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Abstract The present status of our research on self-consistent effective

interactions is discussed. In order to satisfy the condition of nuclear self-

consistency, the interactions are derived from an average single particle

potential which may contain velocity-dependent terms. Importance of the

self-consistent effective interactions is illustrated with some applications.



1. Introduction

The self-consistent effective interactions play quite important roles in

investigating the nuclear collective motions. In order to state something

about the background of our present research, we look back to the works

by Kishimoto and Tamura with the Boson Exapnsion Technique (BET) .

They intended to describe the collective motions in the wide range of nuclear

table from spherical to deformed nuclei, of course, including broad transi-

tional regions between them on the same footing by the BET so as not only

to present the refined theoretical framework but also to be sufficient to ap-

ply in practice to realistic nuclei with numerical support. They pointed out

the importance to consider a lot of non-collective states so that numerical

results were close to the experimental data rather well. In the straigtforward

application of their BET with the use of conventional two-body effective

interactions, however, some difficulties have been encountered. For exam-

ple, application to a coupled system where more than two kinds of modes

are excited has never been quite successful, simply because the couplings

between different modes originated from the two-body effective interactions

are generally so strong that they can even destroy the fundamental modes.

Something was missing. From the analyses of the giant resonances in de-
2)

formed nuclei, it was realized that the refinement of effective interactions

was much more important in order to investigate the collective motions,

together with developing the proper techniques to the many-body problem

in nuclei.

In order to derive the effective interactions appropriate to describing

the nuclear collective motions, what is important is to comprehend prop-



erly the characteristic features of nuclei. A nucleus can be viewed as a

close packing system with a relatively sharp boundary. Moreover, it is a

self-sustained system saturated in space and energy. Consequently, when a

collective motion is excited in a system, a density distribution of nucleons

deviates slightly from the equilibrium one, 6p, accompanying the corre-

sponding change 6V of an average single particle potential due to the short

range nature of nuclear forces. Nucleons in this perturbed potential are

then forced to readjust their motions. This, in turn, reflects the density

distribution, which must be the same as the original distribution.

Coll.Exc. —• Sp(r) —- 6V(f)

Under such a self-consistent situation, the collective excitation, which is

generated only by the nucleons themselves, is not independent of any degree

of freedom. In this way, the single particle motion and the collective degrees

of freedom are coupled to each other. It is called the nuclear self-consistency
2 —41

condition, namely, the condition of saturation and that the shape of the

mean field should be consistent with the density distribution. This condition

is taken as a guiding principle in order to establish the many-body theory

so as to reflect the charcteristic features of nuclei.

2. Self-Consistent Two-Body and Higher-Order Many-Body Ef-

fective Interactions

Imposing to satisfy the condition of nuclear self-consistency in lowest



order, the two-body multipole-multipole interactions can be derived, which

are expressed in ordinary coordinates (Q\ • Q\) for spherical nuclei and

in doubly stretched coordinates (Q\' • Q\') for deformed nuclei with def-

inite self-consistent strengths of the interactions. These interactions,

which construct the fundamental modes of excitation, have been applied

successfully both to low lying vibrational states and to high frequency giant

resonances in deformed nuclei. The striking feature of the self-consistent

effective interactions is that they are different, depending on the state of

the system due to the nuclear self-consistency condition.

In the conventional treatment of a coupled system only by the two-body

effective interactions, it is known, for example, that the couplings between

different modes are too strong, translational invariance is violated and the

self-energy is divergent. The reason can be attributed to the fact that such

interactions are derived under the assumption that no other modes are

excited at the same time, therefore they satisfy the nuclear self-consistecy

condition only in lowest order. By imposing the self-consistency condition

more rigorously to higher-order accuracy, the higher-order coupling (many-

body) interactions can be derived. The third-order terms, for example,

have such forms as T7{Ql • Q'x') and (Q'^Q'^Q'xJ f o r t h e deformed nuclei.

By considering these effective interactions, the difficulties are successfully

solved. The higer-order effective interactions are induced to recover the

self-consistency which is usually violated in the simple applications of the

two-body effective interactions when more than two kinds of modes are

excited.

In a system where some kinds of modes are already excited, each mode
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cannot be excited in an arbitrary way. Various modes of excitation should

be essentially coupled just in order to carry out the nuclear self-consistency

under saturation condition.

3. Self-Consistent Effective Interactions for a Velocity-Dependent

Potential

We have shown that the effective interactions derived by the rigor-

ous application of the condition of nuclear self-consistency are much more

reliable than the conventional two-body multipole-multipole interactions

expressed in ordinary coordinates. In the course of numerical applications,

however, we have realized that there is still room for improving our micro-

scopic theory.

The source of troubles turned out to be a velocity dependence in the

single particle potential. The velocity dependent term violates the Galilean

invariance [T + V(r,p),X] / 7 ^ 7 while the translational or rotational

invariance is already restored by including the refined effective interac-

tions mentioned previously. The mass parameters of collective motions are

affected crucially by the presence of velocity dependent terms in the po-

tential. Therefore, the deformation dependence of giant resonance energies,

the distribution of transition strengths and the absolute value of the energy-

weighted sum-rule become unreliable. Indeed, a realistic nuclear potential

contains the velocity dependent terms; the (£ • s)-tetm for the shell effect,

the £2-term in the Nilsson model, a monopole pair field -y(a*(4 + atdv)

for superconductivity and a cranking term —u)TOijz in a rotating frame.

According to the condition of nuclear self-o. -istency, procedures to



derive effective interactions have been extended to the new ingredient.

If a collective excitation takes place, the change in the potential arises from

the corresponding displacements x —* x—a and p —* p—Ma in the potential,

which induces field couplings,

H' = KCF, H" = kaF,

idV „ MdV
r = Q-, r = - — "£-•

K ox K op

The strengths can be determined self-consistently by the condition of

a =< F > and a =< F >. The effective interactions are then written

as ^KF2 + ^KF2 in our framework and examined successfully with sev-
5 — 8 JO 1 2 1

eral applications. ' ' They remove the spurious effect arising from the

velocity-dependence and then guarantee that the system recovers not only

the translational and the Galilean invariance but also the correct collec-

tive mass parameter and the energy-weighted sum-rule. It should be noted

that the monopole pair field depends on velocity and induces multipole

pair interactions by the displacement of momentum o'^^VQx,, due to

multipole vibrational excitations.

The strength function of the isovector giant dipole resonance for the

well-deformed nucleus Sm is illustrated in Figure 1. The result calcu-

lated with the conventional isovector dipole-dipole interaction expressed in

doubly stretched coordinates is given in Fig. 1 (a), where the Nilsson plus

monopole pair field is used as an average potential. Compared to the ex-

perimental data, the resonance energies are pushed to higher side and the

interval between them due to deformation is much smaller. Furthermore,

the energy-weighted sum-rule is overestimated very much as compared to



the classical sum rule. On the other hand, considering the effective inter-

actions which come from the velocity-dependences in the potential, i.e. the

(£ • s), <"2-terms and the pair field, the peak positions and their splittings

are in good agreement with the experiment, as shown in Fig. 1 (b). It is

also confirmed that the energy-weighted sum-rule is recovered very well.

The strengths of quadrupole pair interaction for several isotopes are

presented in Figure 2. Ratio of the self-consistent strength G"1^ of the

interaction to that of quadrupole interaction for each nucleus is denoted

by open circles for protons and solid circles for neutrons, respectively. The

empirical value used in the calculation with the BET is denoted with the

cross, which was determined in order to fit the experimental data. Even

the detailed change in the strength over the isotopes have been tested to

a good accuracy. The empirical value seems to be justified within the

range considered in the treatments except for the velocity dependence in

the Nilsson field.

The moment of inertia calculated microscopically by using the Nilsson

field is known to be overestimated by more than 30% compared to the

rigid-value. The cause of this problem is attributed mainly to the velocity-

dependent £2-term in the potential. If a potential has a velocity-dependent

term, a nuclear single particle Hamiltonian should be defined more carefully

in rotating nuclei as relative to the collective flow Qrot x f. Due to the

{(. • s) and £2-terms in the Nilsson potential, the conventional cranking

term —i.oTOijI should be modified by the additional terms of the form r2sx,

\Q2sfJ'* and r2tz. The plot of the spin vs. rotational angular velocity for

a superdeformed band, discovered in Dy, is illustrated in Figure 3. The



solid circles represent the experimental data, while the dashed line is due

to the rigid moment of inertia with deformation /? = 0.6. The conventional

cranking term gives the dot-dashed line which is the average behaviour

of spin calculated microscopically by using the cranked-Nilsson-Strutinsky

method. Modification of the cranking term is indicated by the solid line,

which is quite close to the rigid-value. In a rotating frame, where the time

reversal invariance is violated and the single particle motion is affected

crucially by the rotation, a new effective interaction has been induced in

order to eliminate the spurious contribution from the velocity.

It is of great importance to consider self-consistently the field couplings

and the effective interactions arising from the velocity dependent field. Ex-

tensive applications are in progress.

4. Summary

The self-consistent effective interactions should be derived by imposing

the nuclear self-consistency condition and the elimination of the spurious

velocity dependence in the average single particle potential. Their contri-

butions have been tested rather successfully with some applications

besides those mentioned above. The effective two-body interactions, which

are responsible for constructing fundamental modes of excitation, are found

to depend on the state of the system whether it is spherical, deformed,

superconductiong or rotating. The higher order effective interactions, on

the other hand, play important roles in restoring the order in the system

in the sense that they bring in the additional coupling terms to the two-

body effects when the system has more than one mode excited. Various



modes of excitation are inevitably coupled to each other in order to achieve

the self-consistency. Generalizations and applications to other cases are in

progress.

The authors would like to express their thanks to Dr. K. Kumar for

his reading carefully the manuscript.

References
1) T. Kishimoto and T. Tamura, Nucl. Phys. A192 (1972) 246; A270
(1976) 317
2) T. Kishimoto et al., Phys. Rev. Lett. 35 (1975) 552
3) II. Sakamoto and T. Kishimoto, Nucl. Phys. A501 (1989) 205
4) T. Kishimoto, Proc. Int. Conf. on Highly Excited State in Nuclear
Reactions (RCNP, Osaka, 1980) p.377

II. Sakamoto and T. Kishimoto, Nucl. Phys. A501 (1989) 242
5) S.-I. Kinouchi et al., Annual Report, TandemAccelerator Center, Univ.
of Tsukuba (1985) p.66
6) T. Kishimoto et al., Proc. Int. Conf. on Hot Nuclei (Texas A&M, World
Scientific, 1988) p.89
7) H. Sakamoto and T. Kishimoto, Annual Report, ibid. (1986) p.83
8) T. Kubo et al., Annual Report, ibid. (1988) p.67
9) P. Carlos et al., Nucl. Phys. A225 (1974) 171
10) S.-I. Kinouchi and T. Kishimoto, Annual Report, ibid. (1987) p.57

11) P. J. Twin et al., Phys. Rev. Lett. 57 (1986) 811
12) H. Sakamoto and T. Kishimoto, Annual Report, ibid. (1985) p.76



12 16 20

Ex (MeV)

12 16 20

Ex (MeV)

Figure 1 Comparison of the strength function of isovector giant dipole resonance
in Sm, with /? — 0.35, for the resuH calculated with the conventional dipole-dipole
interaction (a) and that including the effect from the velocity dependences in the average
single particle potential (b). The ordinate is the transition strength in an arbitrary unit
and the abscissa is the excitation energy in MeV. The K = 0 (1) component is denoted
by the solid (dashed) line.

1.5 -

1.0 -

0.5 -

1 1

_

Ba

1 1

1

e
X

i

IT

t g

Sin

1 1

1

8

i

i

Os

1

T

Pt

l

1 1 • "

o

Hg

l I

126 128 148 150 152 154 192 194 198

A

Figure 2 Strength of the quadrupole pair interaction in units of the seif-consistent
strength of quadrupole interaction. The empirical value1' is denoted by the cross, while
the self-consistent value G"'f, calculated with our procedure, is denoted by the open ami
solid circle for proton and neutron, respectively.
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Figure 3 Angular momentum versus rotational angular velocity for the superdeformed
The slope gives the moment of inertia. The solid circles are for theband in Dy.

experimental data. The lines give the results evaluated with defromation parameter
P = 0.6. The dashed, dot-dashed and solid line is due to the rigid moment of inertia, the
conventional and modified cranking term, respectively.


