\@@ Lund-MPh-97/11

Quadrupole Strength Function and Core Polarization in
Drip Line Nuclei

EQ
——
= 5
?@g'—_"a
8
=
N =2
R
= Z
= <
== P
——— |

s 9749

I. Hamamoto, H. Sagawa and X. Z. Zhang

) : :;% |
A \ LUND INSTITUTE OF TECHNOLOGY

Department of Mathematical Physics

August 1997



Quadrupole Strength Function and Core Polarization in Drip

Line Nuclei

I.Hamamoto®, H.Sagawa® and X.Z.Zhang®*

¢ Department of Mathematical Physics
Lund Institute of Technology at University of Lund
Lund, Sweden.

b Center for Mathematical Sciences, University of Aizu
Tkki-machi, Aizu-Wakamatsu

Fukushima 965, Japan.

¢ Institute of Atomic Energy, Beijing
The People’s Republic of China.

ABSTRACT : Using the self-consistent Hartree-Fock calculation plus RPA with Skyrme
interactions, the RPA quadrupole strength function is estimated in the coordinate space,
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1 Introduction

The dynamics of nuclei far from the 3-stability line can be studied by various interesting
phenomena, which originate from smaller one-particle binding energies as well as the
unusual ratio of the neutron number to the proton number. In ref.[1-4] it is pointed
out that a large amount of multipole transition strength may appear in the very low-
energy region just above the particle threshold. The nuclei need not be halo nuclei,
but small angular momenta of particles should be possible in combination with hole
orbitals with small binding energies. If no one-particle resonant states with the required
quantum numbers are available for the excitation of particles from a given hole orbitals,
the threshold strength consumes the major part of the transition strength. Thus, after
taking into account the random phase approximation (RPA) correlation, the distribution
of the whole response strength including giant resonances can be drastically changed
compared with the case of B-stable nuclei.

In order to obtain an appreciable amount of the threshold strength in proton drip
line nuclei, the proton number must be small, since the presence of a large Coulomb
barrier hinders the occurrence of the phenomena uniquely connected with small binding
energies of protons. On the other hand, proton drip line nuclei are relatively easy to reach
experimentally and, thus, can be ﬁsed for testing our understanding of the structure of
nuclei far from [-stability, for example, the validity of both microscopic models and
effective interactions.

From our knowledge [5] of B-stable nuclei the core polarization may be expected to
be larger when a strong transition strength appears in the lower excitation-energy region
of the core. The expectation is based on the fact that the static polarizability due to
collective modes is inversely proportional to the frequencies of the collective modes. Thus,
one might expect that the core polarizaton would be large when a large threshold strength
appears in the very low-energy region of some drip line nuclei. It is shown in ref.[2] that

the expectation is not really correct in the case of the neutron drip line nucleus, 20, .



Using the improved model in the present paper we examine more systematically the
polarizability of nuclei far from B-stability line compared with 3-stable nuclei.

As a microscopic model we first perform the spherical Hartree-Fock (HF) calculation
with the Skyrme interactions and, then, use the RPA, which is solved in the coordinate
space with the Green’s function method [6,7]. In our previous publications except the
most recent one [3] we made an approximation that the isovector (isoscalar) correlation
was not taken into account while estimating the isoscalar (isovector) strength. To our
knowledge, this approximation was made in all available publications, where the RPA
equation was solved self-consistently in the coordinate space including the momentum-
dependent terms ¢; and £; of the Skyrme interactions [7,8]. The approximation is almost
exact for Z=N nuclei. However, in the presence of neutron (or proton) excess the validity
of the approximation might be questioned. Indeed, in ref.[3] we have shown that the
simultaneous inclusion of the isoscalar (IS) and the isovector (IV) correlation leads to an
interesting correlation structure of giant quadrupole resonances (GQR).

In section 2 we summarize the model and the formulae, especially the details of the po-
larization calculation. Taking the three C'a-isotopes (Z=20), the proton drip line nucleus,
38Cays , the Z=N nucleus, 39Cas , and the nucleus with a large neutron excess, $9Ca40 ,
in section 3 we illustrate the dynamical features of quadrupole response unique in drip
line nuclei compared with 8-stable nuclei. Moreover, we compare the electric quadrupole
polarization charge estimated for those three Z=20 nuclei.

As an example of mirror nuclei, in section 4 we compare the quadrupole properties
of the proton drip line nucleus, $3Nis , with those of the 3-stable nucleus, 33Cazs . In
ref.[2] we examined the quadrupole polarizability of 38 Niso , using the model, in which
the IS and the IV correlation are not simultaneously taken into account in solving the
RPA. Employing the present model with the simultaneous inclusion of the IS and IV
correlation we can make a better comparison of the properties of the mirror nuclei, which

among light nuclei have an unusually large neutron and proton excess, respectively. Using



a given Skyrme interaction, in those mirror nuclei we find an appreciable difference of the
properties of the lowest-lying 2% state and those of the GQR as well as electric quadrupole
polarizabilities.

In section 5 we present the numerical result of quadrupole polarization of the light
neutron drip line nucleus, 280, , and discuss it in comparison with the result in ref.[2],
in which the IS and IV correlation were not simultaneously taken into account.

In section 6 we present further discussions and give the conclusion.

2 Model and Formulae

Using the same Skyrme interactions, we first perform the HF calculation and, then, solve
the RPA equation in the coordinate space with the Green’s function method. We estimate

the RPA strength function
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where ) expresses one-body operators, which are written as

QN0 = Z r2Y,5.(%;)  for isoscalar quadrupole strength, (2)
Q;\fz":l = Z 7, 72 Ya,(#;) for isovector quadrupole strength (3)
and
1
Q=2 =Y 5(1 —1,)r?Yy,(%)  for electric quadrupole strength. (4)

The RPA strength below the threshold can be obtained from the residue at the pole of
the real part of the RPA Green’s function.

In order to estimate the polarization due to the core excitations by particles, we use a
perturbation, as in the literature [2,5,9]. The IS and the IV polarizability and the electric

effective charge for quadrupole transitions are defined as
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and
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respectively. The electric polarization charge is

€pot = €esy for neutrons, while ef, =

ecss—e for protons. In eqgs.(5), (6) and (7) [2> and |5 > (]i> and |j >) express the
perturbed (unperturbed) single-particle wave functions,
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where V,,, is the particle-vibration coupling interaction, which is constructed based on the
same Skyrme interaction as the one used in both the HF and the RPA calculation [2,9].

The reduced transition matrix element for the one-body operator Q* is written as

- - . ) 2w \/2i-|-1<(j><w)i|[/ |i>
A A A A pv

< Q 1 >=< Q 1>+
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(9)

In numerical examples of the present work we consider only the static polarizability and,
thus, we have ¢; = ¢; in (9). The particle-vibration coupling V}, is derived in ref.[2,9]
from the Skyrme interaction approximating the momentum derivative operators k and
k' by the Fermi momentum kr so that one can use directly the RPA transition densities
for the calculation of the matrix element. This approximation was made only here in

constructing the particle-vibration coupling. Then, we write
Vool = 712) = 8(Fi —73) (Voo O(r) + (7 - 72) Vo (7)) (10)
where
=0 3 3 a 1 2
Voo () = {Zto + 4—5(0‘ +2)(a + 1)tsp*(r) + ng[3t1 + t2(5 + 4z2))}, (11)
and
r=1 1 1 o 1 2
Vp" (1‘) = {—Zto(l + 22:0) —_ ﬂta(l -+ 22:3)p (7‘) + ng[—tl(l + 22:1) + tz(]. + 2.’1:2)]}, (12)
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where r = 1(r; + r;). Then the coupling matrix is evaluated to be

<G xwn)i |V |i> = ‘/QTIH [ 7 Vo) SV B Ri() < G a i > (1)

where the radial transition density 8p(r) is defined by

6p(r) = bp(r) Yau(F) (14)

and R(r) expresses the radial wave functions of single-particle states.

In the present paper we estimate the polarizabilities using two different methods,
depending on the values of | N—Z| . In numerical examples we take nuclei with either
|IN—Z|>>1o0r N=2Z. First, we consider the case of |[N—Z|>>1, in which the major
part of the IV excitations have the same total isospin T'=|Ty| (where To=(N — Z)/2) as
that of the IS excitations. Thus, we do not explicitly use the isospin formalism, and the
particle-vibration coupling V, includes both the IS and the IV part, irrespective of the
IS or the IV or the electric character of the quadrupole operator Q* . This simultaneous

incluson was not done in ref.[2]. We use

Vol ) 8p(r) = V(r) [663s(r) + 87s(r)] + 727 VI=1(r) [ 843y () — 87l ()]

(15)
in the integrand on the r.h.s. of eq.(13), where [ép7s(r) + 8pfs(r)] and [8pTy(r) —
8p7v(r)] expresses the radial transition density of the core response to the external IS
and the IV field in (2) and (3), respectively.

In the present continuum calculation the transition density at a given energy may be a
superposition of contributions from many states with different dynamical structure. Thus,
the neutron (proton) part of the IS transition density ép7s ( 6pfs ) at a given energy may
not necessarily be the same as that of the IV transition density 8p7, ( 8pfy ) at the same
energy, in contrast to the case of an isolated quantum state. In the latter case the neutron
(or proton) part of the quadrupole transition density is uniquely defined, irrespective of

the response to the external IS or IV field, namely ; 8p}s=106p7, and épis=6pty . In



our present model the transition density [8pfs + 8p7s] contributes to the core matrix-
element < w,||@**%7=°||0 > in (9) and [6pFy — 6phy ] to < wy||@*=27=1||0 >, while the
transition density of the core response to the electric field, which may be different from
either §pfg or §p%y , is used in the calculation of < w,||@*=2<!||0 > .

In numerical examples we show the calculated electric polarization charges consisting

of ejy and 7, ell) . ThelS (IV) polarization charge e!5,

oot eﬂ,’, ) expresses the contribution

coming from the first (second) term containing V= (V=') in the particle-vibration

coupling (15). The total electric polarization charge is written as

€pol = e + € for neutrons
€pol = (16)
€t = Epa — Erl for protons

For the electric polarization charges of protons and neutrons in drip line nuclei with

|[N—Z|>>1, the relation such as

Z
ere = 1 Xpot (17)

does not work, though we should have the relation

1
€pol = ) (Xp{fl - Tz X;Ix‘,,t) (18)

within the accuracy of the numerical method used in the present work. The quantities,

x{,f, and X,{(‘,’z , express the mass and the IV quadrupole polarizabilities, which may be

IS

IV
ol and x

measured experimentally. We note that x pol 3

which are defined in eqgs.(5) and
(6), depend explicitly on 7, since both the IS and the IV part of the particle-vibration
coupling are simultaneously taken into account, as is expressed in eq.(15).

For the mode corresponding to oscillations of neutrons with respect to protons in the
case of |[N—Z|>>1, it may be of physical interests to consider a field that acts on the
difference of the isospin from its mean value. Defining the field operator (see, for example,

eq.(6-385) of ref.[5])

. N-Z .
B = S - =) Yah) (18)




we estimate the corresponding effective IV polarizability

e N-Z
kpflf(IV) = T, Xpet — i Xow - (20)

We note that the expression (20) as the effective IV polarizability in response to the
field in (19) is obtained as the result of the simultaneous inclusion of the IS and the
IV interaction in the particle-vibration coupling in (15). Later in numerical examples
we tabulate calculated values of xf,f, and k;i,f (IV) , which may be of physical interests,
besides the electric polarization charge.

Next, in the case of N =Z the isospin (=0 and 1) of the IS and the IV excitations is
a pretty good quantum number of the total system. Then, those two kinds of excitations
have to be treated separately keeping the isospin as a good quantum number. Instead of

eq.(15) we use

V(1) 8p(r) = V;.7°(r) [6p2s(r) + 8pTs(r)] for isoscalar quadrupole polarization

(21)

and

V(r) 8p(r) = V7 (r) [6pTv(7) — 80Ty (r)] for isovector quadrupole polarization
(22)
in the integrand on the r.h.s. of eq.(13). In the IS polarization the transition density
[6p%s + 6ph] is used for the core matrix-element < w,||@*=%7=%||0 > in (9), while in
the IV polarization [8p7%y, — 6p%y ] is employed in the estimate of < wy||@*=%7=1(|0 > .
The electric polarization receives a contribution both from the IS core-excitations with
Vou(r) 6p(r) in (21) and the transition density §p%g in < wy||@*=%<||0 > , and from the

IV excitations with V,,(r)8p(r) in (22) and §p%y in < w,||@*=2<||0 > .

3 Quadrupole Strength and Polarization Charge of
Ca-isotopes

In the upper (lower) part of figs.la-1c we show the calculated IS (IV) RPA quadrupole

strength compared with the strength estimated with the T=0 (T=1) correlation only, for
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the nuclei, 33Ca14 , 30Caz and 8Cayy . For 35Ca,4 there are two very sharp 2t states
(at 3.17 and 7.56 MeV) drawn by the solid line, which originate from 0kw, excitations
of neutrons. The physics extracted from the comparison between the solid line and the
dotted line in figs.1la-1c is exactly the same as the one already discussed in ref.[3]. As seen
from the upper part of the figs.1a and lc, the IS GQR peak energy shifts from 16.74 to
17.45 MeV for 3;Cay4 and from 13.71 to 14.80 MeV for 83Cayq , due to the inclusion of the
IV (T=1) correlation in the presence of the proton and the neutron excess, respectively.
The magnitude of the shift in the neutron-rich nucleus ¢°Ca , 14.80—13.71=1.09 MeV, is
obtained almost exactly by scaling the calculated shifts in 2803 , 38Cass and [9Cas, with
the quantity ((N —Z)/A)2A~"/3 | as was already discussed for the nuclei with neutron
excess in ref.[3]. .

In fig.2 we plot the RPA electric quadrupole strength for the neutron drip line nucleus,
$9Cay , a B-stable nucleus, 30Caz , and the proton drip line nucleus, 33Ca;4 . The peaks
at 14< E <18 MeV express the IS GQR, while the strength for E >20 MeV denotes the
IV GQR. A low-lying proton strength hardly appears in the RPA solution for the neutron
drip line nucleus ®°Ca , while the neutron threshold strength gives a significant amount of
the IS and the IV strength in the low energy region of E, <13 MeV, as seen in fig.1(c). In
the region of IV GQR the nucleus °Ca , which has a large neutron excess, has the largest
proton strength, while 3*Ca has the smallest proton strength. This is because even in the
presence of the proton or the neutron excess the IV GQR tends to have a rather pure
isovector character [3,5] with very little isoscalar moment. As a.-?result of it, in ®Ca a
smaller proton strength is available for the IS GQR. Among the three Z=20 isotopes the
sharpest concentration of the proton strength in IS GQR is observed in °Ca. In 3*Ca the
low-lying proton threshold strength (namely, the low-energy tail of the dashed line seen
in fig.2) is clearly seen and takes some of the proton strength.

Using the SkM* interaction, in tables 1(a)-1(c) we show some calculated static polar-

izabilities of the IS, the IV and the electric quadrupole operator for *°Ca , %Ca and %*Ca



, respectively. Since the nucleus **Ca is not an £-s closed shell nucleus, we obtain the two
low-lying 2% states at 3.17 and 7.56 MeV, which make considerable contributions to the
total quadrupole polarizabilities due to the low energies, in spite of the fact that those
states are not very collective. The energies as well as the collectivity of those low-lying 27
states are sensitive to the energy difference between the two neutron orbitals, 1ds/, and
251/, , and, thus, may depend appreciably on the Skyrme interactions used. Consequently,
without having any experimental informations on the energy difference the accuracy of
the calculated contributions from the low-lying 2% states to the polarizabilities is difficult
to be estimated. In table 1(c) the polarizabilities excluding those two contributions are
also shown in parentheses, for reference.

For the nucleus *°Ca the relation between the IS, IV and electric polarizabilities,
egs.(17) and (18), works well. Furthermore, the calculated values of the IS polarizability
are in remarkable agreement with those obtained by using the harmonic oscillator model
[5]. We have checked that for this £-s closed shell nucleus the values estimated by using
the SG2 interaction instead of SkM* interaction are almost the same as those tabulated
in table 1(a). The averaged value of the socalled empirical IS effective charge in the mass
region A =20 — 36, which are obtained [10] by comparing the full multiparticle (0d 1s)"
wave functions with the experimental E2 matrix elements, is (0.35 +0.05)e , compared
with our value, 0.51e . As to the IV polarizability, our calculated values are only about
a half of those given by the oscillator model [5], consistent with the fact that our averaged
calculated frequency of the IV GQR is systematically lower than the one given in the
model of ref.[5]. The frequency of the IV GQR is not yet experimentally established,
and in the harmonic oscillator model of ref.[5] the interaction strength in the IV channel
is known to reproduce the measured frequencies of the IV giant dipole resonance. The
self-consistent HF plus RPA with the SkM* interaction gives also a good description of
the IV giant dipole resonance, because of the combined effect of the weak IV interaction

with the small effective mass.
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As seen from tables 1(b) and 1(c), both in neutron rich nucleus §3Ca4 and in the

IS

proton drip line nucleus 35Ca;, the calculated values of el5 and e}

pol ar€ not very

different for neutrons and protons. The small difference comes from the difference between
the one-particle wave functions of neutrons and protons, since in 53C a4 (35Ca;4) protons
(neutrons) are much more bound than neutrons (protons). The proton threshold strength
below 10 MeV (see fig.2) in **Ca makes very small contributions to the polarization charge
with an opposite sign to those of the IS GQR (and the states at 3.17 and 7.56 MeV), due
to the unique form factor which was explained in ref.[2] for the similar threshold strength
in 28030 . In 83C a4 the considerable RPA threshold strength below 10 MeV (see Fig.1(c))
hardly carries the proton strength and, thus, contributes little to the polarization charge.
Therefore, the essential part of the calculated polarization charge comes from the IS GQR
and the IV GQR. If we literally apply the formula, eq.(6-386b) in ref.[5],

N_Z+(o.32—0.3N_Z

et = e(% 0.32 )7.) (23)

to the present Ca-isotopes, we obtain
epat = €(0.2240.227,)  for $3Cay (24)

and

epot = €(0.65+0.377;)  for 33Cars . (25)

The expression (23) is derived using the harmonic oscillator model and contains the con-
tributions only from the IS GQR and the IV GQR. The €5 values in ®Ca in table 1(b),
0.25e for neutrons and (0.28-0.30)e for protons, are appreciably larger than 0.22e in
(24). The largeness is a feature of very neutron-rich nuclei near the neutron drip line,
since the property of the IS GQR in such nuclei is considerably influenced [3] by the large
neutron excess together with the presence of the threshold strength. In contrast, the
e;> values coming from the IS GQR in the proton drip line nucleus **Ca , 0.55¢ for

neutrons and (0.48-0.54) e for protons shown in the parenthesis of table 1(c), are smaller

than 0.65e in (25). The efY values in table 1(b) for ®Ca, 0.07e for neutrons and

pol
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0.11e for protons, are much smaller than 0.22e in (24), while in table 1(c) for **Ca we
have 0.19¢ for both neutrons and protons compared with 0.37e in (25). Thus, in both
%Ca and *'Ca the e}, values are much closer to the e}, values than expected from the
expressions (24) and (25).

In the N = Z nucleus *°Ca the polarizability k;({,‘f (IV) is equal to 7,x1} . For N#£Z
nuclei the effective polarizability k;‘{,f (IV) plays the role of szgz in N=2Z nuclei. In
6°C'a both xgos, and | k;f,f (IV)| values for protons are larger than those for neutrons,
due to the large neutron excess. In contrast, as to the contributions from the GQR in
34Ca shown inside the parentheses of table 1(c), due to the proton excess both xl& and
| k;f,‘f (IV) | values for neutrons are larger than those for protons. It is interesting to note
that we obtain very small total values (= 0.02) of k;ﬁ,f (IV) for neutrons in *Ca , namely

the effective IV operator for neutrons receives no polarization effect.

4 Comparison of Two Mirror Nuclei, 33 Nig and 53Casg

In ref.[2] we have studied the quadrupole properties of 33Ni3, and presented some dis-
cussion in comparison with those of 35Cass . In the approximation used in ref.[2] the
estimated excitation energy of the lowest-lying 2+ state in 35Cas was 3.0, 3.0 and 4.0
MeV for the SkM*, SG2 and SIII interaction, respectively. Including simultaneously both
the IS and the IV part of the Skyrme interaction in the RPA of the present model the
estimated energy is shifted to 3.6, 3.6.a.nd 4.6 MeV for the SkM*, SG2 and SIII interac-
tion, respecti\}ely. The estimatedd energy of the lowest 2% state is sensitive to the energy
difference between the 1f;/, and the 2ps,, orbitals. Since the observed energy of the low-
est 2% state in 53Cayg is 3.83 MeV, it seems to be reasonable to use the SkM* (or SG2)
interaction in the present model calculations of those A=48 nuclei.

The calculated binding energy of the 1ds/, neutrons (protons) in **Ni (**Ca) is 21.60
(14.70) MeV, while that of the 1f;/; protons (neutrons) in *®Ni (*8Ca) is 1.34 (10.42)

MeV. Despite of these large binding energy differences there is not much difference of
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the mean square radius of neutrons (protons), 3.42 fm (3.70 fm), in the ground state
of 33Niz from that of protons (neutrons), 3.45 fm (3.60 fm) , in 33Cass , due to the
presence of the Coulomb barrier. Thus, one may expect that the two nuclei are pretty
good mirror nuclei, as far as the properties of the ground states are concerned. However,
the dynamical properties can be considerably different in the two nuclei, as will be seen in
the following. In figs.3a-3d we show the comparison between various quadrupole response
functions of the mirror nuclei, 33Nizo and 35Cazs , calculated with the SkM* interaction.
The strength of the two low-lying 2% states calculated at 3.59 and 9.00 MeV in 33Cays
are not plotted in the figures, since those states lie below the particle threshold and, thus,
have no width in the present calculation.

In fig.3a the RPA IS strength of the two mirror nuclei is compared. The proton p-
h excitation energy of 1f7/2 — 2pa/; in **Ni is 3.33 MeV, which is 15 percent smaller
than the corresponding neutron p-h excitation energy in *8Ca , 3.86 MeV. This smaller
unpertrubed p-h excitation energy leads to the lower excitaton energy of the lowest RPA
2+ state in ¥ Ni , 3.02 MeV, than that in ®Ca , 3.59 MeV. It is seen that the peak energy
of the IS GQR in *®Ni , 16.01 MeV (which was 15.47 MeV without including the T=1
correlation), is also lower than the one in *Ca , 16.63 MeV (16.33 MeV without the T=1
correlation). Since the total mean square radius is not really different in the two nuclei,
the energy weighted sum rule (EWSR) for the IS quadrupole strength is nearly the same.

In fig.3b the RPA IV strength is compared. We hardly find any qualitative difference
in the properﬁes of the IV GQR lying at E, >20 MeV in the two mirror nuclei, though the
IV strength contained in the IS GQR, of which the peak energy is 16.01 and 16.63 MeV
for ®Ni and *8Ca , respectively, is appreciably different. In figs.3c and 3d we compare
the mirror strength, Z=N =28 and N =27 =20 in the two nuclei. It is seen that in the IS
GQR the proton strength in 35N,y is much larger than the neutron strength in 35Ca0s ,
while no significant difference can be seen in the IV GQR region.

In tables 2(a)-2(b) we tabulate the calculated static polarizabilities of the IS, the IV

13



and the electric quadrupole operator for 33Niz, and 35Cass. For reference, inside of the
parentheses the polarizabilities are shown, which are calculated by excluding the contribu-
tions of the two low-lying peaks that originate from the excitations of the 1/, nucleons.
The two low-lying peaks of 33Ny for E <9 MeV consist predominantly of proton con-
gifurations, while the two low-lying 2% states of 35Cass at 3.59 and 9.00 MeV consist
mainly of neutron configurations. Those low-lying RPA states contribute appreciably to
the polarizabilities as seen in tables 2(a) and 2(b), though they are not very collective.
Comparing the calculated e,y values of table 2(a) with those of table 2(b), we find that

ers values in *®Ni are about twice of those in **Ca while e!; values in **Ni are by an

rp __ IS__IV

n
pol — €pol ™ Cpol s

order of magnitude larger than those in **Ca . Since €,

;= ;ﬁ-{—e{,},’, and e
the e}, values in **Niis comparable with the e}, valuesin “*Ca, while the €}, values
in *®Ni is about a factor of 3 larger than eb,; values in **Ca .

We find that for the 1d3/, and the 17/, orbitals the calculated xif, values of neutrons
(protons) in *®Ni are remarkably similar to those of protons (neutrons) in *8Ca . The
similarity shows that the notion of mirror nuclei works for the quantity. It would be very
interesting to see experimentally the difference of k;ﬁlf (IV) values between neutrons and
protons, namely, to see whether or not in *® Ni (*Ca) the effective IV operator for protons
(neutrons) is not reduced while that for neutrons (protons) is strongly reduced.

Because of the relatively large value of # = % = 0.17 , the properties of the
low-lying 2% states are considerably changed when the IS and the IV correlation is si-
multaneously taken into account. Thus, we have found that the IS polarization charge

estimated for *® N7 in ref.[2] was much larger than the one in the present calculations,

while the IV polarization charge was smaller.
5 Quadrupole properties of 230y

In the upper (lower) part of figs.4a-4c we show the calculated IS (IV) RPA quadrupole

strength of the neutron drip line nucleus, 280, , using the SkM*, SG2 and SIII interac-
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tions. The strength function with the SG2 interaction is previously calculated in ref.[4],
treating the continuum by expanding wave functions in terms of harmonic oscillator bases.
The comparison between the solid and the dotted line in fig.4 exhibits the importance
of the simultaneous inclusion of the T=0 and the T=1 correlation in the calculation of
the nuclei with | N—Z |>>1 . In ref.[3] the RPA strength estimated by using the SkM*
interaction is shown together with radial transition densities of the GQR. On the other
hand, in ref.[2] the electric polarization charges are presented, which are estimated by
using the approximation in which the IV (IS) RPA correlation was not taken into account
while calculating the IS (IV) strength. For completeness, we include fig.4a, which is taken
partly from ref.[3]. Since the particle (namely, neutron) threshold depends appreciably
on the Skyrme interactions (1.79, 3.25 and 1.11 MeV for the SkM*, SG2 and SIII interac-
tion, respectively), the separation of the low-energy threshold strength from the IS GQR
peak depends on the Skyrme interactions used. The energy of the IS GQR is nearly the
same for the three Skyrme interactions, while the IV GQR for the SIII interaction Les
somewhat higher than that for the SkM* and the SG2 interaction, which may be due to
a larger symmetry energy coefficient of the SIII interaction.

In tables 3(a)-3(b) we compare the calculated static polarizabilities of the IS, the IV
and the electric quadrupole operator, which are obtained by using the SkM* and the SIII
interaction. The polarization charge of the neutrons in the 1ds/, orbital is clearly small,
since the binding energy of the neutrons is so small that the neutrons are not efficient in
polarizing the core. The electric polarization charge in table 3 may be compared with the

one in (23) obtained from the harmonic oscillator model,
epot = €(0.15+0.197,)  for 280, . (26)

The proton polarization charge obtained literally from eq.(26) is —0.04e , in which the
contribution from the IV part overcancels that from the IS part. However, as seen already

in sect.3 for another very neutron-rich nucleus $3Ca4 , except for the 1d; /2 neutrons the

ejy values of 280, in table 3 are (50-70) percent larger than 0.15e given in (26),
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while the el)] values are a factor 2-3 smaller than 0.19e in (26). Thus, calculated epy
values for protons remain to be positive, (0.15-0.17) e , depending slightly on Skyrme
interactions. The analysis of the contribution from the low-lying threshold strength to
the quadrupole polarization charges in 280 , which is described in ref.[2], remains valid.
However, the approximation used in ref.[2], in which the IV (IS) correlation was not taken
into account while estimating the IS (IV) strength, has turned out to be rather poor for
very neutron-rich nuclei. Thus, the quantitative values of e, are changed compared with

those in ref.[2).

6 Conclusion and Discussions

Using the self-consistent Hartree-Fock calculation plus RPA with Skyrme interactions,
the RPA quadrupole strength function is estimated in the coordinate space, including
simultaneously both the IS and the IV correlation. In N >> Z (N << Z) nuclei the
calculated IS GQR carries also an appreciable amount of the IV density due to the neutron
(proton) excess, while the calculated IV GQR carries very little IS density. In neutron
drip line nuclei the averaged frequency of the calculated IS GQR tends to be lower than
the systematics in B-stable nuclei. In neutron-rich nuclei ®°Ca and 220 the large neutron
quadrupole strength appears just above the threshold, while the proton threshold strength
is seen below the IS GQR in the proton drip line nucleus 3¢Ca .

Using the particle-vibration coupling model based on the RPA solutions, we have
estimated electric polarization charges as well as the IS and the IV polarizability. It is
clearly seen that the polarizabilities are small for nucleons with small binding energies
and small orbital angular momenta, since those nucleons do not polarize the core nuclei
efficiently. In nuclei with | N—Z |>> 1 the effective IV polarizability k;f,‘f (IV) , defined
in (20), is of more physical interests than TzX,I,Xz . The contribution from the GQR
to k;flf (IV) is negative (positive) for neutrons (protons). Our estimated values of

k;{,f (IV) are almost vanishing for neutrons in 3*Ca and **Ca , while they are as large
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as 0.7 for protons in those nuclei. Since the excitations of the IV modes by nucleons
may be governed by a factor of (1 + 7, k;i,f (IV))? , it would be interesting to check
experimentally whether or not neutrons can excite the IV modes of those nuclei much more
efficiently than protons. Our calculated values of eéz are considerably smaller than those
given by the oscillator model of ref.[5], since the IV strength of Skyrme interactions are
clearly weaker than the corresponding strength in the model of ref.[5].

In B-stable N = Z nucleus 3JCajo the estimated IS polarization is almost equal to
the one given by the harmonic oscillator model in [5], while the calculated IV polarization
is much smaller than that in [5]. In drip line nuclei the low-lying threshold strength
contributes, in general, little to the polarizability and, thus, the quadrupole polarizability
of the £-s closed nuclei is in essence determined by the properties of the IS and the IV
quadrupole giant resonance. In neutron drip line nuclei such as $9Cays and 280, the
IS polarization is appreciably larger than the values estimated in the oscillator model. In
contrast, in proton drip line nuclei, 35Ca;4 and 33Niz , the IS polarization coming from
the GQR is slightly smaller than the values given by the oscillator model calculation.

The ground state properties of the mirror nuclei, 33Nizp and 33Cass , are very
similar, in spite of the large difference in the fermi levels of respective mirror nucleons ;
N=20vs. Z=20, and Z =28 vs. N=28 . However, the dynamical properties, such as
the excitation spectra and the polarization charges, of those two nuclei are found to be
considerably different.

In 280, the calculated threshold energy depends appreciably on the Skyrme inter-
actions used and, thus, the degree of the separation of the IS GQR from the low-energy
threshold strength depends on Skyrme interactions. On the other hand, the calculated
polarization charges are relatively insensitive to the Skyrme interactions used, since the
essential contributions to the polarizability come from the GQR, of which the properties
are nearly the same for all reasonable Skyrme interacfions. The polarizability of neutrons

in the 1ds/; orbital is always much smaller than that in the 1ds,; orbital, because the 1d; /2
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neutrons cannot polarize the core nucleus efficiently due to the small binding energy.
One of the authors (X.Z.Z.) acknowledges the financial support provided by the
Wenner-Gren Foundation, which makes him possible to work at the Lund Institute of

Technology.
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Figure captions

Figure 1 : The RPA quadrupole strength function of Ca-isotopes, which is calculated
using the SkM* interaction ; (a) the proton drip line nucleus 3¢Ca14, (b) the B-stable
N=2Z nucleus 3)Cay, and (c) the very neutron-rich nucleus $3Cay , as a function
of excitation energy. The upper part : the isoscalar RPA quadrupole strength with
(solid lines) and without (dotted lines) the isovector (T =1) correlation. The lower
part : the isovector RPA quadrupole strength with (solid lines) and without (dotted
lines) the isoscalar (T =0) correlation. In the case of 33Ca,4 there are two very
sharp low-lying 2% states at 3.17 and 7.56 MeV (expressed by solid lines) superposed

on the gradually increasing proton threshold strength.

Figure 2 : The RPA quadrupole response for protons in the three Ca-isotopes. The peaks
at 14< E <18 MeV express the IS GQR, while the strength for £>20 MeV denotes
the IV GQR. In our present method the spreading width of the collective modes is

not included, though a proper strength function in the continuum is obtained.

Figure 3 : Comparison between various RPA quadrupole strength functions of the mirror
nuclei, 33Niz and 35Cass , which are calculated with the SkM* interaction. The
strengths of two low-lying 2% states calculated at 3.59 and 9.00 MeV in j5Cazs are
not plotted in the figures, since the widths of those states are vanishing. (a) The RPA
isoscalar strength ; (b) The RPA isovector strength ; (c) The RPA response strength
of the proton (neutron) quadrupole operator in 8Niz (30Cazs) : (d) The RPA

response strength for the neutron (proton) quadrupole operator in 33Ni5 (35Cazs).

Figure 4 : The RPA quadrupole strength functions of the neutron drip line nucleus 280, ,
which are calculated using three kinds of the standard Skyrme interactions : (a)
the SkM™* interaction, (b) the SG2 interaction, and (c) the SIII interaction. The

upper part : Comparison between the isoscalar RPA strength with and without the
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isovector (T'=1) correlation. The lower part : Comparison between the isovector
RPA strength with and without the isoscalar (T' = 0) correlation. Fig.4a is taken
from ref.[3].
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9Caz neutrons protons
f i x{,f, k;;‘,f (IV) ef,f, T, ef,},’, €pol x{,f, k;f,f (IV) e,{f, T, efx‘,’; ezo,
lds/z 1d5/2 0.97 -0.30 0.53 0.15 0.68 ] 0.97 0.30 0.52 -0.15 0.37
1d3/1 lda/z 0.94 -0.29 0.51 0.14 0.65]0.93 0.28 0.50 -0.14 0.36
1f7/2 1f7/2 0.98 -0.27 052 0.14 0.660.95 0.26 0.51 -0.13 0.38

Table 1(a) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 33Case using the SkM* interaction. The effective IV
polarizability k;ﬁlf (IV) is defined in eq.(20). The polarization charges, e’

ol 2 T,eg’l , €poy and ef , are
expressed in units of e . The HF single-particle wave functions are used for the states |¢> and |f> .
See the text for details.

8Caq neutrons protons

£ 0| | BIUV) | g nel qu | X | KA (IV) | 6d e &
1ds/, 1ds), 0.89 0.26 0.28 -0.12 0.17
1f7/2  1fz/2 1.00 0.27 0.30 -0.11 0.19
1fs, 1f5, {073 | -0.18 |0.25 0.08 0.33
1go/2 1ges2 | 0.75| -0.16 |0.26 0.07 0.33

Table 1(b) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in $3Cas using the SkM* interaction. See the caption to table

1(a).



3aCay neutrons protons
f i x{,f, k;ﬁ,f (IV) e,{f, T, e% €pol X{,fz k;ﬁ,f (IV) ef,f, T, e{,},’, eﬁol
lds/z lds/z 1.82 0.02 0.96 0.10 1.06 1.99 0.71 0.92 -0.11 0.81
(0.99) | (-0.33) | (0.56) (0.19) (0.75) | (0.75) | (0.18) | (0.54) (-0.19) (0.35)
1d3/2 lda/z 1.75 0.02 0.91 0.11 1.02 1.66 0.58 0.80 -0.11 0.69
(0.97) | (-0.32) |(0.54) (0.19) (0.73) | (0.65) | (0.15) |(0.48) (-0.17) (0.31)

Table 1(c) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 33Ca14 using the SkM* interaction. Inside of the parentheses
we show the polarizabilities estimated by excluding the contributions from the two very sharp peaks at
3.17 and 7.56 MeV. See the caption to table 1(a).




gg Nig neutrons protons
f i xp{f, k;ff (IV) e{,f, T, eﬂ,’, €l xp{f, k;g,f (Iv) e;’,f, T, e{,},’, €pol
1dsy, 1ds/ | 1.83 -0.73 1.16 0.27 1.43
(0.85) | (-0.36) | (0.53) (0.15) (0.68)
1z, 17, | 2.11 -0.81 1.28 0.35 1.63 1.42 -0.10 1.20 -0.33 0.88
(0.94) | (-0.37) | (0.58) (0.16) (0.74) | (0.79) (0.14) | (0.54) (-0.15) (0.39)

Table 2(a) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 33Niyo using the SkM* interaction. The effective IV

polarizability k

eff
pol

(IV) is defined in eq.(20). The polarization charges are expressed in units of e . Inside

of the parentheses we show the polarizabilities estimated by excluding the contributions from the two very

sharp peaks at 3.02 and 8.03 MeV. The HF single-particle wave functions are used for the states |i> and
| f> . See the text for details.

35Cazg neutrons protons
f i xf,f, k;ﬁlf (IV) e{,os, T, eﬂ,’, €pol xifl k;f:,f (IV) egf, T, e{,},’, ezo,
(0.82) | (0.29) |(0.32) (-0.12) (0.20)
172 175 | 145 -0.01 0.57 0.04 0.61 2.10 0.68 0.58 -0.04 0.54
(0.81) | (-0.21) |(0.33) (0.11) (0.44) | (0.91) | (0.20) |(0.34) (-0.11) (0.23)
232 2ps2| 113 | 001 | 042 004 046
(0.60) | (-0.15) |(0.25) (0.08) (0.33)

Table 2(b) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 33Cays using the SkM* interaction. Inside of the parentheses
we show the polarizabilities estimated by excluding the contributions from the two excited states at 3.59
and 9.00 MeV, which lie below the threshold. See the caption to table 2(a).




28010 neutrons protons

f i xf,f, k;fif(IV) ef,f, Tzeﬂ,’, €pol X;f: k;g,f(IV) ef,f, T,ez €t

1ds/, 1ds/; | 0.69 -0.18 0.22 0.07 0.29]0.88 0.16 0.25 -0.08 0.17
1dsy, 1ds/s | 0.48 -0.10 0.15 0.04 0.19]0.88 0.17 0.23 -0.06 0.17

Table 3(a) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 280, using the SkM* interaction. The effective IV polar-
izability k;f:lf (IV) is defined in eq.(20). The polarization charges are expressed in units of e . The HF
single-particle wave functions are used for the states |¢> and |f> . See the text for details.

28050 neutrons protons
. s v
f i xif, k;‘{,f (IV) ef,f, T, eﬂ,’, €l xfm, k;f:,‘f (IV) egf, Ts e’{o, ezo,

1ds;2 1ds/; | 0.62 -0.26 0.22 0.09 0.31|0.69 0.09 0.26 -0.10 0.15
1daj2 1dz/, | 0.41 -0.15 0.14 0.056 0.19|0.70 0.10 0.24 -0.09 0.15

Table 3(b) : Static IS and IV quadrupole polarizability, and static electric quadrupole polarization charge
calculated for neutron and proton orbitals in 28030 using the SIII interaction. See the caption to table

3(a).
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