Dirac spinors for the nucleons in the nuclear medium 
as it is obtained in the Dirac-Brueckner-Hartree-Fock approach. It has been shown, 
however, that these relativistic effects are very small if one is studying the interaction 
of valence nucleons 1 2). Therefore these relativistic effects are also ignored in the 
present studies. 

It is then argued that the above findings in nuclear matter and for the Triton 
are connected to the much weaker tensor force exhibited by the Bonn potential. For 
such a potential with weaker tensor force one also obtains more attractive binding 
energies for closed shell nuclei 1 3). A measure for the strength of the tensor force is the 
predicted D-state probability of the Deuteron, Pp. Whereas the J5-state probabilities 
of the Reid and the Paris potentials are predicted to be PD — 6.5% and Pp = 5.8% 
respectively, the Bonn A potential 7) exhibits a D-state probability Pp ss 4.4%. 
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The main aim of this contribution is then to see whether potentials with a weaker 
tensor force yield more attraction for the interaction of valence nucleons in finite 
nuclei as well. To this end we have made a comparative calculation of the effective 
interaction for 180, lsF, 190 and 19F with the above three potentials. 

This work is then organized as follows; in the next section we briefly recapitulate 
some of the basic ideas behind the theory of effective interactions, whereas the results 
for the above nuclei are presented and discussed in the subsequent section. Finally, 
in section 4 we summarize our results. 

2 Effective interactions 
The many-body Schrodinger equation for a >l-nucleon system is given by 

HVi(l,...,A) = EiHti(l,...,A) (1) 

with 
H = T + V 

T being the kinetic energy operator and V the operator for the AW interaction. 
Ei and ty, are the eigenvalues and eigenfunctions for a state i in the Hilbert space. 
Introducing the auxiliary single-particle potential U, H can be rewritten as 

H = H0 + H,\ H0 = T + U; H, = V - U . (2) 

If U is chosen such that Hj becomes small, then Hi can be treated as a perturbation. 
The eigenfunctions of Ho are then the unperturbed wave functions |V>) with E0 as the 
respective eigenvalue. 

Usually, one is only interested in solving eq. (2) for certain low-lying states. It is 
then customary to divide the Hilbert space in a model space defined by the operator 
P 

P-ElfcMfcl (3) 
v=i 

with d being the size of the model space, and an excluded space defined by the 
operator Q 

CO 

Q= £ tø) tøl (4) 

such that PQ = 0. 
The assumption then is that the components of these low-lying states can be fairly 

well reproduced by configurations consisting of few particles and holes occupying 
physically selected orbits. These selected orbits then define the mode] space. 

Eq. (4) can then be rewritten as a secular equation 

PHc/!P<a, = P(H0 + V e / / )P* , - = EiPVi (5) 
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where HSJJ now is an effective Hamiltonian acting solely within the chosen model 
space. 

Several perturbative solutions to the above equation can be found 1 4), though in 
this work we have used the iterative approach to the energy-independent expansion 
for Hef j as advocated by Lee and Suzuki 1 5). Their effective interaction is given by 

Hej} = H0+ lim Rn (6) 

with 

i - Qi - E Qm II ** 
m=2 fc=n-m+l 

- 1 

Q (7) 

where we have introduced the so-called Q-hox, defined in terms of the Brueckner 
G- matrix 

G(w) = V + VQ—±—QG(u>). (8) 
U> — li0 

as 

Q(u) = G[u) + G ( w ) — ~ G ( u ) + G{u)—^—G(u) —0— G(u>) + .... (9) 
U> — tlQ U! — H0 01 — Ho 

u> is the starting energy and Qm = ^ j ^ ] u = a , . 
The Lee-Suzuki (LS) expansion corresponds to a certain resummation of the folded 

diagrams to infinite order. Infinite partial summation schemes, such as the LS method 
or the folded-diagram (FD) theory of Kuo and co-workers1 4), were introduced to 
facilitate the convergence of the perturbative expansion, since the order-by-order 
expansion (with a harmonic-oscillator basis) exhibited a non-convergent behavior at 
low orders in perturbation theory 1 6). The radius of convergence might also be enlarged 
if one uses a Brueckner-IIartree-Fock basis 1 7). 

In addition to the non-convergent behavior exhibited by the perturbative ex
pansion for Hejf at low-orders, it was shown by Schucan and Weidenmuller 1 8) that 
the order-by-order expansion will ultimately diverge if so-called intruder states are 
present. The LS expansion has however been shown to converge even if intruder 
states are present. The convergence condition for the LS procedure is satisfied by 
those states which have their energy closest to the unperturbed energy £o. Com
pared to the FD theory of Kuo and co-workers, the convergence of the LS method is 
independent of the actual structure of the wave functions of the eigenstates of con
cern. Furthermore, in actual calculations for e.g. mass-18 nuc le i 1 9 - 2 1 ) , the LS method 
results in a better converged effective interaction compared to e.g. the folded-diagram 
theory of Kuo and co-workers. The success of the LS method as compared to the FD 
method indicates that the series of diagrams where the Q-boxes are folded into each 
other in subsequent order are of such importance that it must be evaluated to any 
order, as is done in the LS method. 
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3 Results and discussion 
To derive an effective interaction appropriate for sd-shell nuclei with the Lee-Suzuki 
method, we first need to calculate the Brueckner G-matrix given by eq. (8). The 
latter has been solved for five starting energies u>, with u> = —140, —90, —50, —20, —5 
MeV. The Pauli-exclusion operator Q is in turn defined such as to prevent scattering 
into intermediate states with a nucleon in 0s or Op states or both in the Is — Od or 
lp — 0 / shell. The ladder terms with two particles in the lp — 0 / shell are taken 
into account explicitly when we evaluate the diagrams which enter the Q-box. The 
G-matrix is in turn used to define the Q-box. 

What to include in the Q-box is however still an open question, and normally 
only linked, non-folded and irreducible diagrams through 2nd-order in perturbation 
theory have been included in the Q-box 1 9 , 2 0 ) . 

Recently, we have calculated 2 1) the effective interaction for mass-18 nuclei with a 
3rd-order Q-box using the Bonn A potential defined in table A. 1 of 7 ) with both a 
harmonic-oscillator (HO) and a Brueckner-Hartree-Fock (BHF) basis. The diagrams 
included can be found in the appendix of 2 1 ) . 

In this work we then compare the above HO results obtained with the Bonn A 
potential with those obtained with the Reid and the Paris potentials. A 3rd-order Q-
box was employed with a degenerate sd-shell model-space. The diagrams included in 
the Q-box were approximated by including excitations of 2hu> in oscillator energy, with 
an oscillator parameter b = 1.7677 fm. The Q-box was evaluated at a fixed starting 
energy of —10 MeY, which corresponds to an unperturbed single-particle energy of 
—5 MeV. Wc have replaced the sum of the one-body diagrams by the experimental 
.sd-shell single-particle energies, with ej3/2 — E j i / 2 = 5.08 MeV and e,l/2 — £ j 5 / 2 = 0.87 
McV. The auxiliary potential U was adjusted to be the average of the one-body 
contributions through 3rd-order (for more details about the Lee-Suzuki calculation 
seercf. 2 1 ) ) . 

In table 1 we compare the resulting JT = 01 sd-shell matrix elements obtained 
with the above potentials with the empirically derived two-body matrix elements 
(TBME) of Wildenthal and co-workers2 2). Note that the non-diagonal matrix ele
ments given in table 1 are the averages of the non-diagonal matrix elements plus 
their lierniilian conjugates since the folded diagrams lead to a non-hermitian energy 
matrix. The resulting spectra for 1 8 0 , 1 8 F , 1 9 0 and , 9 F are shown in figures 1, 2, 3 
and 1 respectively. As can be seen from figures 1 and 2, the Bonn A potential intro
duces moro attraction in both isospin channels and for 1 8 0 a rather good agreement 
with experiment 2 3) is achieved. The srf-shel] matrix elements of the Bonn potential 
do also compare well to those reported by Wildenthal and co-workers2 2). 

The largest differences occur for those matrix elements where the d3/2 orbit is 
involved, since this orbit is nearly unbound and probably not well represented by a 
IIO wave function. Another reason behind these discrepancies, might be the use of 
different single-particle energies in this work and the compilations by Wildenthal. In 
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Table 1: The JT = 01 sd-shell matrix elements obtained with the Reid, Paris and 
Bonn A potentials with a 3rd-order Q-box. In the last column we list for comparison 
the empirically derived two-body matrix elements (TBME) of Wildenthal and co
workers 2 2). 

3a 3b 3c 3d Reid Paris Bonn A TBME 

d$ft d*tt d-S/2 ^5/2 -2.118 -2.271 -2.798 -2.820 
ds/2 ^5/2 d-3/2 ^3/2 -2.470 -2.437 -2.682 -3.186 
ds/2 <4/2 «1/2 •Sl/2 -0.888 -0.925 -1.041 -1.325 
d-3/2 d3/2 <^3/2 dzji -1.103 -1.211 -1.583 -2.185 
d-3/2 d-3/2 •Sl/2 •Sl/2 -0.702 -0.711 -0.764 -1.084 
«1/2 - , ; l /2 «1/2 «1/2 -1.699 -1.862 -2.235 -2.125 

the 'best-fit' procedure by Wildenthal £ j a , 2 — eii/2 = 5.59 MeV. 
The above differences in single-particle energies and sd-shell matrix elements bring 

in a more subtle aspect of the effective interaction. For mass-18 nuclei, using s 
meson-exchange model with a weak tensor force, we expect the two-body picture to 
by and large represent the effective interaction 1 0). For mass-19 nuclei, we then use 
the derived sd-shell matrix elements and the experimental single-particle to calculate 
the effective Hamiltonian. For these nuclei as well, more attraction is obtained for the 
Bonn potential. The ordering of the lowest-lying | and | states in 1 9 0 is correctly 
reproduced by the use of this potential. 

However, in our calculations for mass-19 we have neglected folded-diagrams which 
represent effective three-nucleon forces. Miither et al . 1 9 ) showed that the effects of 
such three-body forces are non-negligible and lead to some repulsion. The importance 
of three-body folded-diagrams then casts some doubts on attempts to identify the two-
body operator derived for the hamiltonian of a system with two valence nucleons with 
the effective shell-hamiltonian fitted empirically to the experimental data, as done by 
Wildenthal and co-workers. An empirical fit of the two-nucleon force may contain 
the effects of three-body forces in some averaged way. 
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Figure 2: The 18F spectra relative to''0 for various potentials. 
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Figure 3: The ,0O spectra relative to l70 for various potentials. The states are 
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Nevertheless, in this work we are more interested in the overall increased attraction 
introduced by the Bonn potential as compared to the Paris or the Reid potentials. 
Our qualitative results for finite nuclei seem to agree with those reported for nuclear 
matter and for the Triton. 

The increased attraction introduced by a potential with a weak tensor force can 
then be understood from the following qualitative consideration 7): all nuclear poten
tials are essentially fitted to the same NN data, which are related to the on-shell 
T-matrix given by the Lippman-Schwinger equation. The bulk of the T-matrix is 
approximately given by 

T{wt) « Vc + VT ^ r - ^ V r (10) 

with wj denoting the free energy of the two nucleons. Vc is the centra! part of the 
AW interaction while VT = VTSM is the tensor force. Thus, if the tensor force is 
weak(strong) a stronger(weaker) central force is needed to arrive at the same on-shell 
T matrix. 

In finite nuclei, the T-matrix is replaced by the Brueckner G-matrix, and the bulk 
of the latter is given analogously to eq. (10) as 

G(u) « Vc + VT

 Q „ VT. (11) 
o> — Ho 

Due to the Pauli exclusion operator Q and the larger energy denominator in finite 
nuclei the second term on the right hand side of the above equation tends to be 
smaller. Thus, if the tensor force is strong(weak), the larger(smaller) the absolute 
reduction of the G-matrix. This mechanism may then explain why a potential with 
a weaker tensor force results in a more attractive G-matrix. 

To gain a more quantitative iasight on the strength of the tensor force, Osnes and 
Strottman 2" 1) used a spin-tensor decomposition technique introduced by Kirson 2 5) to 
calculate the strength of the central, spin-orbit and tensor parts of the bare G-matrix 
and various renormalized interactions for different potentials. Amongst the potentials 
they used were the Paris potential and an earlier version of the Bonn potential 2 6). 

Since the interaction V is a rotational scalar, it can be decomposed in 

V = £ Vk = J2 UwCm (12) 
H=0 lfc=0 

where U^ and C^ are tensors of rank k in spin and coordinate space respectively. 
The A-th component of the effective interaction, say the bare G-matrix element 
(abJT\ Gk \cdJT), is then given by the corresponding (a'b'JT\ G \c'd'JT) matrix ele
ments through the relation 

{abJT\ Gk \cdJT) =(-)- /(2A- + I) £ < ab\LSJ >< cd\L'S'J > 
LL'SS' 

f L S J \ 
\ S' V k J 
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x£(-)J'(2./' + l ) { £ f i 1' [ E <«'V|ISJ'> 
x < dd!\L'S'J' > [a'b'J'T] G \c'd'J'T) (13) 

f L 1/2 j„ •) 
with < ab\LSJ > = X I k 1/2 j b \ and a = (nJJn). 

{ L S J \ 
The above outlined decomposition gives however only a negligible difference be

tween the various tensor components of the Paris and the Bonn (version MDFPA2) 
potentials 2 6). It seems that most of the strength of the tensor force derived from 
the above equation is brought by the angular momentum coupling coefficients in 
(13). Therefore one can conclude that it is not the tensor component in the G-matrix 
which gives rise to the differences obtained for different realistic NN interactions. The 
relevant quantity is the different strength of the tensor component in the bare NN 
potential Vy. The iteration of Vj- leads to attractive central components in T and G 
(>ee eqs.(10) and (11)), which are quenched in the nuclear medium. 

4 Conclusions 
In summary, we have derived the effective interaction for .sd-shell nuclei for 3 different 
NN potentials, using a 3rd-order Q-box and the Lee-Suzuki method 1 5 ) to sum up 
the folded diagrams. The Bonn A potential introduces more attraction for all nuclei 
evaluated compared to the results obtained with the Reid and the Paris potentials. 
The increased attraction reported for finite nuclei agrees also with earlier findings in 
nuclear matter 7) and for the Triton 1 1 ). It is then argued that the increased attrac
tion can be ascribed to the weaker tensor force exhibited by the Bonn A potential, 
though, a spin-tensor decomposition technique of the G-mat r ix 2 4 - 2 5 ) does not result 
in significant differences in tensor-force strengths for potentials with differing D-state 
probability. 

A realistic potential with a weak tensor force has several interesting consequences. 
Amongst these is the possibility to approximate higher-order diagrams, which enter 
the pcrturbative expansion of the effective interaction, to excitations of 2ftw only in 
oscillator energy 2 7). Our results so far, ref. i 7 ' 2 0 - 2 1 ) , may indicate that modern meson-
exchange potentials allow for a more consistent description of nuclear structure than 
more traditional nuclear-force models. 
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