
BNL-46280

BNL—46280

DE91 015187

THE EMPIRICAL RESIDUAL PROTON-NEUTRON
INTERACTION AND THE ONSET OF COLLECTIVITY IN NUCLEI

Richard F. Casten

Invited Chapter to the Conference on
FUTURE DIRECTIONS IN NUCLEAR PHYSICS

Strasbourg, France
March 4-16,1991

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Gover- icni. Neither the United States Government nor any agency thereof, nor any of their
empljy .a, ->akes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

MASTER
DISTRIBUTION OF THIS OOCWflHJT IS UNLIMITED



THE EMPIRICAL RESIDUAL PROTON-NEUTRON INTERACTION
AND THE ONSET OF COLLECTIVITY IN NUCLEI

Richard F. Casten
Brookhaven National Laboratory, Upton, New York, 11973, USA

ABSTRACT

The critical role of the residual valence p-n interaction in the
development and evolution of collectivity, and the onset of shape/phase
transitions, is discussed from the standpoint of phenomenological approaches,
the empirical extraction of individual p-n interaction strengths, and simple
model calculations of them.

INTRODUCTION

It is a well known, yet often ignored, facet of nuclear structure that the
residual proton-neutron (p-n) interaction is of prime importance in the onset
and development of collectivity, phase transitions, and deformation in nuclei1"5.
Though this statement is almost a cliche, and Talmi has stressed6 this point for
years, it is really only in the last few years that the role of the p-n interaction has
become more fully appreciated and the detailed mechanisms of its action better
understood. It is the purpose of this review to outline the role and behavior of
the p-n interaction, starting with a few simple and well-known examples of its
importance in the evolution of structure, followed by an empirical,
phenomenological scheme for incorporating its effects, leading finally to
empirical extractions of actual p-n interactions, and an attempt at understanding
them in terms of simple model calculations.

Figures 1 to 4 illustrate the effects of the p-n interaction in three different,
but related, ways. Figure 1 simply gives single proton separation energies plotted
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Fig. 1. Single nucleon
separation energies,
S(p), as a function of
neutron number N.
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decreases. From ref. 7.

'12

1400 I 1

1200

O.
82 80 78 76 74 72 70

NEUTRON NUMBER

,Sn.

54'

68

Fig. 3. E(2i) as a
function of
neutron number
for the singly
magic Sn isotopes
and for nearby
elements with a
few valence
protons.



against neutron number. Usually, S(p) is plotted against proton number. The
present plot, however, highlights a critical point which is seldom recalled despite
its far reaching consequences, namely, that S(p) increases as neutron number
increases but decreases as proton number increases. This implies that the
valence residual p-n interaction must be attractive since the last proton becomes
more bound when additional neutrons are added. Perhaps more surprising, fig.
1 implies that the like-nucleon interaction is repulsive since the addition of
protons reduces their binding. This is not simply a Coulomb effect as similar
behavior characterizes S(n): we shall see this point more quantitatively later.

The repulsive character of the like-nudeon interaction may seem at odds
with the well-known attractive nature of the like-nucleon pairing interaction.
However, it must be remembered that these separation energies, in even-even
nuclei, automatically involve Racah-weigh ted averages over nucleon-nucleon
interactions in different two-nucleon angular momentum coupling states.
While the zero-coupled pairing interaction is certainly attractive, fig. 1 implies
that the total, or spin averaged, like-nucleon interaction is actually repulsive.

This can be seen in another way. The like-nucleon interaction has isospin
character T=l, while the p-n interaction has both T=l and T=0 components. By
charge independence, the T=l component of the p-n interaction must be equal to
the T=l like-nucleon interaction. The properties of equivalent orbit p-n spectra
near closed shells provide a way to extract these interactions and to isolate the
T=l and T=0 components, at least for simple configurations. This is illustrated7

in fig. 2 where it is seen that the T=0 interaction is strongly negative and that the
T=l interaction goes positive for angles between the orbit planes of the two
particles corresponding to J * 0. Indeed, the only strongly negative T=l points
correspond to J=0 couplings. Though this is only an illustration, since it
involves particularly simple configurations in special nuclei, it reiterates the
conclusion from the separation energy plot that, contrary to naive perception,
the like-nucleon interaction has important repulsive components and, indeed,
that the non-pairing part is repulsive on average.

This discussion alone should allow us to anticipate a well-known fact
which will be emphasized at length below: since collectivity is a manifestation of
attractive correlations among nucleons, the p-n interaction must play a
significant role in its development. One of the most obvious and well-known
empirical reflections of this is shown in fig. 3 which gives the first 2+ state
excitation energies in the Sn region. There are two remarkable features in this
plot: the nearly constant energies for Sn, which is proton magic-and the sharply
decreasing energies for nuclei with valence neutrons and protons. Since lower
E ^ ) values are a signature of growing collectivity, it is evident that the key
ingredient in the onset of collectivity here is not simply an abundance of valence
nucleons 02OSn has many of these) but, rather, the presence of both valence
protons and neutrons.
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Before we turn to a more extensive discussion of this aspect of nuclear
structure, it is important to highlight another critical feature of the valence
residual p-n interaction, namely its effect on the basic underlying single particle
energies of the mean field shell model. This is shown in fig. 4 where neutron
single particle energies8 are shown for 91Zr and 131Sn. This figure vividly shows
that the single particle energies of the shell model are not immutable as a
function of N and Z but are themselves the result of the cumulative interactions
among the constituent nudeons. The most obvious feature in the figure is the
rapid descent in energy of the lg7/2 orbit between Zr and Sn. This has a simple
explanation. Between Z=40 and 50 the protons are filling the lg9/2 orbit. The p-n
interaction is orbit dependent and more strongly attractive the greater the
overlap of the respective orbits. Therefore, in this shell model region, the lg9/2
proton orbit interacts most strongly with the lg7/2 neutron orbit, lowering its
energy relative to the others. It is worth noting in passing that, if one expands
the p-n interaction in multipoles, monopole and quadrupole terms often
dominate and it is the monopole term which contributes to changes in single
particle energies while the quadrupole term makes important contributions to
collectivity.

THE NpNn SCHEME

If the p-n interaction is truly critical for the development of collectivity, it
should be possible to parameterize nuclear collective observables in terms of
some quantity reflecting the strengths of the p-n interaction. Figure 3 already
gave us a clue as to how this can be done. Consider the three nuclei: 53 Sn



"I *")/1 1 "5ft

52 Te72, 54 Xe74. Counting valence nucleons as particles above a closed shell and
holes below, each of these nuclei has 12 valence nucleons: Sn has 12 protons, Te
has 10 protons and 2 neutrons, and Xe has 8 neutrons and 4 protons. From their
very different E(2j) values, it is clearly not the total number of vilence nudeons,
but their distribution between protons and neutrons that is important. Basically,
the more equal the distribution, the higher the collectivity (lower E(2j)). This is
the basic idea behind the so-called NpNn scheme,9 which envisages nuclear
collectivity as depending on the product of the number of valence protons times
the number of valence neutrons, with proper account being taken of important
nuclear subshell closures. This product, of course, maximizes, for a given total
valence nucleon number, when the number of valence protons and neutrons is
most nearly equal.

To illustrate how the NpNn scheme simplifies the systematics of nuclear
collectivity, we show a couple of examples in fig. 5. These data, plotted in a
normal way, as on the left, are extraordinarily complicated while the NpNn plots
are extremely simple. Such simplifications are characteristic of many observables
in many mass regions in both even-even and odd mass nuclei. Since the NpNn
scheme has been extensively studied and discussed in recent years, there is no
need to proliferate such plots further here. Suffice it to say that this
phenomenological scheme, founded microscopically in the valence residual p-n
interaction, provides a significant simplification of nuclear systematics, correlates
data for diverse observables and diverse mass regions, and offers a unified
perspective on the evolution of collectivity in medium and heavy nuclei.
Perhaps it is more useful here to describe a couple of the numerous applications
that the NpNn scheme has had in recent years. These applications range from
the simple parameterization of nuclear systematics, as we have seen, to studies of
subshell effects and effective valence nucleon numbers, to the simplification and
parameterization of collective model calculations, to the concept of N p N n
multiplets which allow the comparison of level schemes of disparate pairs of
nuclei, to the study of intruder states and shape coexistence, to the saturation of
collectivity in deformed nuclei, and even to such processes as heavy ion fusion
reaction cross sections. Here, we will focus on two examples, namely the use of
the NpNn scheme to predict the properties of unknown nuclei far from stability,
and the collectivity of isovector Ml "scissors" excitations.

One of the most fascinating features of the NpNn scheme is the following.
Whereas predictions for unknown nuclei far from stability invariably entail an
extrapolation, in normal plots against N, Z, or A, it is frequently the case that
NpNn values for such nuclei are actually smaller than those for some known
nuclei in the same region. Hence, the prediction of the properties of such
unknown nuclei with the NpNn scheme proceeds simply by reading off an
already known curve for that region. That is, in the NpNn scheme, such
predictions involve the much more reliable process of interpolation. This point
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Fig. 5. Normal and NpNn plots. From ref. 9.

is illustrated in fig. 6, which shows E(2^) for the light rare-earth nuclei, and
illustrates the application of this idea to 54142Xes8/ a neutron rich nuclei which
has recently been studied in fission product spectroscopy10. To predict the 1X

energy of 142Xe in a normal plot (fig. 6, left) is, at best, difficult. One way is to
extrapolate the N=88 systematics, thereby pointing to a rather low value for the
2} energy, as indicated by the question mark symbol in the figure. However, it is
also recognized that, as Z decreases towards 50 in this region, the approach of a
magic region should entail, at some point, a significant increase in E ^ ) . Where
this occurs is, of course, a priori unknown and, therefore, one can only guess that
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Fig. 6. Normal and NpNn predictions for E ^ ) in the A = 150 region. A crude
extrapolated guess for E ^ ) in 142Xe is indicated by the question mark on the left.
On the right, the N p N n prediction is obtained simply by reading off the curve at
NpNn = 24. The experimental value for 142Xe is indicated on both sides. From
Ref. 10.

is somewhere in the region of 150-350 keV. In contrast, the prediction in
the NpN n scheme is unambiguously obtained from the existing curve for an
NpNn value of 24. The data for 142Xe shown in the figure clearly illustrates the
usefulness of the NpNn scheme as well as the risks and uncertainties in normal
extrapolative processes.

While changes in nuclear structure correlate extremely well with changes
in N p N n , the absolute value of N p N n is much less useful. Collectivity sets in, in
different regions, at different values of N p N n . Therefore, a normalized value of

Fig. 7. Plot of E(4j) /Edj) against NpNn and the P-factor for six mass regions of
heavy nuclei. From ref. 11.



NpNn would be perhaps more useful. Such a quantity is the so-called P-factor11

defined by

P can be viewed in several alternative ways; simply as a normalized NpNn value,
as the number of p-n interactions per valence nucleon, or as proportional to the
ratio of the integrated valence p-n interaction to the integrated valence like-
nucleon interaction. In a given region, a P-factor plot is almost identical to an
NpNn plot. The great advantage of the P-factor arises when different regions are
compared. This is illustrated in fig. 7 which shows NpNn and P-factor plots for
six mass regions in medium and heavy nuclei: clearly, the curves are greatly
coalesced in the P plots. An intriguing point is that, in all these regions, the ratio
E(4i)/E(2j) passes through a critical value of 3.0, defining the boundary between
basically spherical and basically deformed nuclei, for P values in the range of Pcrit
= 4-5. Simply put, nuclei become deformed for P >_ PCrit- This is, of course, a
useful, practical criterion, but it also has a simple and illuminating physical
explanation. As we shall see, typical valence p-n interaction strengths are on the
order of 200-300 keV. At the same time, the like-nucleon pairing interaction is
~1 MeV. Therefore, the integrated valence p-n interaction will begin to
dominate the valence pairing interaction when there are approximately 4 p-n
interactions per pairing interaction, that is, just at PCrit-

Our second illustration of the N p N n scheme exploits the P-factor concept
and leads to some unexpected results concerning the systematics of isovector Ml
collectivity as seen in scissors mode excitations, that is, of summed B(M1) values
for excitation of the isovector 1+ states in deformed nuclei. The top part of fig. 8
shows these sums12 for the rare earth region and clearly demonstrates the very
smooth behavior of the isovector collectivity as a function of P. Though this is
perhaps not surprising, given the analytic expression for the B(M1) sum rule in
the SU(3) limit of the IBM-2, it is nevertheless remarkable how smooth the
behavior actually is. What is even more revealing, however, is the comparison
with B(E2) strengths to the first 2+ state, shown for comparison in the upper part
of the figure. It was already known that these B(E2) values behave simply against
P: the interesting new point is the striking similarity of the two plots.
Apparently, the evolution of Ml isovector collectivity is closely correlated with
that of low-lying E2 quadrupole collectivity. This result is currently the subject of
active ongoing theoretical interpretation13 and its explanation will undoubtedly
disclose new insights into the microscopic development of both forms of
collectivity. The reader is referred to a companion paper in these proceedings by
K. Heyde13.

The ansatz of the N p N n scheme entails the assumption that the residual
p-n interaction is nearly orbit independent, so that the simple product NpNn is a
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measure of its integral in the valence space. The success of the NpNn scheme
suggests that this is at least a useful approximation, but it would be interesting
and significant to test it empirically. Such a test, besides revealing details of the
p-n interaction, would provide a microscopic rationale and justification for the
NpNn scheme. We turn to this issue in the next section.

EMPIRICAL RESIDUAL P-N INTERACTIONS

To test the underlying basis of the N p N n scheme requires empirical
integrated valence p-n strengths. In order to see how this can be done, we first
discuss a technique to extract the interaction of the last valence proton with the
last valence neutron. This involves a simple double difference of nuclear
binding energies. Denoting this interaction by 5Vpn, we define14'15

= 4 {[B(Z+2,N+2) - B(Z+2,N)] - [B(Z,N+2) - B(Z,N)]} (2)

This double difference is illustrated by the cartoons in fig. 9. A little thought
shows that, by virtue of the double difference, all interactions except that of the
last proton with the last neutron are cancelled. This expression is not dependent
on the proton and neutron occupying specific orbits or simple configurations.
Equation 2 is very similar to ones used previously16 to parameterize mass
equations but, here, the emphasis is on the p-n interaction itself. Since this
equation, at least in first order, cancels out valence nucleon-core interactions, it
should be rather generally valid, even in regions of changing structure. Values
of 5Vpn, extracted17 for all even-even nuclei, are shown in fig. 10 and disclose a
number of important features. We will return to these shortly. However, for
the moment, our interest lies in integrals of these interactions over all valence
nucleons. To that end, we want to take sums of 5Vpn starting from a doubly
magic core and proceeding throughout a pair of proton and neutron major
shells. Because of the double difference in binding energies in eq. 2, many terms
in such a sum will cancel, and it is possible to write a simple expression for the
integral. We call this integrated valence p-n interaction Vpn, and it is given by15

Vpn(Z+5p,N+8n) = |5 p 8 n { [B(Z+25p,N+25n)-B(Z+25p,No)]

- [B(Z0,N+25n) - B(Zo No)] } (3)

where (Zo,No) specify the nearest magic numbers and Sp (8n) is (+1) if the valence
protons (neutrons) are particle-like and (-1) if they are hole-like. Note that the
data to evaluate this expression are not always available since binding energies
for extremely neutron or proton-rich nuclei such as B(Zo,N), and B(Z,No) are
required. Nevertheless, in two mass regions of heavy nuclei, near A=100 and
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130/ it is possible to obtain the p-n values up to about the one-third point in the
shell. The results, shown in fig. 11, are striking indeed: the p-n is nearly linear
against N p N n in both shells. This simple dependence of Vpn on N p N n is vividly
demonstrated by the pairs of overlapping points that are common in the figure.
These represent pairs of nuclei, with the same value of NpNn, but very different
individual Np and Nn , and which yet have essentially identical Vpn values. [The
only clear exception to the linearity is one point in each plot at NpNn = 15, but
this is clearly an extreme case corresponding to proton and neutron valence
numbers of 1 and 15 in comparison with nuclei with values (3,5) and (5,3)]. We
conclude from this figure that the integrated valence p-n interaction, at least part
way through each shell, is extremely well represented by NpNn. This linearity is
essentially equivalent to a constant locally averaged value of 8Vpn. Figure 11
thus gives a direct, empirical, microscopic justification for the N p N n scheme and
gives its phenomenological utility a solid basis in the microscopic interaction it
was designed to reflect.

It is impossible to obtain integrated p-n values further into these shells,
but individual, or 5Vpn values, can be extracted for many nuclei throughout a
shell, as shown previously in fig. 10. Inspection of these values in a mid-shell
region illustrates a point which refines somewhat the one we have just been
making. The data for the actinides are shown in fig. 12, where one notices a clear
reduction in the magnitude of 5Vpn as the protons approach mid-shell,
culminating in a nearly constant range of values for the heaviest nuclei plotted.
This behavior would be reflected in a change of slope of Vpn vs. NpNn and
reflects a decrease in typical p-n strengths near mid-shell. It has a simple
interpretation relating to the saturation of collectivity in nuclei and also
provides an interesting estimate of the relative magnitudes of the monopole and
quadrupole p-n interactions. Progressing through a shell, one would expect the
quadrupole p-n interaction to decrease in magnitude toward mid-shell, reverse
sign there, and increase thereafter. This statement is simply a multi-j extension
of the single-j seniority result that matrix elements of an even tensor operator
are negatives of each other in the two halves of a major shell and, therefore, pass
through zero at mid-shell. Physically, in a Nilssoh context, for example, this
behavior is seen in the large quadrupole moments characteristic of the strongly
downsloping orbits near the beginning of a shell, or the strongly upsloping orbits
near the end, in contrast the flat trajectories for orbits near mid-shell which have
very small quadrupole moments. This decrease in quadrupole p-n interaction is
mirrored18 in the data for B(E2:0^-»2i) values which increase as the deformed
region in each shell is traversed, but saturate near mid-shell. If we assume that
the dominant components of the p-n interaction are the monopole and
quadrupole, and that the quadrupole component vanishes near mid-shell, then
the asymptotically flat range of 5Vpn values in fig. 12, for Z near 96, can give an
estimate of the monopole p-n interaction (which is independent of the angles
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between the last proton and neutron orbital planes). This estimate gives a value
of ~-250 keV. A similar analysis in the rare earth region gives almost the same
result.

Thus, we see that the NpNn scheme works because the p-n interaction is,
at least early or late in a shell, relatively independent of orbit. The asymptotic
behavior of most observables against NpNn near mid-shell arises because the
addition of additional valence protons and neutrons near mid-shell, though
increasing the NpNn product, does not significantly increase the integrated
quadrupole p-n interaction.

We can now return to fig. 10 and inspect some interesting phenomena
associated with the individual p-n interactions throughout the nuclear chart.
The figure displays three prominent features. (Note that we always speak in
terms of the magnitudes of 5Vpn even though they are negative, and that smaller
interaction strengths correspond to higher points on these plots.) The most
global feature of fig. 10 is the gradual falloff in interaction strengths toward
heavier nuclei. This has a trivial and well-known explanation: the range of the
residual interaction is roughly constant in all nuclei and, therefore, as the radii of
proton and neutron orbits increase in heavier nuclei, the average distance
between them increases and, therefore, the interaction strength decreases. This is
exacerbated in heavy nuclei because the neutron excess places valence neutrons
in orbits with even poorer overlap with their proton siblings.

A second feature is evident in the inset in fig. 10 which shows an enlarged
view of 5Vpn for heavy nuclei. Though the principal plot in fig. 10 appears
nearly featureless in this region, the closer inspection provided by the inset
shows very significant fluctuations from nucleus to nucleus. These reflect a
microstructure, that is to say a detailed orbit dependence of the p-n interaction.
We have already seen one example of this in the decrease of 5Vpn values near
mid-shell in the actinides, and will return to it below where it will be shown that
these fluctuations can be understood rather simply in terms of Nilsson and shell
model calculations.

First, however, we want to discuss the most obvious and striking feature
of fig. 10, namely the enormous downgoing spikes for certain nuclei in the light
mass region. Since the connecting lines in fig. 10 link isotopes, it is clear that, for
each element, there is a single nucleus with a singularity in 5Vpn. These nuclei
have N=Z. Apparently, for such nuclei, there is a greatly enhanced valence p-n
interaction.

It is easy to reproduce17 this in simple shell model calculations and,
thereby, to understand its origin. Figure 13 shows, in expanded form, the N=Z
region of 5Vpn values at the top and, below it, the results of several shell model
calculations. The two middle panels illustrate an extremely simple approach in
which a surface 5 interaction (SDI) is used in the sd shell to calculate binding
energies and to obtain theoretical values for 5Vpn for different values of the T=0
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and T=l components of the p-n interaction. On the middle right, a realistic
strength for the T=l interaction, taken from spectia such as those of 18O, is used
while the T=0 interaction strength is set to zero. Clearly, this calculation does not
at all reproduce the data. On the middle left, the T=0 strength is set at twice the
T=l strength, a value not atypical of relative interaction strengths needed to fit
excitation energy spectra of pairs of nuclei such as 18F and 18O although it is a
little larger than commonly used. In any case, it is clear that even such a simple
shell model calculation as this reproduces the observed singularities at N=Z.
Closer inspection, of course, reveals that the agreement is not perfect. The
empirical spikes show a falloff through the neutron shell from N=8 to N=20
whereas the SDI calculations show nearly constant magnitudes for the spikes.

However, we used the SDI because of its physically transparent nature.
The results with it demonstrate that it is the T=0 component of the p-n
interaction which is primarily responsible for the N=Z spikes and that the origin
of the enhanced interactions is the extreme spatial symmetry in N=Z nuclei in
the presence of a short-range attractive interaction. The bottom panel of the
figure shows that a more realistic interaction does provide nearly perfect
agreement. Here, the locus of empirical 5Vpn values for N=Z nuclei is shown in
comparison with the SDI calculations just discussed, and with the Wildenthal
universal sd (USD) interaction. Clearly, the latter interaction, which is
optimized for other observables in the sd shell, works extremely well. In some
senses, the present results are a more sensitive test of this interaction than
binding energies alone since the double difference embodied in 8Vpn is sensitized
to small effects in the residual p-n interaction.

Just as it is possible to interpret the 8Vpn singularities in light nuclei, it is
also rather simple, and informative, to calculate some of the microstructure in
8Vpn for heavier nuclei. This will disclose a very simple mechanism at work
which leads to an intuitively appealing understanding of the orbit dependence of
the p-n interaction. Specifically, since the p-n interaction is both short-range and
attractive, the largest 5Vpn values are associated with the largest overlaps of the
respective proton and neutron wave functions. While this gives a qualitative
understanding of the systematics, it must be founded in quantitative
calculations. To unravel the underlying physical factors at work, these
calculations19 should be as simple and transparent as possible. Two convenient
models for this purpose are the shell model and the Nilsson model.

We first need to consider which nuclei are appropriate candidates for such
calculations. Clearly, for the shell model, in medium and heavy nuclei, one can
only adequately treat nuclei very close to closed shells: otherwise, the complexity
of the calculations becomes prohibitive and it becomes impossible to visualize
the results in terms of simple physical mechanisms. Interestingly, the same
conclusion applies to the Nilsson model. The reason for this is that, in the
Nilsson model, the easiest p-n interaction to use is a quadrupole interaction, but,



as we have seen, the quadrupole p-n interaction nearly vanishes near mid-shell.
It is largest at the beginning and end of each shell. Although the Nilsson model
is a scheme originally devised for well-deformed nuclei, it can be applied for any
finite deformation. Though near-closed shell nuclei are nearly spherical, they
are not rigid against deformation and have finite rms deformations so that they
are amenable to treatment with the Nilsson model. Note, that, in doing so, the
appropriate deformation value to use, however, is not the rms deformation
obtained, for example, from B(E2) values20, since such a deformation reflects the
"average" absolute value of the deformation, whereas these nearly spherical
nuclei oscillate back and forth over both positive and negative P values and the
average fJ is much smaller than the rms value. In any case, we conclude that, for
both the Nilsson and shell model approaches, the most appropriate nuclei are
those nearest closed shells. This is fortunate since inspection of fig. 10 reveals
that it is just these regions that exhibit some of the clearest evidence of
microstructure in 8Vpn: indeed, the only microstructure visible for heavy nuclei
on the unexpanded plot at the top of fig. 10 is that near 208Pb.

An appealing aspect of doing shell and Nilsson model calculations for the
same nuclei is that these two approaches have an interesting complementarity.
The shell model can employ rather realistic interactions but, in practice, the
usable space of single particle levels must be extremely restricted to make the
calculations tractable and interpretable. In contrast, in the Nilsson model
approach we use a simple quadrupole p-n interaction, a highly schematic force,
but employ a very large basis space consisting of several major shells (albeit
limited to two-quasiparticle pair-distributed excitations in the respective proton
and neutron shells, that is, to what could be loosely called in shell model
language, seniority zero and two components). If these two approaches, one with
realistic force and truncated interaction, and the other with schematic force and
large basis, give similar results, and if both agree with the data, it strongly points
to a very simple underlying physical mechanism.

To proceed, let us first inspect the data on SVpn for the Pb region. The data
are recapped on the top of fig. 14. The most obvious feature is the significant
jumps occurring around Z=82 and N=126. Physically, the behavior seems rather
easy to interpret. For nuclei with both Z and N just below their respective magic
numbers, protons and neutrons are each in rather similar low-j shell model
orbits. They have relatively high overlap and, therefore, large 8Vpn values.
Similarly, for Z and N greater than 82 and 126, respectively, both protons and
neutrons are in the high-j single particle orbits characteristic of the beginnings of
major shells. Again, the overlap will be large. These arguments account for the
large 5Vpn values seen in fig. 14 for N values just below and above N=126. In
contrast, when Z>82 and N<126, the protons are in high-j orbits with low
principal quantum number n, while the neutrons are in low-j orbits with large



>
0)

a
Q*Xfl

>

a)Experiment

o.o

G -

o.i

0.2

0.3

-0.4

' 1 ' 1 • I
b)Nilsson Model

o : z=79
x : Z=81
D : Z=83
+ : Z=85

• I ' I ' I ' 1 ' I • I

Fig. 14. (Top)
Empirical 5 V p n

values in the Pb
region. (Middle)
Calculations with a
quadrupole p-n
interaction,
denoted 5 S p n , in
the Nilsson model.
(Bottom) Shell
model calculations
of 5Vpn. From ref.
19.

Hi .i6 120 122 124 126 128 130 132

N

principal quantum number n. The interaction therefore is rather weak and
15Vpn I is correspondingly small as seen in the top panel of fig. 14.

We now want to see if this simple physical interpretation is mirrored by
detailed quantitative calculations. The calculations are rather straight forward.
The shell model calculations utilize the SDI acting over a few orbits in the region
of (Z,N) = (82,126), while the Nilsson model uses a quadrupole p-n interaction as
stated above. Details may be found in ref. 19. The results are shown in the lower
two panels of fig. 14. The agreement is striking. The Nilsson model calculations
accurately reflect every aspect of the empirical systematics. So too do the shell
model calculations although this is perhaps not so evident since the "gap" (for
N<126) for protons numbers above and below Z=82 is not as large as in the data:
this is presumably due to the extreme truncation of the shell model space, and
test calculations with a larger space ameliorate the situation.
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To pursue this a little further, we now look at two other mass regions,
namely those near the shell closures (Z,N) = (50,82) and (Z,N) = (40,50). Figures
15 and 16 show the comparison of the data with Nilsson model calculations for
these two regions and, again, provide excellent agreement. This is particularly
vivid for the A~90 region where the rather complex and contrasting oscillations
for each element are reproduced almost perfectly. (It should be noted in passing
that, in order to reproduce an appropriate pair distribution of the level
occupations in this latter region, it was necessary to reduce the strength of the
pairing force utilized in the BCS phase of the calculations by about 30% compared
to usual values.) As in the Pb region, these oscillations are amenable to a simple
physical interpretation. We will not go through this in detail here but just
comment that, taking proper account of the specific orbits occupied by the last
proton and last neutron for each nucleus, including their K values in the
Nilssori scheme, it is possible to understand in detail the specific features of the
data.

It is interesting to conclude this discussion with a brief comparison of
these p-n interaction strengths with analogous like-nucleon interactions. Of
course, the latter are dominated by the attractive pairing interaction, and a
comparison would be more useful if this could be removed. To this end we
define a "non-pairing" like-nucleon residual interaction21 of the last two
neutrons (or the last two protons) by the equation given, and schematically
illustrated, in fig. 17. This double difference of binding energies is designed to
remove not only the contributions of the last nudeons to the mean field, and
their core interactions, but also the zero-coupled monopole-pairing interaction
strength as well. How this is done is discussed in more detail in ref. 21. The
equation embodied in fig. 17 differs in one significant respect from eq. 2 for 5Vpn
in that it does not cancel core contributions quite as efficiently. More specifically,
the equation can only be considered to produce a residual like-nucleon
interaction to the extent that the interaction of the (N+l)th neutron with the
core is the same as that of the (N-l) neutron with the core. If, for example, N
represents a magic neutron number, then this assumption is clearly not correct.

B ( N . Z ) - B ( N - 2 , Z ) ]

Fig. 17. The defining equation for the like-nucleon n-n interaction 5Vnn with a
schematic illustration of it for a region where the core is taken as (Z,N-2). An
analogous definition applies to 8Vpp. From ref. 21.



This difficulty does not occur for 5Vpn as careful consideration of the defining
equation for it shows. What this means is simply that, though the equation in
fig. 17 can be evaluated from the data for nuclei near closed shells, its meaning
there can no longer be interpreted as a simple like-nucleon interaction.

Nevertheless, we show in fig. 18 5Vn n values for all even-even nuclei
above N=30, and compare them with 5Vpn- We show §Vn n rather than SVp p

since the latter, though similar, also contains f-ht- - impulsive, Coulomb interaction
and, therefore, does not as effective!}- isolate the nucleon-nucleon residual
interaction that we are interested in. Figure 18 is highly informative. The most
obvious feature is simply that 5Vnn is on average repulsive in contrast to 8Vpn, in
agreement with statements we made at the very beginning of this paper. Since
5Vnn is a T-l interaction while 5Vpn contains both T=0 and T=l components, the
negative values for 5Vpn, which are roughly comparable in magnitude to those
for 5Vnn, not only imply that the T=0 interaction is attractive but that it is larger
in magnitude than the T=l strengths. This fact is known from detailed fits of the
T=l and T=0 interaction strengths in phenomenological shell model
calculations. (Indeed, we used it in the calculations in the middle-left panel of
fig. 13.) Here we see it directly from the data.

Not shown in fig. 18 are the very light nuclei. Here, the like-nucleon
interaction also shows spikes at N=Z: the interesting point is that, in this case,
the spikes are large and positive, that is, repulsive. Of course, this has an
explanation related to that for the negative spikes in 8Vpn- The latter were seen
to result from the combination of an atticctive residual interaction and high
spatial symmetry of the wave functions. The large positive spikes for 8Vnn result
from the combination of a repulsive interaction with the same high spatial wave
function symmetry. Realistic shell model calculations21 reproduce these 5Vnn
spikes exactly.

A final feature of interest in fig. 18 concerns the large anomalies appearing
for specific neutron numbers. The most obvious of these occur at the magic
numbers N = 50, 82, and 126. Near these neutron numbers, as we have
discussed, 5Vnn can no longer be interpreted as an n-n residual interaction.
Nevertheless, as also commented, the double difference labelled 8Vnn can still be
extracted from the data, and we include it in the figure because it so nicely
pinpoints sudden changes in the nucleon-core interaction which show up, for
example, at these magic numbers. Note, however, that there is also a (smaller)
spike at N=56, giving complementary corroborating evidence for the neutron
subshell closure there which has been previously deduced2^" from excitation
energy spectra. Perhaps the most interesting anomalies though "are the negative
going excursions at N=60, 90, and 132. These are just the regions of spherical-
deformed phase transitions where, again, 5Vnn no longer takes on an
interpretation in terms of the neutron-neutron interaction because of the non-
cancellation of nucleon-core contributions. Again, however, in such cases, this
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empirically deduced quantity is useful as a signature of changing core structure,
whether that structure be that of a magic or semi-magic region (positive
anomalies) or of a spherical-deformed phase transition (negative going
anomalies): 5Vnn, in these cases, acts as a "core changing meter".



CONCLUSIONS

In this paper we have discussed the important role of the valence p-n
interaction in the evolution of nuclear structure, and in particular in the onset
and development of collectivity and phase transitions in nuclei. This entailed a
discussion of some obvious indicators of this role, a brief review of the N p N n

scheme and the P-factor, with discussions of a couple of recent applications of
these concepts, and then a presentation of empirical p-n, and also like-nucleon,
valence residual interactions and their interpretation in terms of simple model
calculations and transparent physical interpretations.
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