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Symmetry-Dictated Truncation: Solutions of the
Spherical Shell Model for Heavy Nuclei

Mike Guidry

Department of Physics. University of Tennessee. Knoxville, TN, USA

Physics Division, Oak Ridge National Laboratory. Oak Ridge, TN, USA

Abstract . Principles of dynamical symmetry are used to simplify the spher-
ical shell model. The resulting symmetry-dictated truncation leads to dy-
namical symmetry solutions that are often in quantitative agreement with
a variety of observables. Numerical calculations, including terms that break
the dynamical symmetries, are shown that correspond to shell model cal-
culations for heavy' deformed nuclei. The effective residual interaction is
simple, well-behaved, and can be determined frora basic observables. With
this approach, we intend to apply the shell model in systematic fashion to
all nuclei. The implications for nuclear structure far from stability and for
nuclear masses and other quantities of interest in astrophysics are discussed.

1. Introduction

The spherical shell model represents the most microscopic approach to nuclear structure
physics that has been solved in systematic fashion. However, even this greatly simplified
approximation to the full many-body problem has only been tractable for the lighter
nuclei, and for nuclei not far removed from closed shells. For more general cases the
matrix dimensionality becomes too large for the most powerful computers. The usual
energy-based truncations that may be employed to simplify such calculations do not work
well to describe the low-lying collective states of heavy nuclei. Although the influence
of any single iiigh-lying configuration may be negligible, the aggregate contribution of
many such configurations to collective states may not be.

A new trunction scheme based on principles of dynamical symmetry has been pro-
posed [ll. In the resulting Fermion Dynamical Symmetry Model (FDSM). there exists
the possibility of an enormous reduction of the shell model spare to a collective subspace
that is of dimensions manageable for modern supercomputers. This trunction relies on
symmetry in addition to energy considerations, and corresponds to keeping only those
configurations that are associated with particular dynamical symmetries. In t.his paper
I wish to describe recent progress in using this approach to perform microscopic shell



model calculations that would be impossible by normal shell model means. Such cal-
culations may represent the most consistent microscopic theory of heavy nuclei, and as
such may be the best starting point for a description of the nuclei far from stability that
are of interest to radioactive ion beam physics and to nuclear astrophysics.

The results and ideas described here have been developed in collaboration with
C.-L. Wu, D. H. Feng, R.-P. Wang, Z.-P. Li, X.-L. Han, F. Thielemann, and I. Zlatev, as
the references chronicle. I thank these collaborators for their contributions, and I thank
Mike Straver for useful discussion on many of the points raised here. A comprehensive
review of the methods described here has been written in collaboration with C.-L. Wu
and D. H. Feng [2],

2. Truncation of the Shell Model

Shell model effective interactions are highly dependent on the truncation scheme [3] (see
also Refs. [1. 4]). A realistic initial approach to obtaining an effective interaction is to
treat its matrix elements as parameters to be determined from data. The prototype
of this method is the determination of the Brown and Wildenthal matrix elements for
light nuclei [5, 6]. For heavy nuclei there is no systematic shell model effective interac-
tion available. There are two important reasons for this. The first is the computational
difficulty of solving the standard shell model for many particles outside closed shells.
However, a second difficulty would remain even if the first problem were solved: the pa-
rameters required ;o specify the effective interaction are too numerous. A transcription
of the empirical Brown-Wildenthal SD shell approach to the actinide nuclei would re-
quire more than 2000 matrLx elements of the effective interaction to be determined from
the data. Thus, the systematic extension of shell model calculations to heavy nuclei
requires two fundamental developments:

1. A method of truncation yielding matrix dimensionalities that allow practical com-
putations, and

2. A principle that identifies the most important components of the effective interac-
tion in the truncated space.

The normal prescriptions for truncation of the shell model are energy-dictated. The
FDSM uses a rudimentary energy-dictated truncation to select a particular valence space,
but its essential truncation principle is symmetry-dictated: the truncation picks out a
collective subspace associated with a dynamical symmetry or a limited set of dynamical
symmetries [1. 2], This symmetry-dictated truncation embodies in a single concept both
principles enumerated in the previous paragraph: the symmetry-dictated truncation se-
lects a collective subspace giving matrices of tractable dimension, and the hypothesis that
che Hamiltonian is dominated by terms that respect the dynamical symmetry restricts
severely the permissible one- and two-body interactions.

For example, present-generation computers can diagonalize FDSM shell model
spaces if configurations are limited to those with three or fewer particles not coupled
to coherent 5 and D pairs (the heritage quantum number—see ref. [1]), and the new
generation of supercomputers will allow even larger spaces to be handled. But in theso



calculations the most general symmetry-limit Hamiltonians contain only a few parame-
ters relative to that for a full shell model calculation. In the actinide region the most
general Sp^ x Sp$ Hamiltonian requires (at most) about 100 effective interaction param-
eters to be determined, compared with several thousand possible one- and two-body shell
mode! matrix elements. Notice that the number of symmetry-limited parameters for the
actinide nuclei is comparable to the number required in the full shell model for the SD
shell [5]. In reality, the symmetry-dictated truncation will limit the number of relevant
parameters even more severely than these formal estimates would suggest: the results
to be presented here will indicate that most of the low-lying properties of the actinide
even-even nuclei are determined by only of order 20 symmetry-selected parameters for
the entire shell.

Thus, the FDSM symmetry-dictated truncation provides a methodology with the
potential to enable shell model calculations for all nuclei. However, to establish the va-
lidity of this method it is necessary to demonstrate that the required effective interaction
is (1) easily determined, and (2) produces a quantitative description of observables in
heavy nuclei. This requires a detailed set of calculations. Thus, establishing the FDSM
effective interaction will be an iterative process requiring a long series of systematic
calculations. However, we offer the following initial speculations concerning the FDSM
effective interactions and the process of determining it:

1. The symmetry-dictated truncation of the FDSM is qualitatively different from
energy-dictated truncations, and could lead, in principle, to effective interactions
that are markedly different in the components that are emphasized relative to the
appropriate interactions in the full shell model space. Unlike energy-dictated trun-
cations, a symmetry-dictated truncation selects particular "directions" in the shell
model space, and is closely associated with spontaneous symmetry breaking and
phase transitions.

2. The effective interaction could have a complicated particle number dependence, but
such behavior would make che theory difficult to use in a consistent microscopic
way. Therefore, we require that the effective interaction have a smooth and/or
weak particle number dependence within a shell. Since filling different valence
shells defines different phases of the theory, it is possible (but not required) that
the parameters could have discontinuities between shells.

3. A reasonable first step will be to determine the effective interaction in the SD sub-
space using symmetry-limit calculations. We may then investigate deviations from
the symmetry limits within the SD space, and may expect that this leads to small
and smooth changes of the effective interaction parameters from the symmetry-
limit values.

4. Finally, we may expand the space to include non-zero heritages (broken collective
pairs). This will allow the determination of those effective interaction parameters
associated with high-spin physics that played small roles in fhe low-lying states. In
addition, we may expect a systematic: renormalization of the parameters already
determined in the SD subspace by virtue of enlarging the space. For the symmetry-
dictated truncation method to be of practical utility, this renormalization under
space enlargement must be relatively well behaved.



Thus, a simple, but important, first step in this program is to take dynamical symmetry
limits as a starting point and fit to the data using the most general FDSM Hamiltonian
with symmetry breaking terms in lowest order perturbation around the symmetry limits.
At the next level of improvement, we may assume the most general highest symmetries
and a corresponding Harniltonian, but not restrict the calculation to the dynamical sym-
metry limits or to perturbation around the symmetry limits. We may hope to obtain
by these approximations a qualitative agreement with experiment; this effective inter-
action can then be refined in subsequent calculations that include even more realistic
configuration mixing, and that enlarge the space to include broken pairs.

3. Symmetry-Truncated Shell Model Solutions

Let us now give some examples of the single-shell FDSM as a truncation principle for
solution of the shell model. We first give an illustration from the actinide region that
employs perturbation theory around the dynamical symmetry limits of the model. We
then present an example from the ruxe earth region where the most general Hamiltonian
consistent with the highest FDSM shell symmetries {Sp& or 5Og) has been employed in a
numerical calculation. In the latter case, we are assuming a highest shell symmetry but
not a dynamical symmetry. For example, the FDSM predicts that actinide protons and
neutrons respect an Spe shell symmetry, but the Spe symmetry in tne FDSM produces
two dynamical symmetry chains: (1) Sp6 D SU3, which is similar to an axially symmetric
rotor, and (2) Sp& D SU2, which is vibrational in character. Thus, the most general Sp6

Hamiltonian implies a broad symmetry assumption concerning the shell structure, but it
accommodates solutions that range from vibrational to rotational, or mixtures thereof.
In essence the highest shell symmetry restrains the classes of allowed collective modes,
but does not select a collective mode. It is the dynamical symmetry chains issuing from
the highest symmetry group that select particular collective modes.

Thus, as a matter of terminology in the present discussion, a reference to a sym-
metry limit means a particular dynamical sjmmetry. A reference to a calculation not
constrained to be in the symmetry limit means a presumption of the prescribed highest
shell symmetry, but not a dynamical symmetry, so the solutions correspond to linear
superpositions of dynamical symmetry states (linear superposition of collective modes).
Generally, the former solutions may be obtained in closed form using methods of group
theory, but the latter require numerical calculations. However, both cases correspond
to severe truncation of the shell model space by symmetry considerations. Thus, even
the numerical calculation that relaxes the assumption of a dynamical symmetry is a far
easier one than traditional shell model approaches.

3.1. Actinide Nuclei m the Dynamical Symmetry Limits

The FDSM has been solved analytically in the region of nuclei with Z > 82 and N > 126
by employing an Sp% x Spf, highest shell symmetry and assuming coupled neutron-
proton dynamical symmetries 5p6 3 SU3 or Sp& D SU3 [7]. The choice between the
dynamical symmetries is implemented variationally: the solution giving the lowest energy
ground state is retained. In addition, we have improved the results by adding symmetry-
breaking terms in perturbation theory while retaining symmetry-limit wavefunctions.
In this simplest approach to the determination of the FDSM effective interaction, we



have restricted consideration to low-lying states and assumed that there are no broken
pairs. We have taken the parameters of the effective interaction to be constant across
the entire valence shell, and have determined them by fitting to the ground-state masses,
the energies of the lowest 2+ states in the even-even nuclei, and the odd-even mass
difference [7, 8].

The most general Sp§ Hamiltonian relevant for the lowest-lying states would require
that of order 100 parameters be determined, as we have noted above. These represent
matrix elements of the effective interaction in the truncated space. With the symmetry-
limit assumptions that we have employed here, and with restriction to the states in
which broken pairs do not play an important role, this is reduced to approximately 20
free parameters. A description of the Hamiltonian, the parameters, and their values may
be found in Refs. [7, 8]. Notice that with our assumptions, these 20 effective interaction
parameters are now required to describe the low-energy structure of all nuclei in the entire
neutron and proton valence shell. The fit to the odd-even mass differences in shown in
Fig. 1. the fit to the 2+ energies is shown in Fig. 2, and the fit to the ground-state masses
is shown in Fig. 3.

With the parameters of the effective interaction now determined, we may predict
low-energy observables of various kinds for all nuclei in the shell. This includes spec-
tra, masses, odd-even mass differences, electromagnetic transition rates, static electric
moments, magnetic moments, transfer cross sections, . . . Thus, we are attempting to de-
scribe thousands of observables for actinide nuclei in terms of approximately 20 basic
parameters of the effective interaction for the S-D subspace. As an example of such
predictions, we compare the calculated j3 and 7 bandheads with the available data in
Fig. 4. The calculation has not taken into account the dynamical Pauli effect, which is
responsible for the decrease in the last two points shown for the 7 band (see Ref. [9]).
Notice that this result involves no parameters that have been fitted to the location of
these bandheads. To within the scatter of the points for different isotopes, there is quan-
titative agreement between the prediction and the data. Furthermore, this result has
been obtained analytically, and represents an approximate spherical shell model solution
for nuclei where normal shell model calculations are not possible.

In Fig. 5, we display another example of calculating low-energy properties using the
approximate effective interaction that we have determined. In this case we compare the
predicted and observed low-spin ground band and /3-band energies, and the B(E2) values
for corresponding transitions in the ground band of 232Th. Again we note that these
results have been obtained analytically, that none of these quantities have been used to
adjust the parameters of the effective interaction, and that this represents an approximate
solution of the spherical shell model. The comparisons have been restricted to low spin
because the present simple calculations do not allow broken pair configurations, and these
begin to play a role above the angular momenta shown (for example, the VMI effect on
the moment of inertia). The less good agreement for the energies of the /3-band relative
to that of the ground band is not surprising, since the excited band is more susceptible to
configuration mixing that has been excluded from the analytical calculations presented
here. The results shown in Fig. 5 are rather typical of similar results obtained for many
other deformed nuclei in the actinide region.
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Figure 1. Odd-even mass difference (MeV) in the actinide region. Top is for
neutrons, bottom for protons. Lines axe FDSM calculations, Z is the number of
protons, and N is the number of neutrons.

o.2. Rare Earth Nuclei with No Dynamical Symmetry Assumption

A simple algorithm has been presented to solve the FDSM numerically for neutron-proton
systems in the heritage-zero subspace [10, 11]. This algorithm has been incorporated in
the code FDU0, which allows a general solution of the FDSM problem assuming no broken
pairs and no mixing of configurations with different numbers of normal-parity valence
pairs. For notational convenience, the Hamiltonian may be expressed as

H = YL (E"Ja(Ja +1) + B°PI • PI

P

+E7"'Jn • Ju +

+Bv
xP

l( • Pv
x +

+
P? + i + EjJ{J + 1) (1)

where a specifies neutrons [u) or protons {IT), J is angular momentum, Pk is a multipole
operator of order k that is denned in [1. 2], 5f created angular momentum 0 pairs. Df
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Figure 2. Fit of effective interaction parameters for the first 2+ energies of even-
even nuclei in the actiniae region.
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Figure 3. Differences between calculated and observed masses for the actinide
region '"!.



Figure 4. An FDSM calculation for actinide P and 7 bandheads using the effective
interaction determined from the comparison with data in Figs. 1-3.

creates angular momentum 2 pairs, and the coefficients E, G, and B with various labels
are parameters of the effective interaction. In this form, not all parameters are inde-
pendent and not all contribute for a particular highest symmetry: only one of (Ea,B°)
and one of (Ej, E™, £{"') are independent, while B% and BY only contribute for SOS

shells. Thus, there are at most 13 parameters for SOg x SO%, 10 for Spl x Spg, and
11 for SOg x Spg. This number may be reduced further by additional assumptions in
particular calculations.

We have used this code to initiate a systematic exploration of the low-spin struc-
ture of heavy even-even nuclei, independent of any assumptions concerning dynamical
symmetry limits [12]. In Figs. 6-7 a shell model calculation of the low-lying states in
some rare earth nuclei is shown. Figure 6 shows the spectrum for some representative
cases and Fig. 7 gives some yrast B{E2) values. The corresponding effective interac-
tion parameters for some representative calculations are shown in Fig. 8 as a function of
particle number.

In each case the agreement with observations obtained by the simple effective in-
teraction with a weak, essentially linear, dependence on particle number is quite good.
Notice, in particular, the transition from vibrational character to rotational character in
Fig. 6 as the particle number is changed. This transition comes not from the smooth vari-
ation of the effective interaction parameters with particle number, but from the explicit
particle number dependence of the Casimir expectation values of the theory.

For these calculations, isotopes with normal-parity valence neutron pair number



-1

Figure 5. An FDSM calculation of the low-lying spectrum and B(E2) values
for ths nucleus 232Th. The microscopic effective interaction determined from the
comparisons in Figs. 1-3 has been used.

beyond N\ = gfii (where f2j is the normal-parity pair degeneracy) were excluded, since
Ni mixing through pairing interactions is expected to be important there, and FDUO
does not account for such effects (this is the Dynamical Pauli Effect again). Although
we do not display the results here, spectra and B(E2) values of similar quality have
been obtained for many other rare earth nuclei. Furthermore, the agreement with static
quadrupole moments and magnetic dipole moments is quite good (generally comparable
with that for the B(E2) values), where data are available.

Although Fig. 8 displays 11 parameters, only 9 of these are independent in the
determination of the spectrum. In more recent calculations, one finds that as few as 5
independent parameters, with a weak linear dependence on the mass number A (thus
about 10 parameters for the entire rare-earth region), can give a good description of the
low-energy spectrum and electromagnetic properties of rare-earth nuclei. Just as for the
actinides described above, when the FDSM mass calculations for the rare earth nuclei are
ready and are merged with the present calculations, we will be attempting to describe
thousands of observables in the low-energy spectrum (including masses) with about 20
fundamental parameters of the effective interaction.

The results of this and the preceding section give convincing evidence that a simple
interaction exists for the FDSM model space, and that this interaction can be determined
by a systematic examination of basic nuclear properties. This is an important conclu-
sion, because it establishes our original hypothesis that the FDSM is a microscopic theory
formulated within a manageable truncation scheme. We reiterate that these parameters
(and the ones discussed in the previous section for actinide nuclei) are more than phe-
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Figure 6. Some spectra calculated using an effective interaction with a weak
linear dependence on particle number.

nomenological devices. Although they are determined by fits to a subset of available
data, they allow calculation within the theory of wavefunctions, and these allow matrix
elements to be calculated for all low-energy observables of interest. This is in the spirit
of the most successful applications of the shell model in the s-d shell, but as we have
emphasized in the Introduction, the number of parameters is sharply curtailed by the
symmetry requirements. Thus, the results of this section give strong support to the
conjecture that the FDSM approach will allow shell model calculations for the low-lying
properties of all nuclei.

4. Observables of Interest for Astrophysics

The examples presented in the previous sections suggest that one now has a tool
(symmetry-dictated truncation) allowing a solution of the spherical shell model for heavy
nuclei. An interesting application of this approach is to the calculation of observables
for nuclei far from stability that will be produced in the new exotic beam facilities, and
the use of these calculations to predict quantities of astrophysical interest in such nuclei.

10



Figure 7. B(E2) values for some yrast bands in a few rare-earth nuclei. Wave-
functions were determined using the effective interaction discussed here.

We discuss briefly two examples that emerge from the calculations presented above for
actinide nuclei.

4.1. Nuclear Masses

As noted above, the FDSM has been used to construct analytical mass formulas corre-
sponding to dynamical symmetry limits, with tli2 diagonal contribution of symmetry-
breaking terms included through perturbation theory [13. 7]. Here we describe the mass
calculation for the actinide nuclei reported more completely in [7]. Mass calculations for
lighter nuclei are in progress, rut no systematic results are yet available [14].

Actinide nuclei in the FDSM are described by an Sp% x Spg normal-parity symmetry
[1]. with a coupled rotational dynamical symmetry SU% x SUg D SU^¥U (middle of the
shell) or an uncoupled vibratbnal dynamical symmetry SU'{ x SU% (beginning of the
.shell). In all cases, the abnormal parity symmetry is assumed to be SU"2 x SU\. The
corresponding mass formula is

A/(Z..Y) = .\/s )

where .V/,sq is the spherical liquid drop mass (with n-n and p-p pairing removed), and
A/S'h

p and V^" define spherical single-particle shell corrections and corrections for devi-
ations from degenerate .spherical single-particle pairing, respectively, that are explained
in [7] The last term in Eq. (2) is the contribution to the mass of the two-body FDSM

11
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Figure 8. Parameters of the FDSM effective interaction for the rare earth region.

correlations, which consist of multipole and pairing interactions. The symmetry-limit
matrix elements of the monopole-monopole interaction lead to a quadratic polynomial
in the valence neutron and proton numbers, and the remaining interactions can be ex-
pressed in terms of the expectation values of the SUo, SU3, and Spe Casimir operators
[7. 15]:

= aa

(Gl - G"2) (

(B! - G\) {

) a

) a (3)

where .V refers to valence neutron pair number, the coefficients of each term are parame-
ters of the effective interaction, ( Of ) denotes the expectation value of the the Casimir
operator O for the group g with a = SU3 or a = SU2 wavefunctions, for protons or
neutrons (a = ir.v), and

where C with appropriate labels denotes Casimir operators and fii denotes normal-parity
orbital pair degeneracy of the valence shell. Closed expressions for the expectation values
appearing in these equations may be found in Table 3 of Ref. [7].

Thus, the FDSM mass calculation uses a simplified liquid-drop plus shell- correction
for the spherical part of the field, but the pairing and quadrupole-quadrupole correlations

12



are calculated microscopically, without making a deformed mean field approximation.
An illustration of the quality of the mass theory was already given in Fig. 3. In this
calculation, 13 parameters have been adjusted directly to the experimental masses. There
are additional parameters, but they have been taken from the literature, or determined
from quantities other than the masses. The details may be found in [7].

In another paper contained in these Proceedings, Peter Moller has dismissed the
FDSM approach to masses as mere parameter fitting. As the preceding material suggests,
this belies a basic misunderstanding of the FDSM method, and of the general significance
of parameters in a shell model theory. The parameters appealing in the mass calculation
are functions of the FDSM effective interaction for the relevant shells. Therefore, they
are nut just adjustable parameters to describe the ground-state masses: they are part
of the set of effective interaction parameters that may be used to predict all low-energy
properties of the actinide nuclei in the present discussion, and of all nuclei when these
methods have been extended to other shells. The masses are but one small part of this
program, but they are particularly important for the present discussion because of their
practical importance in nuclear astrophysics.

Let me also take this opportunity to address some additional criticisms that Moller
has included in his paper. To be certain that the following remarks are not taken out
of context, let me state explicitly that I have a high respect for the accomplishments
of the Strutinsky method, and for the specific contributions of Moller and collaborators
to nuclear physics and to nuclear astrophysics. However, i'_ is dangerous for any field of
science to decide that there can be nothing new under the sun, and the issues have been
raised in a forceful manner and thus cannot be ignored.

It is correct that in our early plots of actinide masses we misread a table and
included parameterized masses in addition to the measured ones that properly should be
fitted. However, this was an honest mistake that has no serious influence on the results
or the corresponding discussion: including only the measured masses has almost no effect
on the parameters, and changes the mean square error by 0.01 MeV. Second, I reiterate
that Moller's basic charge that the FDSM is merely parameter fitting is fundamentally
incorrect. His implication that the FDSM approach describes a limited set of masses
at the expense of a large number of parameters indicates a lack of familiarity with the
extensive literature in which the FDSM has demonstrated an ability to correlate large
amounts of data with an economical set of parameters (see Ref. [2] and the references
cited there). The FDSM has the virtue that its parameters are on clear display (for those
who take time to read the papers), and that when we define a parameter we mean a
single parameter, not one that varies with particle number in some empirical way (which
then corresponds to more than one parameter).

Moller's statement that the FDSM doesn't even give the heights of shape-isomeric
minima is misleading, because it implies that there are fundamental quantities that
cannot be calculated in the FDSM approach. It is true that the present single-shell
analytical calculation has made no attempt to calculate those quantities, but there is
no reason why they cannot be calculated within such a framework (see the discussion in
[16. 2]); they just haven't been done yet.

Finally, I wish to emphasize that the Nilsson-Strutinsky approach employed by
Moller and collaborators has many obvious virtues, but it does not produce wavefunc-
tions. Thus, many of the basic quantities that the FDSM calculates as matrix elements (of
an effective operator in a truncated space) are obtained by model-dependent assumptions

13
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Figure 9. Shift in the r-process path for very heavy nuclei implied by a strongly
repulsive monopole-monopole component in the effective nucleon-nucleon interac-
tion [15].

in the Nilsson-Strutinsky method. For example, the FDSM calculates electric quadrupcle
matrix elements, which are the proper quantum-mechanical quantities to examine; the
Nilsson-Strutinsky approach typically determines deformation parameters, which are not
directly quantum mechanical objects. Thus, even if the contention were correct that the
FDSM uses more parameters than the shell correction method, one must address the real
possibility that additional parameters are required by nature in the more microscopic
and quantum mechanical theory, and have been swept under the rug in the Nilsson-
Strutinsky recipe by assumptions that may be plausible, but are not solidly justified at
the microscopic level.

4-2. Repulsive Monopole-Monopole Interaction, r-Process, and Superheavy Elements

One interesting consequence of the FDSM mass calculation is evidence for a strongly repul-
sive monopole-monopole component in the effective interaction that could dominate the
shell correction far from the stability valley because of its particle number dependence.
Such a component would have important implications for the astrophysical r-process
[35. 7], and could shift the (predicted) superheavy nuclei from their traditional location.
Figure 9 illustrates the modification of the r-process path that such a component would
imply, ana Fig. 10 displays an FDSM calculation of the mass shell correction that gives a
superheavy min.mum for Z ~ 114 and N ~ 164. This minimum is considerably deeper,
and differs by about 20 neutrons from the minima found in traditional calculations.

Such a repulsive monopole-monopole contribution leads to shell corrections far from
stability that are quite different from thai expected in traditional theories. Advocates of

14
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Figure 10. Contour plot of the mass shell correction fcr heavy and superheavy
elements using Woods-Saxon spherical single-particle energies. Contour units are
drawn at intervals of one MeV. The calculation is described in Ref. [7]

the Nilsson-Strutinsky approach (see the paper by Peter Moller in the present volume)
have told you in this conference that the FDSM is not to be trusted because it leads to an
"incorrect" shell correction far from stability. It is important for you to understand that
by this they mean that it is very different from what they would expect based on their
assumptions for masses near stability. Since one does not yet know experimentally what
the she1! correction is in those regions far from stability, such remarks beg the question;
they may be acceptable as a statement of personal prejudice about an unknown region,
but they have no objective content in the absence of data for that unknown region.

Before leaving this subject, I wish to make two somewhat lengthy remarks that
bear on the preceding discussion.

(1) There is no reason to believe that a many-body monopole interaction would
not be significant in determining nuclear masses; indeed, one would rather expect that
a monopole-monopole interaction should be the dominant one. The question then
is whether the usual Nilsson-Strutinsky machinery accounts correctly for the total
monopole-monopole interaction of the realistic many-bo.iy system that it seeks to emu-
late. I do not know the answer to that question, and I doubt that the champions of the
shell correction method do either. The FDSM result indicates that if such an interaction is
admitted, the available data in the heaviest nuclei require that it play a much larger role
than the present Nilsson-Strutinsky parameterizations allow. Of course, this could be
because of an inadequacy in the FDSM formulation that forces the monopole-monopole
term to be larger in order to compensate, but I return to the spirit of the remarks made
above: until one demonstrates such an inadequacy, the possible influence of the monopole
term must be taken seriously if we are going to have a scientific discussion of this issue.

Thus, a profitable avenue for those uncomfortable with this suggestion is to stop
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complaining about this not being what Strutinsky intended (see the remarks in the Con-
clusions) and to investigate seriously whether the Nilsson-Strutinsky recipe is capable of
accounting for tue full monopole-monopole interaction of the many-body system. This
ought to be a question with a reasonably objective answer. If the answer is affirmative,
one might be able to argue that the data do not require such an interaction. If, on the
other hand, it is not possible to demonstrate that the Nilsson-Strutinsky parameters
can account completely for the influence of a large monopole-monopole interaction that
grows quadratically in valence particle number (see the next paragraph), then one must
entertain the possibility of serious inadequacies in that formulation. In this connection,
notice that various authors have suggested that a realistic nuclear single-particle spec-
trum requires a significant dependence on particle number, that this arises from effects of
a monopole interaction, and that this raises fundamental questions about the microscopic
validity of deformed shell models that make no explicit reference to such interactions (see
the remarks in Ref. [17]). If such speculations are correct, and the repulsive monopole
conjecture of the FDSM mass formula is likewise valid, perhaps there is a connection
between these effects?

(2) The repulsive monopole-monopole interaction that we have proposed is
quadratic in valence particle numbers. Thus, the lighter the nucleus and the closer
it is to stability, the less the monopole interaction contributes to the FDSM masses. We
have made preliminary investigations of where the influence of such a term should be
apparent in the data by employing the coefficient of this term as determined for the
heavy actinides in mass estimates for other regions. Our conclusion is that the only
region of known nuclei where such a term makes large contributions is in the heavi-
est actinides. For example, the rare-earth nuclides with valence particle numbers large
enough to make the monopole term important lie sufficiently far from stability that the
masses are presently unknown (assuming the coefficient of such terms to be compara-
ble to that found for the actinides). Thus, the effect of such a term could easily have
been missed in global parameterizations of the shell correction method that do not place
particular emphasis on the heaviest actinides, and that are strongly influenced by data
near stability. Indeed, we note that the Moller-Nix [18] masses for the heaviest actinides
are consistently lower than the observed masses, and that the FDSM gives a much better
description of these nuclei precisely because of the repulsive monopole-monopole term
(see the discussion of this point in [7]).

5. Conclusions

Evidence has been presented that principles of symmetry-dictated truncation may be
used to solve the spherical shell model systematically for all nuclei. The requisite effective
interaction appears to be simple, readily determined from available data, and capable of
giving a quantitative description of low-energy nuclear observables. We propose to use
this method to make shell model calculations for nuclei far from stability, with emphasis
on those properties that place strong constraints on nuclear models, and on the properties
of nuclei that are of astrophysical interest.

Naclear masses are but one aspect of the nuclear structure that I have described
here. \ ut they are of singular importance for the astrophysics that this conference ad-
dresses. The FDSM approach has been severely (and unfairly) criticized by practitioners
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of the traditional Nilsson-Strutinsky methodology in this and other recent conferences.
Most of this criticism is based on irrelevant considerations and basic misunderstandings
of the approach that has been developed here, and blatantly begs the question since it
assumes the coirectness of the traditional approach (thus, by inference, the incorrectness
of the present approach) in regions where we do not know experimentally whether either
is correct. Nevertheless, I agree readily with one theme of these critics: the contention
that what we have done is never what Strutinsky intended is most assuredly correct.
The Strutinsky method has been powerful and useful, it is based on important physical
insight, and it has a certain level of microscopic justification. However, in the final anal-
ysis it is a clever macroscopic/microscopic recipe that has played a fundamental role in
the development of nuclear structure physics and in the calculation of masses for astro-
physics, but it does not produce wavefunctions and it is not a microscopic theory. The
new method that has been advocated here attempts to ground mass calculations directly
in the shell model, without explicit use of deformed mean fields or the shell corrections
associated with them. Surely this is a worthwhile ambition for both nuclear structure
physics and nuclear astrophysics, and deserves serious and scientific scrutiny?

Whether this new departure will be successful as a global theory of nuclear masses
remains to be seen; the initial results that we have presented are encouraging, but the
calculations presently underway to extend this approach to all heavy nuclei will provide
a more definitive evaluation. At this stage the Nilsson-Strutinsky methods (which have
been developed and fine-tuned over three decades) have passed many more tests than the
fledgling symmetry approach, but if these new methods pass the systematic tests to which
they are being subjected for the known nuclei, they will establish an alternative theory
of nuclear masses based firmly in the shell model. Such a theory could be expected
to become an important tool in the analysis of nuclei far from stability, and in the
production of nuclear structure input for astrophysics.

Theoretical nuclear physics research at the University of Tennessee is supported
by the U. S. Department of Energy tnrough Contract No. DE-FG05-93ER40770. Oak
Ridge National Laboratory is managed by Martin Marietta Energy Systems, Inc. for the
U. S. Department of Energy under Contract No. DE-AC05-84OR21400.

References

[1] C.-L. Wu, D. H. Feng, X.-G. Chen, J.-Q. Chen, and M. W. Guidry. Phys. Rev., C36:1157,
1987.

[2] C.-L. Wu, D. H. Feng, and M. W. Guidry. In press, Vol. 21, Advances in Nuclear Physics.

[3] M. Kirson. In M. Vallieres and B. H. Wildenthal, editors, Proc. Conference on the Nuclear
Shell Model, page 290. World Scientific, Singapore, 1985.

[4j J.-Q. Chen, D. H. Feng, M. W. Guidry, and C. L. Wu. Phys. Rev., C44:559, 1991.

[5] B. H. Wildenthal. In M. Vallieres and B. H. Wildenthal, editors, Proc. Conf. on the
Nuclear Shell Model, page 346. World Scientific, Singapore, 1985.

[6] B. A. Brown and B. H. Wildenthal. Ann. Rev. Nuc. Part. Sci., 38:29, 1988.

[7] X.-L. Han, C.-L. Wu, M. W. Guidry, and D. H. Feng. Phys. Rev., C45:1127, 1992.

[8] Z.-P. Li, M. W. Guidry, C.-L. Wu, X.-L. Han, and D. H. Feng. Submitted to Phys. Rev.
C.

17



[9] M. W. Guidry, C. L. Wu, and D. H. Feng. Submit ted to Ann. Phys.

[10] H. Wu and M. Vallieres. Pkys. Rev., C39:)066, 1989.

[11] H. Wu. Ph . D. dissertation, Drexel University, 1989.

[12] I. Ziatev et al. To Be Published.

[13] X.-L. Han, M. W. Guidry, D. H. Feng, K. X. Wang, and C.-L. Wu. Phys. Lett, B192:253,
1987.

[14] R.-P. Wang et al. Unpublished.

[15] R.-P. Wang, F.-K. Thielemann, D. H. Feng, and C.-L. Wu. Phys. Lett., B284:196, 1992.

[16] C.-L. Wu, D. K. Feng, and M. W. Guidry. Ann. Phys., 222, 1993

[17] W. B. Walters. In R. V. Ramayya, editor, Nuclear Physics of our Times, To Be Published,
1993.

[18] P. Moller and J. R. Nix. Atomic and Nuc. Data Tables, 39:213, 1988.

18


