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Abstract

We have used a self-consistent Skyrme-HF plus Continuum RPA model to study
the low-multipole response of stable and neutron/proton-rich Ni and Sn isotopes.
We focus on the momentum dependence of the strenglh distribution, as il may
provide information on the structure of excited nuclear states.

1 Introduction

The theoretical and experimental study of nuclei close to the drip lines is
currently in progress, aiming to illuminate the effect of the excess proton
or neutron number on the nuclear response and in particular on giant res-
onances (see for example the contributions in [1,2,3]). We have used a self-
consistent Skyrme-Hartree-Fock plus Continuum RPA model to examine the
low-multipole response of stable and neutron/proton-rich Ni and Su isotopes.
Experimental studies of these nuclei are being planned at RIKEN [4]. In this
work, we focus on the momentum dependence of the strength distribution.
The motivation for pursuing this can be summarized as follows:

e Theoretically, the transition density associated with a particular type of ex-
citation approaches hydrodynamical behaviour in the case of very collective
states, such as giant resonances, but in general it is expected to be energy
dependent.

e It is important to have a reliable microscopic description of the transition
density characterizing a nuclear excitation not only to gain insight on the
nature of the excitation but also because theoretical transition densities



enter the analysis of electron- or hadron-scattering experiments aiming at
identifying giant resonances. Macroscopic descriptions may be inadequate
in certain cases.

e The question arises as to whether the giant resonances, and in general the
multipole response, of drip-line nuclei differ significantly from the ones of
stable nuclei. Interesting theoretical predictions, which are worth examining
further in terms of the transition density, include the increased fragmenta-
tion of giant resonances in the case of drip-line nuclei and the occurance
of the so-called threshold strength, namely a significant amount of strength
just above the neutron threshold and below the energy region of the giant
resonance, in the case of neutron-rich nuclei.

e [t is possible to study the momentum dependence of nuclear response ex-
perimentally using inelastic electron scattering.

The RPA method describes satisfactorily the transition densities of collective
states in stable nuclei. The RPA has also been used in the past to study
transition densities of individual excitations in the case of unstable nuclei
and to compare with the behaviour of stable nuclei [5,6,7,8,9,10,11]. In this
work we follow an alternative -and , in principle, equivalent- approach which
allows a more systematic study. We will examine how the transition strength
distribution varies with the momentum ¢ transferred to the system. For this
we consider an external field of the form jz(gr).

2 Definitions and method of calculation

We consider the response of spherical, closed-(sub)shell nuclei to an external
field of the type Vio = 2, Vi (ri, t:)Yzo(6;, ¢;), where the variable t; = p or n
labels the isospin character -proton or neutron- of the ¢ — th particle. For an
isoscalar (IS) field, Vi, (r,p) = Vi(r,n) = V,(r) and for an isovector (IV) one
Vi(r,p) = =Vi(r,n) = V(r). For L = 1 we use an effective charge equal to
—% for protons and % for neutrons. In the following, the isospin label will
be suppressed for the sake of simplicity.

We set Vi,(r) = [47(2L + 1)]"/25. (gr), where jg, is a spherical Bessel function.
In the long-wavelength limit ¢R — 0 (R is the nuclear radius), we obtain the
usual multipole operator of the form r* for L > 0 and r? for L = 0. The IS
transition density dppo(7) characterizing the excited natural-parity state |L0)
of energy F, is determined by its radial component dpy,(r), where

0pro(7) = (2L +1)728p, (1) Y10(0, ). (1)

The strength distribution S(E) = 3 (0|Vio|f)?6(E — Ey) (where |f) are the
final states excited by the external field Vi and E their excitation energies)



is related to the Fourier transform of §py,(r). In particular, since we are dealing
with continuous distributions, we write the strength in a small energy interval
of width AE at energy E as

s =B / Arspu(r)gi ar)r
= CELD) [ ropnr) 67 o 1 g2) 2 )

The quantities introduced above are calculated using a Skyrme - Hartree-Fock
(HF) plus Continuum - RPA (CRPA) model. For the HF ground-state, the
numerical code of P.-G. Reinhard [12] is used. The calculation of the response
function (unperturbed HF, as well as RPA) is formulated in coordinate space,
as described in [13,14,15,16,17]. The radial part of the unperturbed ph Green
function, of multipolarity L, is given by:

B rt ) = 3 {(pHOLHh> HplOLII) . (IOIP) (HIIOL Ip)r } 5

oh Eph — E Eph T+ E

where Oy, (or O7}) is one of the operators Yz, [V, ® (V2+V’2)]Lo, Y41 ® (6—
V)] and [Y141®(V+V")]Lo. The sign of the second term depends on the sym-
metry properties of the operators Oy, and O under parity and time-reversal
transformations. Spin operators have been omitted in the present calculation.
With h (p) we denote the quantum numbers of the HF hole(particle) state
and g,, = €, — €y, is the energy of the unperturbed ph excitation. The particle
continuum is fully taken into account, as described in [13,16,18]. A small but
finite ImE' ensures that bound transitions acquire a finite width [13]. The RPA
ph Green function is given by the equation

G =1+ GY Vs 1 GY, (4)

which is solved as a matrix equation in coordinate space, isospin character and
operators Op. The ph residual interaction Vi, is zero-range, of the Skyrme
type, derived self-consistently from the Skyrme-HF energy functional [16,19].
From the Green function GRPA for O, = O} =Y}, the strength distribution
S(E) is obtained,

S(E) = 4(2L + 1)Im/jL(q7“)GIL{PA(T, rYjp(qr') drdr'. (5)
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Figure 1. ISM strength distribution as a function of energy and momentum transfer.
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Figure 2. ISQ strength distribution as a function of energy and momentum transfer.

3 Results

We have calculated the IS and IV monopole (ISM and IVM), IV dipole (IVD)
and IS and IV quadrupole (ISQ and IVQ) response of the nuclei 57110Nj
and 9120132Gh yging the RPA method described above and the Skyrme
parametrization SkM*, for ¢ = 0.2, 0.4, 0.6, 0.8, 1.0 fm *. Selected results
are presented in Figs. 1-5. Next we comment on these results.
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Figure 3. IVM strength distribution as a function of energy and momentum transfer.
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Figure 4. IVD strength distribution as a function of energy and momentum transfer.

Strength is shifted to higher energies In all cases, as ¢ increases, the
strength distribution is shifted to higher energies, which can be interpreted as
the onset of the quasielastic peak. Also, overtones of giant resonances become
visible. For instance, in the ISM response, Fig. 1, strength is shifted from the
2hw region to the 4hw region. In the IVD response, Fig. 4, strength is found
in the 3hw region as ¢ increases. Excitations of single-particle character, with
density oscillations taking place in the interior of the nucleus, give rise to this
behaviour of the form factor. In the light nucleus °°Ni the shift takes place
more slowly as a function of ¢ than in heavier nuclei, such as '2°Sn.



0.15 0.15 0.2

0.1 0.1 ol q=02
0.05 - WK 0.05 -
0 lx k - . 0 AL - . 0 ‘l - - .
14 14 157 ;
0.5 0.5 }MN\L 1 q=0.4fm
LD LD T 0.5
LA " LJ
0 A AL 0 0
1.5 5 !
14 q=0.6 fm
0.5 l A 0.5 1
[N B WEDIGNA. e R L VEEN === 04k ——
0.6 14 14 .
0.3 “ 0.5 0.5 - 4=08fm
0 0 Ly 0
0.4 4 0.4 0.4 N
=1.0f
0 et 0 | 0 1

LN B R R LA B B B N S B e B
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
E (MeV) E (MeV) E (MeV)

S(E) MeV™)

Figure 5. IVQ strength distribution as a function of energy and momentum transfer.

Threshold strength In the case of neutron-rich nuclei the threshold strength
(TS) vanishes rapidly as ¢ increases. This is seen clearly in the case of M'ONi.

As we observe in Fig. 1 (right panel, RP), the ISM TS behaves differently than

the IS GMR which is located a few MeV higher in energy. The same holds

for the IVM response, Fig. 3 (RP), and similarly for the IVD, Fig. 4 (RP). A

major role in this effect is played by the weakly bound neutrons outside the

core, which are distributed at large distances from the nuclear center, resulting

in form factors Fj,(¢) with maxima at lower values of q.

In Ref. [5] the ISM response of the neutron-rich nucleus **Ca is examined -
where a significant amount of TS appears as well. It was found that in the
region of the GMR the transition density compares rather well with the Tassie
model prediction, whereas in the TS region it is extended at large distances and
it originates mostly from neutron excitations. A similar effect was predicted
also in the case of the ISQ response of 220 [6].

Isoscalar monopole response In Fig. 1 the ISM response of *Ni, 1°Ni and
1208 is presented. We observe that the form factor of the fine structure just
above the GMR of '?°Sn is more flat, between ¢ = 0.4 —0.8 fm !, compared to
the GMR. The same holds for the other Sn isotopes and for "®Ni (not shown).
The GMR width of the light nucleus °°Ni is large. In Fig. 1 two distinct
energy regions can be recognized: the region P. below & ~ 23 MeV, and the
region P above &). According to macroscopic models, the GMR is a uniform
compression mode whose transition density has a node at the nuclear surface.
In the case of °®Ni the node would then occur at radius R =~ 4.6 fm. Therefore,
the transition density for ¢ = g1 = 7/R = 0.68 fm ! would show maximal
overlap with the function jy(¢r) (whose 1st root equals 7). It seems that the



form factor in the region P. follows this type of behaviour, since it reaches a
maximum between 0.6 and 0.8 fm~!. The form factor in P. is maximized at
a larger value of ¢ and therefore it does not correspond to such a collective
behaviour.

Isoscalar quadrupole response The two peaks in the ISQ strength dis-
tribution of ’Ni (see Fig. 2), ®Ni (not shown) and '°%'2°Sn (not shown),
namely the low-lying collective transition and the IS GQR, show similar be-
haviour as a function of ¢ up to ¢ ~ 0.8 fm!. This is due to the fact that
in these nuclei, the transition density of both states is peaked at the surface.
In the case of 32Sn, Fig. 2, the form factor of the first peak does not follow
the behaviour of the GQR form factor. In '°Ni, Fig. 2, there is a clear differ-
ence. The low-energy peak loses its strength faster than the GQR, behaving
like the threshold strength of other multipolarities. This effect is attributed
to the excessive loosely bound neutrons ourtside the core, resulting in tran-
sition densities peaking beyond the surface of the core. In 1°Ni a third peak
occurs between the low-lying state and the GQR, also showing different be-
haviour. It peaks at higher ¢ than the GQR and the low-lying state do. It is
a non-collective state with a transition density localized in the interior of the
nucleus. Such a peak occurs also in the case of Ni (not shown).

Isovector strength distributions With the exception of the threshold
strength in very-neutron-rich nuclei, the IVM strength distributions, Fig. 3,
for ¢ = 0.2,0.4 and 0.6 fm ™! are similar to each other. The same seems to
hold for the IVQ distributions, Fig. 5, in the region of the IV GQR, in spite
of the rich structure of the latter, and, to a lesser extent, in the case of the
IVD distributions, Fig. 4.

4 Conclusion

According to our results, the transition density may show considerable energy
dependence in the region of the IS GMR. The form factor of the threshold
strength in very-neutron-rich nuclei, is narrower compared with the form factor
of the respective giant resonance. This result is independent of L. In the region
of IV GMR and GQR resonances, no significant energy dependence is observed
for the low values of ¢ examined here.
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